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 Preparation, Characterization, and Biological Evaluation of Technetium(V) and Rhenium(V) Complexes of Novel Heterocyclic Tetradentate N3S Ligands Raghavan Rajagopalan,* Glenn D. Grummon, Joseph Bugaj, Lynn S. Hallemann, Elizabeth G. Webb, Mary E. Marmion, Jean-Luc Vanderheyden, and Ananthachari Srinivasan Mallinckrodt Medical Inc., St. Louis, Missouri 63134. Received October 3, 1996X
 
 Various tetradentate N3S ligands which contain pyridyl, morpholino, or imidazolyl moieties were prepared and labeled with technetium and rhenium. Metal complexation of the ligands occurred efficiently over the pH range from 2 to 11. Ligands possessing the S-THP (tetrahydropyranyl)-protected mercapto group labeled efficiently even under alkaline conditions, and among the three types of heterocyclic metal complexes, a marked difference in stability was observed; rhenium complexes decomposed to ReO4- whereas technetium complexes decomposed to TcO2/TcO4-. In general, imidazolyl complexes of both technetium and rhenium were very stable in saline; less than 10% decomposition after 24 h. The technetium histidyl complex and technetium pyridyl complex were quite stable even under cysteine challenge; less than 10% decomposition after 24 h. The rhenium and technetium morpholino complexes were very unstable; greater than 10% decomposition after only 1 h in saline and greater than 25% decomposition in 1 h under cysteine challenge. Profound pharmacokinetic differences among these metal complexes were also observed in rat biodistribution studies. The neutral pyridyl complexes exhibited high blood and liver uptake and slow clearance from these tissues. The replacement of a hydroxyl group by a carboxyl group, which resulted in an anionic complex at physiological pH, resulted in a dramatic decrease in blood and liver uptake. The neutral imidazolyl complex exhibited marked reduction in blood uptake and much faster clearance from blood and liver compared to the neutral pyridyl complex. Finally, the anionic histidyl complex, which contains both the imidazolyl and carboxyl groups, had the most favorable pharmacokinetic properties in that it exhibited very low blood, liver, and kidney uptakes and a rapid clearance from the body via the renal system. The combination of the high stability and favorable pharmacokinetic properties of the imidazolyl complexes should render them useful for targeted delivery of the medically important isotopes.
 
 INTRODUCTION
 
 Small peptides and peptidomimetics are becoming increasingly useful for selective delivery of diagnostic and therapeutic radionuclides to target tissues (1-5). Currently, 111In-labeled octreotide (1), a truncated cyclic
 
 octapeptide analog of somatostatin, is being used for scintigraphic imaging of primary and metastatic neuroendocrine tumors bearing somatostatin receptors (6). Due to the well-recognized, ideal imaging properties of 99m Tc, there is considerable interest in imaging biological receptors for neurological, oncological, and cardiovascular applications using bifunctional 99mTc chelates (7). Furthermore, for oncological applications, the similarity of technetium and rhenium chemistry may also permit the use of the same bifunctional chelates for radiotherapeutic procedures based on 186Re or 188Re. The two key requirements for designing bifunctional chelates are (a) high thermodynamic and kinetic stability of the metal complex and (b) rapid clearance of the X
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 complex from critical nontarget organs such as blood, liver, and kidneys. Although the former requirement can be met by the rational design of ligand systems and by the knowledge of coordination chemistry, the latter is much more challenging. Pharmacokinetic information pertaining to various metal complexes still remains empirical, and a unified theory to explain existing pharmacological data remains elusive. Nevertheless, some design criteria such as size, charge, and the type of functional group required for clearance of metal complexes can be extracted from the vast amount of existing information. Accordingly, as part of our continuous efforts directed toward diagnosis and treatment of tumors using small peptides and peptidomimetics as carriers, herein we report our recent progress on the development of novel technetium and rhenium metal complexes that satisfy the key physicochemical and pharmacokinetic properties mentioned above (8). Polyaminocarboxylate moieties such as diethylenetriaminepentaacetic acid (DTPA) used in octreotide (1) are very good chelators for lanthanides and some transition metal ions, including manganese (II) and indium (III), but are not optimal ligands for technetium and rhenium. The type of coordinating groups which bind tightly to these transition metal ions depends greatly on the oxidation state of the metal. In general, TcV and ReV are readily accessible oxidation states which can be stabilized by coordination to a combination of amino, amido, and mercapto functionalities (9). Tetradentate amine thiol or amide thiol ligands are known to form very stable, © 1997 American Chemical Society
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 Chart 1
 
 square pyramidal, mono-oxo TcV and ReV complexes, and these ligands have been attached to bioactive molecules to generate bifunctional chelates (10-13). However, nitrogen sulfur-based ligands containing a heterocyclic moiety have not been studied extensively with regard to targeted delivery of 99mTc and 186Re even though the copper imidazole complex 2b and technetium pyridyl complex 3b have been reported previously (14, 15; Chart 1). In this paper, we present the preparation, characterization, and biological evaluation of several novel diamide thiolate 99mTcdO and 186RedO complexes which contain pyridyl, morpholino, and imidazolyl moieties. EXPERIMENTAL PROCEDURES
 
 General. Unless otherwise noted, all starting materials and solvents were obtained from commercially available sources (Sigma/Aldrich Chemical Co., St. Louis, MO, or Bachem Co., Torrance, CA) and used without further purification. Catalytic hydrogenations were carried out using a Parr hydrogenation apparatus (Parr Instrument Co., Moline, IL). NMR spectra were obtained using Varian Gemini 300 300 MHz spectrometer. The mass spectra were obtained using Finnigan TSQ 700 triplequadrupole mass spectrometer configured for either fast atom bombardment (FAB) or electrospray ionization (ESI) techniques. Elemental analyses were performed by Atlantic Microlabs, Norcross, GA. Melting points were determined using a Thomas Hoover capillary melting point apparatus and are reported uncorrected. 99mTc generator and Na186ReO4 solution were obtained from Mallinckrodt, Inc., St. Louis, MO. Electrophoresis (phosphate buffer, pH 6.4, 300 volts) was performed on a Gilman electrophoresis apparatus, Gillman Sciences, Ann Arbor, MI. General Procedure for Preparation of Pyridyl Ligands 11a,b. A mixture of the pyridyl amines 7a or 7b (20 mmol) and N-Cbz-alanine N-succinimido esters
 
 8a,b (20 mmol) in acetonitrile (30 mL) was stirred at ambient temperature for 4 h and then poured onto icecold water (150 mL). The gummy residues solidified overnight. The colorless solids were filtered, washed with water, and dried to give the 5.4-5.6 g (82-85%) of the N-Cbz derivatives which were sufficiently pure for use in the next step. A solution of each of the Cbz derivatives (10 mmol) in methanol (20 mL) was carefully treated with 0.5 g of 10% Pd-C catalyst (added in small portions under a slow, steady stream of nitrogen). Thereafter, the mixture was hydrogenated at 50 psi (∼3.5 atm) for 2 h. The catalyst was removed by filtration over Celite, and the filtrate was evaporated under reduced pressure to give the pyridyl amines 9a and 9b as a pale tan gum, which was used immediately in the next step. A mixture of the amines 9a or 9b (5 mmol) and the active ester 10 (16) (5 mmol) in acetonitrile (10 mL) was stirred at ambient temperature for 2 h and poured onto ice-cold water (100 mL). The precipitates were collected by filtration, washed with water, dried, and recrystallized from acetonitrile to give the desired ligands 11a and 11b as colorless solids. Ligand 11a. Yield, 1.4 g (78%); mp 150-152 °C. 1HNMR (CDCl3) δ 8.41 (d, 1H), 7.90 (d, 2H), 7.55 (m, 2H), 7.40 (m, 3H), 7.18 (d, 1H), 7.10 (m, 2H), 4.55 (m, 3H), 3.75 (s, 2H), 1.40 (d, 3H). 13C-NMR (CDCl3) δ 191.7, 172.2, 168.2, 156.6, 149.2, 137.0, 136.1, 134.2, 128.9, 127.6, 122.4, 121.8, 49.3, 44.4, 32.6, 18.1. Anal. Calcd for C18H19N3O3S: C, 60.49; H, 5.36; N, 11.76; S, 8.97. Found: C, 60.53; H, 5.40; N, 11.67; S, 9.04. Ligand 11b. Yield, 1.6 g (84%); mp, 165-167 °C. 1HNMR (CDCl3) δ 8.45 (d, 1H), 7.90 (m, 2H), 7.55 (m, 2H), 7.42 (t, 2H), 7.10 (m, 4H), 4.40 (m, 1H), 3.72 (s, 2H), 3.59 (m, 2H), 2.82 (t, 2H), 1.30 (d, 3H). 13C-NMR (CDCl3) δ 191.5, 172.0, 167.9, 159.5, 149.3, 136.8, 136.1, 134.2, 128.9, 127.7, 123.6, 121.7, 49.2, 38.7, 36.6, 32.6, 18.1.
 
 Heterocyclic N3S Ligands
 
 Anal. Calcd for C19H21N3O3S: C, 61.44; H, 5.70; N, 11.31; S, 8.63. Found: C, 61.54; H, 5.77; N, 11.34; S, 8.73. Preparation of the Carboxyl Ligand 11c. A mixture of 7a (1.2 g, 10 mmol) and the active ester 8c (4.1 g, 10 mmol) in acetonitrile (25 mL) was stirred at ambient temperature for 4 h. The reaction mixture was poured onto water and extracted with methylene chloride (3 × 25 mL). The combined organic layers were washed with brine, dried (MgSO4), and filtered, and the filtrate was evaporated under reduced pressure to give 4.0 g (85%) of the Cbz derivative as an off-white solid which was pure enough for use in the next step. A solution of the Cbz derivative (10 mmol) in methanol (20 mL) was carefully treated with 0.5 g of 10% Pd-C catalyst (added in small portions under a slow, steady stream of nitrogen). Thereafter, the mixture was hydrogenated at 50 psi (∼3.5 atm) for 2 h. The catalyst was removed by filtration over Celite, and the filtrate was evaporated under reduced pressure to give 9c as pale tan gum. This amine turns dark on standing and, hence, was used immediately in the next step. A mixture of the amine 9c (2.8 g, 10 mmol) and the active ester 10 (2.9 g, 10 mmol) in acetonitrile (25 mL) was stirred at ambient temperature for 4 h. The reaction mixture was poured onto water and extracted with methylene chloride (3 × 25 mL). The combined organic extracts were washed with water, dried (MgSO4), and filtered, and the filtrate was evaporated under reduced pressure. The waxy solid was then treated with trifluoroacetic acid (10 mL) and kept at ambient temperature for 1 h. The solution was poured onto water (200 mL), and the precipitate was collected by filtration, washed well with water, dried, and recrystallized from isopropyl alcohol to give 2.6 g (63%) of the ligand 11c as colorless solid, mp 195-197 °C. 1H-NMR (CDCl3) δ 8.65 (m, 1H), 8.55 (m, 2H), 7.95 (m, 1H), 7.90 (m, 2H), 7.65 (m, 1H), 7.55 (m, 2H), 7.45 (m, 2H), 4.48 (d, 2H), 4.30 (m, 1H), 3.80 (s, 2H), 2.30 (m, 2H), 2.00 (m, 1H), 1.80 (m, 1H). 13C-NMR (CDCl ) δ 191.1, 174.4, 172.0, 167.7, 157.5, 3 146.7, 140.3, 136.3, 134.5, 129.5, 127.2, 123.5, 122.5, 52.7, 42.9, 32.6, 30.1, 27.0. Anal. Calcd for C20H21N3O5S: C, 57.82; H, 5.09; N, 10.11; S, 7.72. Found: C, 57.71; H, 5.14; N, 10.00; S, 7.80. N-Cbz-Homoserine Lactone (12). Benzyl chloroformate (9.4 g, 50 mmol) was added dropwise to a vigorously stirring solution of l-homoserine lactone hydrochloride (9.1 g, 50 mmol) and sodium carbonate (15.9 g, 150 mmol) in a biphasic mixture of methylene chloride and water (1:1, 200 mL). After the addition, the mixture was stirred at ambient temperature for 16 h. The organic layer was separated, dried (MgSO4), and filtered, and the filtrate was evaporated under reduced pressure. Recrystallization of the resulting solid from ethyl acetate afforded 12.0 g (96%) of lactone 12 as colorless needles, mp 123-125 °C. 1H-NMR (CDCl3) δ 7.33 (bs, 6H), 5.10 (s, 2H), 4.40 (m, 2H), 4.21 (m, 1H), 2.72 (m, 1H), 2.20 (m, 1H). 13C-NMR (CDCl3) δ 175.3, 156.4, 136.1, 128.7, 128.5, 128.3, 67.3, 65.7, 50.3, 30.1. Pyridyl Amino Alcohol (15). A mixture of 7a (4.32 g, 40 mmol) and the lactone 12 (8.40 g, 40 mmol) in glyme (30 mL) was heated under reflux for 2 h. The reaction mixture was poured onto ice-cold water (200 mL). The solid was filtered, washed with water, and recrystallized from hot water to give 8.8 g (70%) of the Cbz derivative as a colorless solid, mp 154-156 °C. 1H-NMR (CDCl3) δ 8.45 (d, 1H), 7.61 (t, 1H), 7.45 (bt, 1H), 7.10-7.40 (m, 8H), 6.05 (d, 1H), 5.05 (s, 2H), 4.50 (m, 3H), 3.67 (m, 2H), 2.00 (m, 1H), 1.87 (m, 1H). 13C-NMR (CDCl3) δ 172.1, 157.0, 156.5, 149.2, 137.2, 136.3, 128.7, 128.5, 128.2, 122.7, 122.2, 67.1, 58.4, 52.5, 44.1, 35.8.
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 A solution of the above Cbz derivative (20 mmol) in methanol (30 mL) was carefully treated with 1.0 g of 10% Pd-C catalyst (added in small portions under a slow, steady stream of nitrogen). The mixture was hydrogenated at 50 psi (∼3.5 atm) for 2 h. The catalyst was removed by filtration and the filtrate was evaporated under reduced pressure to give the pyridyl amino alcohol 15 as a pale yellow gum, which was used immediately in the next step. 1H-NMR (CDCl3) δ 8.42 (d, 1H), 8.28 (bt, 1H), 7.58 (m, 1H), 7.20 (m, 1H), 7.10 (m, 1H), 4.47 (d, 2H), 3.70 (t, 2H), 3.55 (dd, 1H), 2.80 (broad, 3H), 1.90 (m, 1H), 1.70 (m, 1H). 13C-NMR (CDCl3) δ 176.0, 157.0, 149.1, 137.0, 122.5, 122.1, 59.7, 53.7, 44.0, 37.3. Morpholino Amino Alcohol (16). A mixture of the amine 13 (5.60 g, 40 mmol) and the lactone 12 (8.36 g, 40 mmol) in glyme (30 mL) was heated under reflux for 2 h. The reaction mixture was poured onto ice-cold water (200 mL). The solvent was evaporated under reduced pressure, and the pale yellow gum (13.5 g) was kept under high vacuum for 72 h by which time the Cbz derivative solidified (mp 83-86 °C) and was used as such. 1H-NMR (CDCl ) δ 7.30 (bs, 5H), 6.89 (bt, 1H), 5.95 (d, 3 1H), 5.05 (dd, 2H), 4.35 (m, 1H), 3.62 (m, 4H), 3.40 (m, 4H), 1.95 (m, 1H), 1.78 (m, 1H). 13C-NMR (CDCl3) δ 172.0, 157.0, 136.3, 128.7, 128.4, 128.1, 66.6, 58.3, 56.9, 53.2, 52.1, 35.7. Hydrogenolysis of this Cbz derivative was carried out in the same manner as that described for compound 15. The morpholino amino alcohol 16 was obtained as a pale yellow gum. 1H-NMR (CDCl3) δ 3.02 (m, 5H), 3.25 (m, 4H), 3.00 (m, 2H), 2.60 (t, 1H), 2.15 (m, 6H), 1.45 (m, 1H), 1.35 (m, 1H). 13C-NMR (CDCl3) δ 176.8, 65.2, 57.4, 55.5, 51.6, 35.4, 34.7. Imidazolyl Amino Alcohol (17). A mixture of 2-aminomethylimidazole dihydrochloride 14 (17) (3.40 g, 20 mmol), the lactone 12 (4.2 g, 20 mmol), and triethylamine (5.05 g, 50 mmol) in glyme (30 mL) was heated under reflux for 48 h. The reaction mixture was poured onto ice-cold water (200 mL). The solid was filtered, washed with water, and recrystallized from hot water to give 4.1 g (53%) of 17 as an off-white solid. 1H-NMR (DMSO-d6) δ 8.28 (t, 1H), 7.42 (d, 1H), 7.31 (m, 5H), 6.90 (s, 2H), 4.95 (dd, 2H), 4.35 (m, 2H), 4.08 (m, 1H), 3.40 (m, 3H), 1.78 (m, 1H), 1.68 (m, 1H). 13C-NMR (DMSO-d6) δ 172.5, 156.4, 145.0, 137.3, 128.7, 125.9, 121.0, 65.5, 57.5, 52.2, 36.5, 34.9. Hydrogenolysis of this Cbz derivative was carried out in the same manner as that described for compound 15. The imidazolyl amino alcohol 17 was obtained as a pale yellow gum. 1H-NMR (D2O) δ 6.89 (s, 2H), 4.30 (s, 2H), 3.50 (t, 2H), 3.35 (t, 1H), 1.74 (m, 1H), 1.65 (m, 1H). 13CNMR (D2O) δ 177.9, 145.0, 122.2, 58.1, 51.9, 48.7, 36.2. General Procedure for Preparation of Ligands 19-21. A solution of the amines 15, 16, or 17 (5 mmol) in acetonitrile (10 mL) was treated with the active ester 18 (18) (5 mmol) and stirred at ambient temperature for 4 h. The solvent was removed under reduced pressure, and the residue was worked up as described below for the individual ligands. Ligand 19. The residue was dissolved in methylene chloride (20 mL), washed with water (2 × 20 mL), dried (MgSO4), and filtered, and the filtrate was taken to dryness under reduced pressure. The gummy residue was purified by column chromatography over silica gel (Merck, 230-400 mesh, 40 g). Elution with chloroform/ methanol (93:7) gave 1.1 g (74%) of the desired ligand 19 as an off-white solid, mp 86-88 °C. 1H-NMR (CDCl3) δ 8.48 (d, 1H), 7.90 (dd, 1H), 7.65 (m, 2H), 7.19 (m, 2H), 4.75 (m, 2H), 4.55 (m, 2H), 4.30 (broad, 1H), 3.95 (m, 1H), 3.67 (m, 2H), 3.42 (m, 1H), 3.35 (dd, 1H), 3.20 (dd, 1H),
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 2.05 (m, 1H), 1.40-1.90 (m, 7H). 13C-NMR (CDCl3) δ 172.0, 170.8, 156.7, 149.2, 137.1, 122.6, 122.0, 83.5, 65.7, 58.3, 51.0, 44.3, 35.8, 34.6, 30.9, 25.0, 21.6. Anal. Calcd for C17H25N3O4S: C, 55.59; H, 6.81; N, 11.44; S, 8.72. Found: C, 55.66; H, 6.87; N, 11.45; S, 8.70. Thermal spray mass spectrum, m/Z 368 [M + H]. Ligand 20. The gummy residue was purified by flash chromatography over C-18 reverse phase sorbent (20 g). Elution with pure water removed N-hydroxysuccinimide and other low molecular weight impurities. Elution with water/methanol (7:3) followed by evaporation of the solvent afforded 0.82 g (42%) of the desired ligand 20 as a pale greenish-yellow gum. 1H-NMR (CDCl3) δ 6.91 (m, 1H), 3.85 (m, 1H), 3.60 (m, 1H), 3.31 (t, 4H), 2.90-3.35 (m, 8H), 2.15 (m, 6H), 1.10-1.70 (m, 7H). 13C-NMR (CDCl3) δ 173.0, 172.5, 82.1, 76.8, 65.2, 57.0, 55.4, 51.6, 50.8, 35.0, 32.5, 32.3, 29.8, 23.8, 20.5. Thermal spray mass spectrum, m/Z 390 [M + H]. Ligand 21. The gummy residue was purified by flash chromatography over using C-18 reverse phase sorbent (20 g). Elution with pure water removed N-hydroxysuccinimide and other low molecular weight impurities. Elution with water/methanol (7:3) followed by evaporation of the solvent afforded 0.56 g (31%) of the desired ligand 21 as a pale tan foam. 1H-NMR (D2O) δ 6.67 (bs, 2H), 4.05 (broad, 3H), 3.55 (m, 1H), 3.35 (m, 2H), 2.903.20 (m, 3H), 1.05-1.80 (m, 7H). 13C-NMR (D2O) δ 173.4, 172.7, 143.9, 121.1, 82.2, 77.0, 65.2, 65.9, 50.7, 35.4, 32.6, 29.7, 23.8, 20.4. Anal. Calcd for C15H24N4O4S‚0.1 H2O: C, 50.30; H, 6.76; N, 15.65; S, 8.94. Found: C, 50.00; H, 6.82; N, 15.32; S, 8.92. Thermal spray mass spectrum, m/Z 357 [M + H]. General Procedure for Preparation of 99mTc Complexes. To a solution of sodium gluconate (51 mg) in water (1 mL) and 1.0 M carbonate/bicarbonate buffer (200 µL) at the desired pH was added 1.9 mg of the appropriate ligand dissolved in water (280 µL). After the solution was purged with nitrogen for 10 min, 1.1 µL of stannous chloride stock solution (10 mg/mL) followed by 0.4 mL of sodium pertechnetate solution (5 mCi) were added and the container was sealed with a rubber septum (crimpsealed) under nitrogen. The mixture was then heated in a boiling water bath for 15 min, and the crude reaction products were purified as described below. General Procedure for Preparation of 186Re Complexes. To a lyophilized preparation of stannous citrate (20 mg of lactose, 25 mg of citric acid, 2 mg of gentisic acid, and 1 mg of stannous chloride) in a closed 10 mL vial was added 450 µL of nitrogen-purged water and 50 µL of sodium perrhenate solution (14.4 mCi). After 5 min, 8.1 µL of appropriate ligand stock solution (22 mg/ mL) was added and the container was sealed with a rubber septum (crimp-sealed) under nitrogen. The mixture was then heated in a boiling water bath for 15 min. General Procedure for Complexation of Ligands 19 and 21 with Nonradioactive (“Cold”) Rhenium. To a lyophilized preparation of stannous citrate (20 mg of lactose, 25 mg of citric acid, 2 mg of gentisic acid, and 1 mg of stannous chloride) in a closed 10 mL vial was added 951 µg of sodium perrhenate in 400 µL of nitrogenpurged water. After 5 min, a solution of 2.1 mg of the ligand 19 or 21 in 133 µL of water was added and the mixture heated in a boiling water bath for 15 min. Thereafter, the reaction mixture was purified by HPLC under the following conditions. General Procedure for Purification of Technetium and Rhenium Complexes. The reaction mixtures were purified by gradient HPLC using a Waters NovaPak C-18 column (15 cm). Solvent conditions varied
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 depending on the complex. The following six different conditions were used. Condition 1. Solvent A, 0.1% aqueous trifluoroacetic acid; solvent B, 80% acetonitrile/20% 0.1% aqueous trifluoroacetic acid; linear gradient (100% solvent A to 50% solvent A, 50% solvent B in 15 min), flow rate, 1 mL/min. Condition 2. Solvent A, 0.1% aqueous trifluoroacetic acid; solvent B, 80% acetonitrile/20% 0.1% aqueous trifluoroacetic acid; linear gradient (100% solvent A to 50% solvent A, 50% solvent B in 25 min), flow rate, 1 mL/min. Condition 3. Solvent A, 5 mM NaH2PO4; solvent B, 5 mM NaH2PO4, in 80% ethanol; linear gradient (100% solvent A to 50% solvent A, 50% solvent B in 15 min), flow rate, 1 mL/min. Condition 4. Solvent A, 0.5 mM NaH2PO4; solvent B, 0.5 mM NaH2PO4, in 80% ethanol; linear gradient (100% solvent A to 50% solvent A, 50% solvent B in 15 min), flow rate, 1 mL/min. Condition 5. Solvent A, 5 mM KH2PO4; in 2% aqueous acetonitrile; solvent B, 5 mM NaH2PO4, in 70% aqueous acetonitrile; linear gradient (100% solvent A to 50% solvent A, 50% solvent B in 15 min), flow rate, 1 mL/ min. Condition 6. Solvent A, 5mM NaH2PO4 in 10% ethanol; solvent B, 5 mM NaH2PO4, in 60% ethanol; linear gradient (100% solvent A to 50% solvent A, 50% solvent B in 15 min), flow rate, 1 mL/min. Complex 2a. Condition 1, retention time, 8.74 min. Complex 4b. Condition 5, retention time, 9.86 min. Complex 4c. Condition 4, retention time, 9.94 min. FAB mass spectrum, m/Z 482 and 484 (relative intensity of 1:2). Complex 4d. Condition 2, retention time, 11.53 min. Complex 5a. Condition 1, retention time, 9.83 min. Complex 5b. Condition 3, retention time, 8.77 min. Complex 6a. Condition 1, retention time, 9.61 min. Complex 6b. Condition 4, retention time, 11.47 min. FAB mass spectrum, m/Z 471 and 473 (relative intensity of 1:2). General Procedure for Stability Studies. Ligands 19-21 were radiolabeled with technetium and were purified by HPLC using Condition 6 described above. The purified fractions of complexes 2a, 4b, 5a,b, and 6a,b (2 mL) were collected, partitioned into two 1 mL portions, and then mixed either with physiological saline (1 mL) or with 1 mL of 0.01 M aqueous cysteine stock solution. The solutions were kept at ambient temperature, and the purity of the complex as well as the levels of TcO2/TcO4or of ReO4- was monitored by HPLC (Condition 1) and paper chromatography at four time points (initial and 1, 4, and 24 h). Biodistribution Studies. Biodistribution studies were performed on selected pyridyl and imidazolyl complexes, 2a, 4b-d, and 6b, but were not carried out for the morpholino complexes 5a and 5b due to in vitro instability of these complexes. Male Sprague-Dawley rats weighing ∼220 g were used to obtain the biodistribution data on these complexes. Each animal received 300 µL of HPLC-purified test article containing 10 µCi of radioactivity and 0.07 µg of material via the tail vein. The animals (n ) 3) were sacrificed at 20′, 60′, and 120′ post injection and (n ) 2) at 24 h post injection. Selected tissue samples of blood, liver, kidney, and muscle were excised and rinsed with saline. These organs and tissues were assayed for percent injected dose per organ from standards prepared from the initial dosing material. For determining percent injected dose in the urine and feces, animals were housed in metabolism cages overnight. The
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 Scheme 1a
 
 a
 
 Legend: (a) CH3CN, room temperature. (b) H2, 10% Pd-C, MeOH. (c) CH3CN, room temperature. (d) CF3CO2H.
 
 urine and feces samples were collected separately and counted against the prepared standards as noted previously. RESULTS AND DISCUSSION
 
 Ligand Syntheses. All ligands contain either a benzoyl- or a THP-protected mercapto group. Protection of the thiol functionality is always desirable, and often necessary, because the technetium and rhenium labeling of ligands which contain unprotected thiols frequently leads to poor yields and undesirable byproducts. The pyridyl ligands 11a,b were prepared in three steps with the overall yield of about 70% (Scheme 1): (a) the reaction of pyridyl amines 7a or 7b with the alaninyl active ester 8a or 8b; (b) hydrogenolysis of the resulting Cbz derivatives; and (c) the reaction of the amines 9a,b with the succinimido ester (10). It may be noted that compound 10 undergoes aminolysis chemoselectively at the succinimido ester center and not at the thiocarbonyl center. However, under the same conditions, the S-acetyl analog of 10 (N-succinimidyl S-acetylmercaptoacetate) undergoes aminolysis at both positions giving a mixture of products. For example, when N-succinimidyl S-acetylmercaptoacetate is reacted with triglycine, both Nacetyltriglycine and N-(S-acetylmercapto)acetamidotriglycine were obtained (R. Rajagopalan, unpublished results). The carboxy ligand 11c was prepared in four steps with the overall yield of about 55% (Scheme 1): (a) reaction of 7a with the glutamyl active ester 8c; (b)
 
 hydrogenolysis of the resulting Cbz derivative; (c) condensation of the amine 9c with the active ester 10; and (d) deprotection of the tert-butyl group with trifluoroacetic acid. The hydroxy ligands 19-21 were prepared in three steps (Scheme 2): (a) ring opening of N-Cbz-homoserine lactone (12) with the heterocyclic amines 7a, 13, or 14; (b) hydrogenolysis of the resulting Cbz derivatives; and (c) condensation of the amino alcohols 15-17 with the active ester 18. The overall yields of 19, 20, and 21 were 50%, 41%, and 20%, respectively. The histidyl ligand, N-[(S-benzoyl)mercapto]acetylglycylhistidine (22), for the preparation of technetium imidazolyl complex 2a, was prepared according to the published procedure (14). Radiolabeling, Characterization, and Stability. Technetium labeling of all the ligands 11a-c and 1921 was generally achieved by heating a mixture of 99mTcgluconate and the ligand at 100 °C in an inert atmosphere at pH 2-12 for about 15 min. The rhenium complexes of the same ligands were prepared by heating a mixture of 186Re citrate and the ligand at 100 °C in an inert atmosphere at pH 2-3 for about 15 min. The ligand to metal ratio used in rhenium labeling was 1.6:1. HPLC retention times of the major peak resulting from radiolabeling of a particular ligand at various pH conditions were identical, indicating that the same product is formed under different pH conditions. Furthermore, the HPLC retention times of the technetium and rhenium complexes derived from the same ligand differed by only about 1 min, indicating a strong structural similarity between
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 Scheme 2a
 
 a Legend: (a) 7a, DME, ∆. (b) H , 10% Pd-C, MeOH. (c) 4-(2-Amino)ethylmorpholine (13), DME, ∆. (d) H , 10% Pd-C, MeOH. (e) 2 2 2-Aminoethylimidazole dihydrochloride (14), DME, ∆. (f) H2, 10% Pd-C, MeOH. (g) CH3CN, ∆.
 
 99m
 
 Tc and 186Re complexes. FAB mass spectrum of nonradioactive rhenium complexes prepared from the pyridyl ligand 19 showed a pair of [M + 1] signals, m/Z 482 and 484, in the ratio of 1:2, characteristic of 185Re and 187Re patterns associated with the complex 4c. Similarly, the FAB mass spectrum of nonradioactive rhenium complexes prepared from the imidazolyl ligand 21 showed a pair of [M + 1] signals, m/Z 471 and 473, in the ratio of 1:2, characteristic of 185Re and 187Re pattern associated with the complex 6b. These data, along with the previous X-ray crystallographic study (15) on an analogous pyridyl complex, provide support for the structures designated as 4c and 6b. Paper electrophoresis indicated that the complexes 3a,b, 4a-c, and 5a,b were neutral; complexes 2a and 4d were anionic due to the presence of a carboxyl group; and complex 6a was neutral below pH 11 but anionic above pH 11, indicating that the imidazolyl proton is being ionized only above this pH. The morpholino complexes 5a and 5b were too unstable for complete characterization. However, the similarity of HPLC retention times and the neutral charge of the complex suggest structural similarity with the pyridyl and imidazolyl complexes. Table 1 shows the radiochemical yield of various heterocyclic metal complexes formed under various pH conditions. All ligands labeled efficiently under a wide
 
 Table 1. Radiolabeling of Ligands with at Various pH ligand 11a 11b 11c 19 19 19 20 20 20 20 21 21 21 21 21 22
 
 metal ion 99mTc 99mTc 99mTc 186Re 99mTc 99mTc 186Re 99mTc 99mTc 99mTc 99mRe 99mTc 99mTc 99mTc 99mTc 99mTc
 
 99mTc
 
 and
 
 186Re
 
 complex
 
 pH
 
 percent RCYa,b
 
 4a 3a 4d 4c 4b 4b 5b 5a 5a 5a 6b 6a 6a 6a 6a 2a
 
 12.0 12.0 9.5 2.2 7.5 9.0 2.2 5.6 7.4 9.0 2.2 2.2 4.0 7.5 9.0 11.0
 
 82 96 88 94 91 80 98 69 55 95 94 61 75 47 54 75
 
 a
 
 RCY, radiochemical yield. b All values represent initial radiochemical yield and are unoptimized.
 
 range of pH values. Ligands 19-21 labeled efficiently even at pH 9 despite the fact that the THP group is expected to be inert toward hydrolysis above pH 7. Although the S-THP group had been known to hydrolyze under alkaline conditions with mercury salts (19), such cleavage under technetium or rhenium labeling conditions had not been observed previously. Previous work
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 Table 2. Stability of Technetium and Rhenium Complexes initial
 
 1h
 
 4h
 
 24 h
 
 complex
 
 saline
 
 cysteine
 
 saline
 
 cysteine
 
 saline
 
 cysteine
 
 saline
 
 cysteine
 
 2a 4b 5a 5b 6a 6b
 
 98.9 98.8 98.7 97.6 96.3 99.8
 
 99.4 98.8 69.2
 
 99.1 98.8 90.0 83.2 96.3 99.2
 
 96.1 98.7 72.8
 
 99.5 98.8
 
 96.2 98.8
 
 83.7 93.7
 
 89.5 97.5
 
 60.3
 
 93.6 99.4
 
 60.5
 
 95.2 98.8
 
 47.5
 
 76.8
 
 on the labeling of triamide thiolate ligands containing S-THP group required strong acidic conditions (ca. pH < 3) to bring about the hydrolysis of the THP group with concomitant metal complexation; no radiolabeling was achieved under neutral or basic conditions (20). In the case of heterocyclic N3S ligands, it is clear that both the metal ion and the amine are required for the hydrolysis of the S-THP protecting group. Although the precise mechanism for this reaction is not yet established, two possible pathways can be envisioned as illustrated in Scheme 3. In the transition state, the metal ion, the ligand, and a water molecule may organize in such a manner that the heterocyclic amine can act as a general base to deprotonate the coordinated water molecule and deliver the hydroxide ion to the highly polarized carbonsulfur bond. Alternatively, the heterocyclic bases may remove the proton from the β position to eliminate the coordinated sulfur atom. Such eliminations have been known to occur during ruthenium and rhodium metal complexation reactions with macrocyclic crown thioether ligands (21). These reactions are possible because the acidity of water is greatly enhanced when attached to metal ions; the first pKa’s of water bound to Tc(V) and Re(V) oxo species are 2.90 and 1.31, respectively (22, 23). Thus, at any given pH, a higher concentration of hydroxide should be present in the presence of metal ion compared to pure water to catalyze the displacement or elimination reactions. Other reactions, such as the hydrolysis of amides, esters, and phosphate esters via such an organized water molecule that is coordinated at the primary coordination sphere of a transition metal ion, have been postulated previously (24-26).
 
 Although all ligands labeled well initially with technetium and rhenium, there were considerable differences in the stability of the metal complexes (Table 2). The desired HPLC fractions were collected for each selected sample and mixed with equal volumes of either physiological saline or with stock cysteine solution. The solutions were kept at ambient temperature, and the purity was monitored over time. The technetium pyridyl and imidazolyl complexes 2a and 4b, respectively, were very stable even when subjected to cysteine challenge. Both morpholino complexes 5a,b were unstable. In fact, as soon as the desired HPLC fractions of 5a,b are isolated, the solution seemed to degrade rapidly, and the resulting HPLC profiles of these complexes were so broad and complex that it was not possible to record the purity accurately. After about 2 h, the main peaks corresponding to 5a,b were not present in the chromatograms. Although both the technetium and rhenium imidazolyl complex 6a,b were quite stable in saline, 6a underwent substantial decomposition under cysteine challenge. Biological Properties. The biodistribution results of this series of metal chelates reveal a strong correlation with the polarity of the ligands. The stepwise modifications beginning with the lipophilic, neutral pyridine moiety culminating in the polar, anionic imidazole functionalities resulted in significantly increased blood clearances and decreased soft tissue retentions that translate to improved imaging quality for these metal complexes. The biodistribution studies were not carried out on the morpholino complexes 5a,b due to their instability. Tables 3 and 4 show the biodistribution data for the neutral 99mTc pyridyl complex 4b and 186Re pyridyl
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 Table 3. Normal Rat Biodistribution of Technetium Complex 4b
 
 Table 5. Normal Rat Biodistribution of Technetium Complex 4d
 
 percent injected dose per organ (mean ( SE)a organ blood liver kidneys spleen muscle urineb fecesb
 
 20 min
 
 1h
 
 2h
 
 24 h
 
 29.0 ( 0.6 17.6 ( 2.4 5.4 ( 0.7 0.61 ( 0.02 11.3 ( 0.7
 
 20.4 ( 1.6 24.9 ( 1.6 7.0 ( 0.7 0.52 ( 0.03 9.6 ( 0.3
 
 17.5 ( 0.7 25.5 ( 2.1 7.9 ( 0.7 0.47 ( 0.02 8.6 ( 0.3
 
 4.4 ( 0.4 9.2 ( 1.1 3.3 ( 0.2 0.19 ( 0.01 2.6 ( 0.1 24.5 ( 3.0 16.9 ( 1.0
 
 total excreted
 
 41.4 ( 4.0
 
 percent recovered
 
 88.6 ( 6.0
 
 a SE, standard error. b Urine and fecal values were obtained only at 24 h.
 
 percent injected dose per organ (mean ( SE)a 20 min
 
 organ blood 0.44 ( 0.04 0.23 ( .01 liver 1.05 ( 0.21 0.21 ( .01 kidneys 16.1 ( 2.3 1.9 ( 0.2 muscle 5.7 ( 0.4 0.53 ( 0.32 urineb fecesb
 
 2h
 
 24 h
 
 0.12 ( 0.01 0.09 ( .01 0.51 ( 0.03 0.09 ( 0.01
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