
Technical Update 

DOE DE FG02 86ER60400 
The late Professor Elmer 0. Schlernper, Principal Investigator 

submitted by 

Dr. Patricia Droege 
Research Group Leader 

DISCJ., AIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 



4 

A. Instrumentation 

1. NMR Spectrometer 

1H and 1 3 C  spectra were recorded on a 250 MHz Bruker ARX250, a 300 

MHz Nicloet NT-300 or a Bruker 500 spectrometer. \ 

2. X-ray Diffractometers and Software Packages 

The following diffractometers and software were used for collection of 

crystallographic data: 

Difiactometers: 

1. Enraf-Nonius CAD4 Model FR590 Diffractometer coupled with a Vax 

Station 3520 and a Vax terminal. 

2. Enraf-Nonius Cad4 Rotating Anode Model 571 coupled with a Vax 

Station 3520 and a Vax terminal. 

Software: 

1. The full system reference is: Gabe, E.J., LePage, Y., Charland, J.-P., 

Lee, F.L. and White, P.S., (1989) J. Appl. Cryst., 22, 384-387. 

2. Scattering Factors from the International Tables Vol. 4: 

International Tables for X-ray Crystallography, Vol. N (1974) 

Kynoch Press, Birmingham, England. 

3. Ortep Plotting: 

Johnson, C.K., (1976) ORTEP - A Fortran Thermal Ellipsoid Plot 

Program, Technical Report ORNL-5138, Oak Ridge 

3. Infrared Detector 
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FTIR spectra were recorded on a Nicolet Magna IR 550 spectrometer. 

4. Radioactivity Detectors 

The following instruments were used for determining the radioactivity of 

metals and complexes: 

1. A Canberra NaI(T1) well detector with associated electronics 

2. A Bioscan System 200 Imaging Scanner 

5.Elemental Analysis 

Elemental Analysis were performed by National Chemical Consulting 

and Galbraith Laboratories. 

B. Synthesis of Ligands 

Structural representation of the following ligands are shown in the 

Figures on the attached page. 

1. 5- (4-aminop henyl)-10,15,20-trip henylporphyrin (NTPP) (1): 

(2.00 g, 3.25 mmol) Tetraphenylporphyrin was added to 300mL of chloroform 

under nitrogen. Red fuming nitric acid (3.4 g, 54 mmol) was added to the 

stirring solution at 0-5C over a 2hr period. The reaction was monitored by 

normal phase TLC in chloroform (Rf=O.SS products, Rp0.78 reactants). The dark 

green solution was extracted with 5x300 mL portions of water and dried over 

anhydrous magnesium sulfate and sodium carbonate. The solution was 

concentrated by rotoevaporation and purified by silica column chromatography 

with chloroform elution. Fractions of the monosubstituted porphyrin (first 
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band) were collected to give approx 11% yield ( 0.24 g, 0.36 mmol). C44H29N502: 

*H NMR (CDCL) aromatic 7.71-8.92 (m, 27H) pyrrole NH 2.84 (s, 2H). 

5-Nitro-2hvdroxvacetophenone (C) Ligands - 

The backbone of this series of ligands is 5-nitro-2-hydroxy acetophenone 

which has been abbreviated to C. Additions to the backbone have been named 

by adding either a name or a number to the backbone letter C. 

2a. 5-Nitro-2hydroxyacetophenone (C) (2): 

2-hydroxyactephenone (10.0 g, 73.52 mmol) was added to a cold stirring solution 

of acetic acid (50mL). Concentrated nitric acid (10.5mL) was added over 1/2 

hour. The temperature was raised to 300 C and cooled when the reaction became 

too vigorous. This mixture was then placed in an ice bath and a semi-solid mass 

separated. This mass was steam distilled to yield a first fraction of crude oily by 

product, which was rejected, followed by crystals of 5-nitro-2- 

hydoxyacetophenone. CsHs03N (yield 2.52 g, 15.1 mmol; 4.9%) mp 95-98OC; 1H 

NMR (dg Acetone) hydroxy 9.7 (s, 1H); aromatic 8.21-8.67 (m, 3H); NCH3 2.0 (s, 

1H) 

2b. 5-Nitro-2-hydoxyacetophenone oxime (C-OHAPO) (3): Sodium 

acetate (0.50 g, 3.68 mmol) was dissolved in a minimum volume of water. 

Hydroxyl amine hydrochloride (0.22 g, 14 mmol) was also dissolved in a 

minimum volume of water. These two solution were mixed and 5-nitro-2- 

hydroxyacetophenone (0.25 g, 5.6 mmol) was added. Ethanol was added to this 

solution and stirred until it was solution was clear. This solution was refluxed 
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for 1/2 hour, concentrated to 1/2 volume and refrigerated overnight. Crystals 

were collected and washed with alcoho1:water (1:l) and recrystallized from hot 

ethanol. (yield 0.94 g, 4.81 mmol; 86%) mp. 2320-234oC; Analysis calculated for 

CsHSN204: % C, 48.98; H, 4.11; N, 14.28. Found: C, 50.1; H, 4.14; N, 14.61. 1H 

NMR (d6 Acetone) hydroxy proton 11.5 (s, 1H): oxime proton 10.2 (s, 133); 

aromatic 8.41-8.79 (m, 3H); NCH3 2.3 (s, 1H) 

2c. 5-Amino-2-hydroxyaminophenone oxime (CR-OHAPO): 5-nitro-2- 

hydroxyactephenone oxime (0.115 g, 1.76 mmol) was dissolved in 20-30mL of 

absolute ethanol in a hydrogenation apparatus chamber. Pd/C catalyst (50mg) 

was added to the solution. Air was evacuated from the chamber, filled chamber 

with HZ (latm) and the mixture was stirred for 8 hours. The mixture was 

removed from hydrogenation apparatus, without exposure to air. The solution 

was filtered to remove catalyst. The ethanolic solution was rotoevaporated to 

dryness. (yield 0.265 g, 1.58 mmol; 90%) CgH12N202: IH NMR (d6 DMSO) 

carboxy proton 10.2 (s, 1H): aromatic 8.2-8.8 (m, 3H) 

3a. 5-Nitro-2-hydoxyacetobenzyl oxime (C-OXIME): 

5-nitro-salicylaldehyde (0.918 g, 5.49 mmol) was added to 40 mL of ethanol and 

allowed to mix. The 

NaC2fiO2 was allowed to dissolve. Oxime (0.515 g, 7.52 mmol) was added and 

the solution was allowed to mix overnight. The cream precipitate was washed 

with cold ethanol, filtered and dried by suction filtration. Yield was 0.929 g, 5.10 

mmol ; 93%. Analysis calcd for C7H6N204: % C, 46.16; H, 3.32; N, 15.38. Found: 

To this was added NaC2&02 (0.617 g, 7.52 mmol). 
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1. NTPP 

Figure 9. 5-(4-Arninophenyl)-lO,15,2O-triphenylporphyrin 
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14. Zinc Porphyrin Complex 

Figure 14. 5,1 OJ 5,2& tetraphen ylporphyrin zinc 
dimethyl formamide complex 
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15. C-OHAPO-CU M=CU R=CH3 
16. C-OHAPO-Ni M=Ni R=CH3 
17. C-Oxime-Ni M=Ni R=H 
18. C-Oxime-Pd M=Pd R-H 

Figure 15. C (5-nitm-2-hydmxyacetophenone) Complexes 
The backbone of the C series of ligands is 5-nitro-2-hydroxyacetophenone, which has been abbreviated to C. 
These ligands were complexes with the metals shown above. Multiple metal species with the same ligand 
are designated below their structural representations. 



C, 45.62; H, 3.36; N, 15.68. IH NMR(d6 DMSO) carboxy proton 11.62 (s, 1H): 

oxime proton 10.36 (s, 1H) aromatic and imine 7.20-8.38 (m, 4H). 13C NMR (db 

DMSO): COH 6 173.04 (s, 1H); imine carbon 6 161.95; aromatic carbons, 6 144.22, 

140.09,126.23, 119.87,117.13. 

3b. 5-Amino-2-hydoxyacetobenzyl oxime (CR-OXIME) (3): 

A lOOmL three necked, round bottom flask equipped with reflux condenser and 

stirrer was charged with C-Oxime (0.500 g, 2.75 mmol) dissolved in 40 mL of 

tetrahydrofuran (THF). The solution was cooled on an ice bath and 10% 

palladium-on-carbon catalyst (50 mg) was added. NaB& (0.2597 g, 6.863 mmol) 

was then added in three portions over 10 minutes. The ice bath was removed 

and stirring is continued at room temperature for 30-40 minutes. Excess NaB& 

was decomposed by the addition of 2 N hydrochloric acid to a pH of 6 followed 

by addition of ethyl ether (40 mL). The solution is filtered and the filtrate was 

washed with H20 (2 x 5mL) and dried (anhydrous MgS04). The solution was 

filtered and rotovapped to dryness. The yield of the brown-yellow solid, 

C7HloN202, was 0.376g, 2.448 mmol; 89.1% . *H NMR(d6 DMSO): NOH 9.30 (s, 

1H ); hydroxy proton 9.25 (s, 1H ); aromatic 6.9-8.2 (m, SH); NH2 4.69 (b, 1H); 

CH3 2.3 (s, 3H). 

C. Complex Synthesis 

Structural representations of the complexes in the attached Figures. 

4. Zinc Tetraphenylporphyrin Dimethyl Formamide (ZnTPP): To a 

500 mL flask, tetraphenylporphyrin (TPP) (1.10 g, 1.79 mmol) was added to 



400mL of DMF. This solution was brought to reflux. To this solution, 2.8Og (21.0 

mmol) This purple 

solution was then cooled and was transferred to a 2L container, containing 1.40L 

of distilled deionized water. The purple suspension was stirred for 30 minutes, 

then gravity filtered and air dried. Purple crystals suitable for Xray diffraction 

analysis were collected. These crystals were vacuum desiccated for 48 hours and 

the yield was 61% (0.742 g, 1.09 mmol). Analysis calcd. for 67&N5Zn0: % C, 

75.15; H, 4.70; N, 9.32. Found: % C, 75.01; H, 4.46; N, 9.12. 

of zinc chloride was added and refluxed for 2 hours. 

5. bis[5-Amino-2-hydroxyaminophenone oxime] copper 

(C-OHAPO2Cu): To a 50 mL round bottom flask equipped with a reflux 

condenser, NH20HAPO (O.O500g, 0.3000mmol) was added to 50mL of absolute 

ethanol. To this stirring solution, (0.2552g, 0.1500 mmol) CuC12 was added and 

refluxed for 4 hours. A dark brown precipitate formed and was filtered from the 

solution, washed with an ethanol/water mixture. This dark brown solid was 

dried in a dessicator for 24 hours. Yield: 72%. (0.35g, 0.11 mmol) Analysis calcd. 

for C I ~ H ~ O N ~ O ~ C U :  % C, 48.54; H, 5.09; N, 14.15. Found: % C, 48.35; H, 5.06; N, 

14.13. 

6.bis[5-Amino-2-hydroxyaminophenone oximelnickel (C-OHAP02Ni): 

To a 100 mL round bottom flask equipped with a reflux condenser containing 

50mL of absolute ethanol, NHzOHAPO (0.100 g, 0.600 mmol) was added. To 

this stirring solution, (0.071 g, 0.300 mmol) NiClz was added and refluxed for 4 

hours. A green precipitate formed and was filtered from the solution, washed 



with an ethanol/water (1:l) mixture. This green solid was dried in a dessicator 

for 24 hours. Yield: 63%. (0.074 g, 0.189 mmol) C16H20N404Ni: % C, 49.14; H, 5.16; 

N, 14.33. Found: % C, 49.31; H, 5.24; N, 14.23. 

7. bis[5-Amino-2-hydroxyaminobenzyl oximelnickel (C-OXIME)zNi : A 

50 mL round bottom flask equipped with reflux condenser and stirrer was 

charged with reduced C-Oxime (0.100 g, 0.649 mmol) dissolved in 25 mL of 

ethanol. First triethylamine (0.091 mL, 0.649 mmol) was added and then nickel 

(11) acetate tetrahydrate (0.162 g, 0.649 mmol) was added. The solution was then 

gently heated to dissolve the nickel salt. Solid sodium azide (0.042 g, 0.649 

mmol) was added. The solution was refluxed for 1 hour. 

Yield: 65% ( 0.0773 g, 0.2111 mmol). Analysis calcd. for C14H16N404Ni: % C, 

40.94; H, 3.93; N, 13.64. Found: C, 41.25; H, 4.01; N, 13.55. 

8. bis[5-Amino-2-hydroxyaminobenzyl oximelpalladium 

(C-OXIME)d?d: A 50 mL round bottom flask equipped with reflux condenser 

and stirrer was charged with reduced C-Oxime (0.100 g, 0.649 mmol) dissolved 

in 25 mL of ethanol. K2PdCb (0.2120 g, 0.6494 mmol) was dissolved in 5 mL 

H20 and added dropwise to C-Oxime in ethanol solution. The solution was 

reluxed for 8 hrs. Yield: 68% (0.0912 g, 0.2201mmol) C14H16N404Pd: C, 40.94; H, 

3.93; N, 13.64. Found: C, 40.92; H, 3.89; N, 13.66. 

9. bis[5-Amino-2-hydroxyaminobenzyl oxime]rhodium dichloride 

(C-OXIME)zRh A solution of C- Oxime (0.100 g, 0.648 mmol) in 25 mL of 

ethanol, in a 50 mL round bottom flask RhCb.3H20 (0.085 g, 0.324 mmol) 



dissolved in 5 mL of H20 was added dropwise. The solution was refluxed for 5 

hours. This 

precipitate was dried in a dessicator overnight. Yield: 61% (0.472 g, 0.099 mmol). 

Analysis calcd. for C14H16N404RhC12: % C, 35.17; H, 3.37; N, 11.72; C1, 14.83. 

Found: C, 35.36; H, 3.51; N, 11.64; C114.75. 

D. Radiochemical Synthesis 

1. Preparation of 1oSRh complexes 

A red precipitate was formed and filtered from the solution. 

The 105Rh complexes of all of the ligands were prepared in the following 

manner. The concentrations and volumes were adjusted to vary ligand to metal 

ratios. 1ERh was available no carrier added (NCA) form. In order to vary the 

metal ratios, non-radioactive rhodium was added. 1mL of Saline, 0.05mL of 

lERh solution , 0.1 mL of non-radioactive RhCb3H20 (10-4 to 10-7 M j  and 

bicarbonate buffer were refluxed for 15 minutes in a lOmL round bottom flask 

fitted with a condenser. 1 mL of ligand solution (10-4 to lO-7M) was added to 

the flask. The reaction mixture was monitored by MgO absorption (section G4) 

until constant values were obtained, approximately 1.5 to 3 hrs. 

The complex yields were determined by PC, TLC (chloroform, acetone 

and saline solvents), solvent extraction (chloroform/saline) and paper 

electrophoresis (phosphate buffer pH 5). 

2. Preparation of 1'39Pd complexes 

The fWPd complexes of all of the ligands were prepared by incubating the 

ethanolic solution of the ligand with "TdC1.2- solutions as described above for 



losRh. Palladium was not available in "carrier free" form. Metal ratios were 

varied by dilution of the 1Vd solution. The concentrations and volumes were 

adjusted to vary ligand to Pd ratios (ratios of ligand to metal ranged from 1:l to 

1OO:l).  The pH of the lWPd2+ solutions was adjusted prior to incubation with the 

ligand solutions. 

The complex yields were determined by PC, TLC (chloroform, acetone 

and saline solvents), solvent extraction (chloroform/saline) and paper 

electrophoresis (phosphate buffer pH 5). 

2. Preparation of 198Au complexes 

The 198Au complexes of all of the ligands were prepared by simple 

incubation of the ethanolic solution of the ligand with 198Au+3 solutions as 

described above for loSl7h. Gold was not available in "carrier free" form. Metal 

ratios were varied by dilution of the l98Au solution. The concentrations and 

volumes were adjusted to vary ligand to 198AuCI.3 ratios. The pH of the 198Au+3 

solutions was adjusted prior to incubation with the ligand solutions (ratios of 

ligand to metal ranged from 1:l to 1OO:l).  

The complex yields were determined by PC, TLC (chloroform, acetone 

and saline solvents), solvent extraction (chloroform/saline) and paper 

electrophoresis (phosphate buffer pH 5). 

E. Analytical Methods 

1. Paper Electrophoresis 



Paper electrophoresis was used to determine the charge and 

radiochemical purity of the radiochemical complexes. Usually a reaction 

mixture is spotted in the middle of a 30cm x 1 cm Whatman paper 

electrophoresis strip and 300V is applied across the paper for 1 hour in a 

phosphate buffer pH 5. Uncharged species remain at  the point of spotting, 

positively charged species move toward the cathode and negatively charged 

species move toward the anode. Electrophoresis was run using a Gelman 

Deluxe power supply and chamber. A 0.1 M phosphate buffer at pH 5 and a 

0.1M carbonate buffer at pH 9 were used for various experiments. A thirty-cm 

long strip was placed in the chamber and spotted in the middle with lOmL of 

sample. Following this the strip was either dried and cut into 30, lcm strips and 

the radioactivity on each segment was counted on a NaI well counter or it was 

left intact and placed on the Bioscan and the radioactivity was measured. 

2. Chromatographic Analysis 

a. Paper Chromatography 

Paper Chromatography was used to study the kinetics and complexation 

yields of the reactions. The movement of the radiolabeled complexes varied 

from the movement of the starting material in different solvents. Gelman 

saturation pads were cut into 1x10 cm strips. These strips were spotted with 5pL 

at the lower end of the paper. The strip were then placed in 25mL graduated 

cylinders. Samples were developed in 100% saline, 100% chloroform or 100% 
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acetone. The samples were then dried and the different Rf's of radioactivity 

were measured on the Bioscan. 

b. Thin Layer Chromatography 

Thin Layer Chromatography was done in a similar manner to paper 

chromatography. J.T. Baker (silica gel, normal phase) TLC strips were used. 

This method was used as a qualitative measure to determine the purity of 

complexes during synthesis, the purity of metal complexes and radiochemical 

yields of The Rf's of 109Pd and 1ERh 

complexes are seen in Table 8 and Table 3, respectively . 
c. Gel Filtration Chromatography (GFC) 

Open column gel filtration chromatography was done using glass 

columns (30x0.7cm) pack with 20 cm of gel. Sephadex G-50, G-75 and G-100 

were the cross-linked sugar polymers used for GFC. The Sephadex particles 

were equilibrated by mixing the gel with an excess of distilled-deionized water 

overnight. The columns were equilibrated using normal saline before use. 

Fractions were collected in 13 cm test tubes using an Elder Universal fraction 

collector and were counted in a NaI well counter. 

3. Solvent Extraction 

"no carrier" added metal chelates. 

Solvent extraction was performed by extracting an aqueous mixture of the 

complex with chloroform. Typically, 1mL of chloroform was added to 900mL of 

saline and lOOmL of the reaction mixture. Aliquots (200pL) of the organic and 

aqueous layers were removed and counted. The remaining aqueous layer was 



back extracted with chloroform and the remaining organic layer was back 

extracted with saline to determine the partition coefficients of the complexes and 

to determine the purity of the complexes. 

This experiment was repeated after 24 hours to determine the stability of 

Radioactivity of each aliquot was measured with a NaI well the complexes. 

counter. 

4. Magnesium Oxide Absorption Analysis (MgO) 

MgO absorption was used to estimate radiochemical yields of Rh and Pd 

complexes. This technique was based on the work of Lo and Troutner, (53) in 

which it is assumed, free Rh+3 and Pd+2 ions in solution can be absorbed by 

MgO, but complexed Rh+3 and Pd+2 will not be absorbed. This analytical 

technique was used primarily to indicate the completion of a reaction, however, 

it was also used as a comparison with other quantitative radiochemical methods. 

Prior to conjugation studies, this technique was used in conjunction with solvent 

extraction to purify the complex. For these studies, fifty mg of MgO was added 

to a lOmL culture tube containing 1mL of the complex solution, the solution was 

vortexed for two minutes. The solid and liquid were separated by centrifugation. 

The radioactivity of each phase was measured. The complexation yield was 

calculated according to the distribution of activity in both tubes. 

5. Concentration Studies 

The complexation yields and complex stabilities were studied as a 

function of metal concentration and of ligand concentration. Ligand and metal 



concentrations ranged from 10-7 to 104 M for formation of all complexes. Metal 

concentrations for NCA *OsRh were adjusted by adding cold rhodium as a 

carrier. Palladium was not ”carrier free’’ and metal concentrations were 

adjusted by dilution of the original solution. 

6. pH Studies 

The effect of pH on both complex yield and stability were determined by 

mixing an excess of ligand solution and varying the pH from 3 to 13. The pH 

range 3-5 was adjusted with 0.1 M sodium acetate, pH 7-9 with 0.1 sodium 

carbonate and pH 10-13 with 0.1M sodium hydroxide. 

7. Complex Conjugation Studies 

Conjugation studies of the complexes to human serum albumin (HSA) 

were performed with different activated functional groups. The free amine 

groups on ligands 2c.CR-OHAPO and 3b.CR-Oxime were activated using the 

thiophosgene method to produce an aryl isothiocyanate (52). The free carboxy 

groups on ligands 8.BZ4,9.BZ5 and l l .L l0  were activated by the isobutyl chloro 

formate method to form a mixed anhydride by the methods described below 

(53). 

Protein Conjugation Studies 

1. lNRh-CR-OHAP0(2c)-HSA and l@Xh-CR-Oxime(3b)-HSA 

a. Conjugation to Protein 

The *Wh-BFCA was prepared as stated previously in the radiochemical 

The conditions for the complexation of *osRh to the BFCA synthesis (section G4) 



were carried out at pH 6.5 (adjusted with sodium carbonate) in an 

ethanol/water solution. Carrier rhodium was added to the solution and the 

ligand to metal ratio was adjusted to 1O: l .  The reaction mixture was refluxed 

for two hours. Magnesium Oxide (section F3) was then used to separate the 

unreacted rhodium from the complex. 0.5mL of the complex (5X10-5mmoles) was 

added to 20pL of thiophosgene (1.3 X 10-4mmoles) in chloroform and the 

complex mixture was vortexed for 2 min. The excess thiophosgene and 

chloroform were evaporated under a stream of nitrogen. The activated complex 

was then dissolved in 1OOpL of DMF to a concentration of 5 x lO-5mM. 

Conjugation of the activated complex to HSA was carried out in 0.1 M 

borate buffer, pH 8.7 in normal saline. 1.OmL of HSA ( 1.75mg/mL, 5 x 10- 

hmoles) was added to the activated complexes solution and incubated for 4 

hours. Conjugation was performed at a complex to protein ratio of 1:l. 

Conjugation yields were estimated by gel filtration chromatography 

(GFC). GFC was performed over a Sephadex G75 column (30 x 1.4 cm). An 

aliquot of the reaction mixture was loaded on the top of the column and eluted 

with 0.9% saline solution. Fractions (2 mL) were collected and the activities 

measured in a NaI (Tl) well counter. An equal amount of the sample loaded on 

the above columns was diluted to 2mL and kept as a control. Recovery from the 

column was calculated by comparing the sum of the activities eluted from the 

column to the activity in the control tube. The conjugation yield was calculated 

by taking the ratio of the sum of the protein peak to the total recovered activity. 



Two GFC elutions were performed, one at 4 hours and a second at 24 

hours. 

b. Blank 

One blank was used for each experiment 

i. 105Rh-CR-OHAP0(2c)-HSA and 105Rh-CR-Oxime(3b)-HSA (no 

thiophosgene added) 

A protein conjugation reaction and analysis similar to the one described 

above was used for the blank reaction. In this reaction mixture, no thiophosgene 

was added. 0.5mL of the inactivated complex (5 x 10-smmoles) was incubated 

with 1.0 mL of HSA solution ( 1.75mg/mL, 5 x 10-5mmoles) 

Complex conjugate yields for both the complex conjugate and the blank 

were also measured by precipitating the protein with trichloroacetic acid (TCA) 

or absolute ethanol. One mL solutions of 10% TCA or 1mL of absolute ethanol 

were added to 0.1 mL of the reaction mixture. Carrier HSA was added, if 

necessary, to maintain the amount of protein constant at 0.2 mg. The solutions 

were incubated for 10 minutes and separated by centrifugation and the 

radioactivity in the solid was compared to the total amount added. 

2.105Rh-BZ4(8)-HSA, 105Rh-BZ5(9)-HSA and '05Rh-L10(11)-HSA 

a. Conjugation to Protein 

The 105Rh-BFCA was prepared as stated previously in the radiochemical 

The conditions for the complexation of 1ERh to the BFCA synthesis (section G4) 



were carried out at pH 6.5 (adjusted with sodium carbonate) in an 

ethanol/water solution. Carrier rhodium was added to the solution to a ligand 

to metal ratio of 1 O : l .  The reaction mixture was refluxed for two hours. 

Magnesium Oxide (section G4) was then used to separate the unreacted rhodium 

from the complex. A 200pL portion (2 pmol) of the complex was diluted to 1.0 

mL in acetonitrile. The solution was chilled. 

To l.OmL of the chilled complex solution, 20 pmol of (Et)SN (20mg/200pL 

in CKCN) was added and the solution was stirred for 10 min at 0.5oC. To the 

stirring solution, 26 pL of isobutylchloroformate (27mg/260pL) was added and 

stirred at 0-50C for 1 hour to yield activated complex. 

To a 1mL solution of HSA (1.75mg/mL, 5 x 10-5mmoles) in 0.01 M HCO3- 

buffer (pH 7.0), 25 pL of the activated complex was added. The complex 

conjugate was then incubated at 0.5oC for four hours. The conjugation yield was 

estimated by GFC as described above. 

b. Blank 

One blank was used for each experiment 

i. 105Rh-BZ4(8)-HSA, *aRh-BZ5(9)-HSA and *05Rh-L10(11)-HSA (no IBCF 

added) A protein conjugation reaction and analysis similar to the one described 

above was used for the blank reaction. In this reaction mixture, no IBCF was 

added. 0.5mL of the inactivated complex (5 x 10-5mmoles) was incubated with 

1.0 mL of HSA solution ( 1.75mg/mL, 5 x 10-5mmoles) 



Complex conjugate yields for both the complex conjugate and the blank of 

each of the BFC produced were also measured by precipitating the protein with 

TCA or absolute ethanol. One mL solutions of 10% TCA or 1mL of absolute 

ethanol were added to 0.1 mL of the reaction mixture. Carrier HSA was added, 

if necessary, to maintain a constant amount of protein at  0.2 mg. The solutions 

were incubated for 10 minutes and separated by centrifugation and the 

radioactivity in the solid was compared to the total amount added. 

3. ~09Pd-CR-OHAP0(2c)-HSA and V?d-CR-Oxime(3b)-HSA 

The complex conjugates were prepared by mixing two to one 

concentrations of ligand solution to 109Pd solution at  pH 6.5. The volume as 

adjusted to 1mL with ethanol and the solution was incubated at room 

temperature for 1 hour. The radiochemical yield of the complex 109Pd-CR- 

OHAPO(2c) was determined to be 72 5 1.6% and 68 5 0.9% for 109Pd-CR- 

OHAPO(2c) by paper and thin layer chromatography in different solvents. This 

sample was then used for the protein conjugation reactions. The complex was 

not separated from the unreacted material prior to conjugation. 

The aryl amine group on the complex was activated in manner similar to 

the one reported for 1°5Rh-CR-OHAP0(2c)-HSA and 105Rh-CR-Oxime(3b)-HSA 

above, i.e., via the thiophosgene method. The complex solution was mixed with 

thiophosgene, the mixture was vortexed and the mixture was dried under a 

nitrogen stream. The activated complex was brought to the volume of 1.0 mL in 

DMF before mixing with the HSA solution. The complex to protein ratio was 



maintained at 1:l and the highest conjugation of the BFCA was obtained at this 

ratio. 

The conjugation yield was determined at 1 hour and 24 hours post mixing 

by gel filtration chromatography. 

b. Blanks 

i. 109Pd-CR-OHAP0(2c)-HSA and 1O9Pd-CR-0xime(3b)-HSA (no 

thiophosgene added) 

A protein conjugation reaction and analysis similar to the one described 

above was used for the blank reaction. In this reaction mixture, no thiophosgene 

was added. 0.5mL of the inactivated complex (5 x 10-5mmoles) was incubated 

with 1.0 mL of HSA solution ( 1.75mg/mL, 5 x 10-%moles) 

Complex conjugate yields for both the complex conjugate and the blank of 

each of the BFC produced were also measured by precipitating the protein with 

TCA or absolute ethanol. One mL solutions of 10% TCA or 1mL of absolute 

ethanol were added to 0.1 mL of the reaction mixture. Carrier HSA was added, 

if necessary, to maintain a constant protein amount of 0.2 mg. The solutions 

were incubated for 10 minutes and separated by centrifugation and the 

radioactivity in the solid was compared to the total amount added. 

8. Challenge Studies 

a. EDTA Challenge Studies 



The 1O5Rh and 109Pd complex conjugates were challenged by adding an 

excess of EDTA to the complex conjugate mixture. A 2 mL fraction of the 

protein peak taken from the GFC fractions was incubated with 10 pL of 10-1M 

EDTA solution for 24 hours. The EDTA was added in 400 fold excess of the 

complex conjugate present in solution. The amount of activity retained by the 

complex conjugate was determined by GFC as described earlier. 

b. Cysteine Challenge Studies 

The complex conjugates were also challenged with a 1000 fold excess of 

cysteine. A 0.25 mL aliquot of 5.0 x 10-2M solution of cysteine was incubated 

with a 0.1 mL fraction of a 1 x 10-4 M solution of the complex for 24 hours. The 

amount of activity remaining with the complex conjugate was determined by 

GFC and protein precipitation as described earlier. 

Results and Discussion 

A. Synthesis of Ligands 

Almost all of the organic ligands in this thesis are asymmetric in nature. 

All of the organic ligands except l.NTPP, 2.C-OHAPO and 3.C-oxime were 

prepared by Schiff -Base reactions. 

The porphyrin ligand, NTPP, was produced in low yields by nitrating 

tetraphenylporphyrin (TPP) and separating the products by fraction collection 

from a silica column with chloroform. Yields from this process varied from only 
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1% to 15%. Problems that arose during the synthesis of this ligand include: long 

reaction times of up to 2 weeks; air sensitivity; aggregation of the porphyrin 

ring, production of an insoluble mass; and nonselective nitration of the TPP ring. 

A second porphyrin synthesis was attempted, but never successfully. 

This synthesis required metallation and demetallation of the porphyrin ring, 

which produced an unusual 5 coordinated Zn-DMF porphyrin as seen in the 

attached Figure. 

The C series (5-nitro-2-hydroxyacetophenone) ligands had different 

synthetic steps for each ligand. CR-OHAPO, ligand 2 was produced in three 

synthetic steps. The overall yield of this ligand was approximately 15.36%. 

Much like the porphyrin nitration, this ligand synthesis produced nonselective 

nitration of sites 2,3 and 6 as opposed selective nitration of the desired site 5. 

Steam distillation was used to separate the products. The ORTEP drawing of 

this ligand is seen in the attached Figure. 

Commercially available 5-nitro-2-hydroxy acetophenone was converted in 

near quantitative yield to a CR-Oxime, ligand 3. CR-Oxime differed from CR- 

OHAPO in that the acetophenone arm in CR-Oxime does not contain a methyl 

group. The synthesis of this ligand was straightforward. CR-OHAPO and CR- 

Oxime were used in radiochemical analysis with no significant difference in 

complexation or conjugation behavior. 

B. Reactions of Ligands with Ni, Cu, Pd and Rh 

2. Complexes of the C (5-nitro-2-hydroxyacetophenone) Series 



The C series ligands were used to produce complexes 15 through 21 as 

seen in Figure 10. C-OHAPO (ligand 2) and C-Oxime (ligand 3) were analyzed 

in Chapter 2 and were found to have similar chemistry and similar structure. 

This is not an unusual finding, since these two ligands differ by only a methyl 

group on the c-oxime. When reacted with nickel, green precipitates formed; 

these complexes were found to form 21 ligand to metal complexes as indicated 

in the C, H, N, and C1 elemental analysis of the complexes. Further evidence that 

these complexes were formed was the shift of the free ligand imine band from 

1625 cm-* to 1592 cm-1 in the (CR-OHAPO)zNi, which suggests coordination of 

the nickel to the imine. C-Oxime was also complexed to palladium and rhodium, 

elemental analysis indicated that this complex also formed in a 2 1  ligand to 

metal ratio. 

The C-OHAPO (ligand 2) and C-Oxime (ligand 3) formed precipitates 

when complexed to the metals. Structural representations of these complexes 

are seen in the attached Figure. Further evidence that C-OHAPO and C-Oxime 

form bis complexes can be seen in the unfunctionalized (C-OHAP0)Ku ORTEP 

diagram. (C-OHAPO)~CU forms in the trans conformation. The hydrogen 

bonding of the oxime of one ligand to the oxygen of the second ligand adds 

stability to the structure by forming a pseudo five membered ring. An ORTEP 

drawing of (C-OHAP0)2Ni, also suggests that a trans, bis nickel complex is 

formed. The complexes of the nonfunctionalized oximes form in a two to one 

ligand to metal ratio, this ligands are similar functionalized ligands, C-OHAPO 



Figure 26. Ortep drawing of Cu-OHAPO 
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and C-Oxime the complexes formed with these ligands should form complexes 

similar to the unfunctionalized complexes. 

C. Reactions of Ligands with Rh-105 and Pd-109 

1. Rh-105 

a. Macroscopic R h  complexes and Radiochemical Rh-105 complexes 

Macroscopic complexes were compared to the radiochemical complexes 

by Thin Layer Chromatography (TLC), as seen in Tables 3 and 4. TLC 

radiochemical analysis of these complexes compared favorably to the 

macroscopic complexes. 

In Tables 3 and 4, the blank that is shown for both the radioactive and 

cold rhodium contained all of the components of the complex mixture, except 

the ligand. Procedures and analysis of the macroscopic complexes were 

described in detail in the previous section. On the radiochemical scale, initial 

studies were carried out at pH 6.5 with a ligand to metal ratio of 1O:l. The 

reaction mixture as described previously. The Rf= 1 from TLC analysis of the 

blank in saline indicated that the uncomplexed rhodium moved with the solvent 

front Control experiments on the radiochemical scale showed that most of this 

fraction could be absorbed into magnesium oxide and removed from the 

complex mixture. The TLC results of the radiocomplexes after magnesium oxide 

absorption indicated that this assumption was correct. 

The Rf values of the C series rhodium complexes, ranged from 0.5 to 0.8 

in saline, indicating that a charged complex had been formed. The C-Oxime 



TLC 
RhCLSH2O 

Saline CHCL Saline CHCL 

Blankb 1.0 0.0 1 .o 0.0 

c-OHAPO 0.8 0.0 0.8 0.0 

C-Oxime 0.8 0.0 0.8 0.0 
"Conditions: Reaction time, 2 hours; Ligand/Metal ratio, 101; pH, 6.5. 
Blank contains all contents of the reaction mixture except the ligand. 

Saline CHQ Saline CHCL 

Blankb 0.9 0.0 0.9 0.0 

c-OHAPO 0.0 0.6 0.0 0.6 

C-Oxime 0.0 0.6 0.0 0.6 

=Conditions: Reaction time, 1 hour; Ligand/Metal ratio, 1O:l;  pH, 5.5. 
b Blank contains all contents of the reaction mixture except the ligand. 



and C-OHAPO, complexes formed negatively charged species. Removal of 

uncomplexed rhodium by magnesium oxide adsorption, followed by paper 

electrophoresis indicated that these complexes moved toward the anode, 

indicating a negatively charged complex. 

b. Complexation 

Ligands, l.NTPP, 2b.C-OHAPO,2c.CR-OHAPO, 3a.C-Oxime and 3b.CR- 

Oxime were labeled with 105Rh. The solution was cooled and a sample of this 

solution was chromatographically analyzed for percent complexation and 

charge. This solution remained at room temperature for 24 hours and a second 

sample was analyzed for stability. Results of this initial study of these 

complexes are shown in the attached table. This initial study was carried out at 

pH6.5, with a reaction time of two hours and a ligand to metal ratio of 10:l.Yield 

of all remaining ligands, with the exception of NTPP were formed in yields in 

excess 60%. The complex, NTPP-Rh, had a poor yield of 5 5%. The low yield 

can be attributed to NTPrs lack of solubility in aqueous media. 

The yields of the rhodium complexes were studied in the pH range of 3 to 

9 and were found to have an optimum complexation yield between pH 5 and 7 

as seen in Table 7. The reaction time for this study was 2 hours with a ligand to 

metal ratio of 1 O : l  (lO-3M:lO4M). The stability of the complexes were also 

studied as a function of ligand to metal ratios as seen in the attached table. The 

reaction time for this study was 2 hours at  a pH of 6.5. Results indicated that the 

complexes formed at higher yields in excess of a 1:l ratio (10*M:104M). With 



Table 7. 

Radiochemical Yield 1ERh Complexes 

as a Function pHa 

Ligand Complex Yield (% )c 

3 5 7 9 

Blankb 4 7 11 7 

2c. CR-OHAPO 31 45 62 63 

3b. CR-Oxime 25 41 69 66 

4a. C6 4 67 71 68 
4b. CR6 9 71 65 65 

PH 

aConditions: Reaction time, 2 hour; Ligand/metal ratio, 101. 
bBlank contains all contents of the reaction mixture except the ligand 
CYield estimated by analysis of TLC, PC, PE and MgO absorption. 
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Table 8. 

Radiochemical Yield of lBRh -Complexes 

as a Function Ligand to Metal Ratios a 

Ligand ComplexYield (% 
Ligand to Metal Ratios 

1:l 1 O : l  1OO:l 

B l a n k b  5 8 11 

ZC. CR-OHAPO 9 57 63 

3b. CR-Oxime 15 63 65 

4a. C6 23 66 88 
4b. CR6 27 61 73 

“Conditions: Reaction time, 2 hours: pH, 6.5. 
bBlank contains all  contents of the reaction mixture except the ligand. 
cYield estimated by analysis of TLC, PC, PE and MgO absorption. 



successive rhodium dilution, 10-5M, 10-6M, yields improved approximately 60 % 

or greater. 

C. Conjugation 

1. 105Rh-CR-OHAP0(2c)-HSA and 105Rh-CR-Oxime(3b)-HSA 

Complexes formed with ligand CR-OHAPO and CR-Oxime were 

activated and conjugated with Human Serum Albumin (HSA) at a 1:l ratio of 

ligand to €EA. Both of these complexes were activated with thiophosgene 

(Chapter 2, section g). Prior to the activation of the complex, unreacted rhodium 

was removed by magnesium absorption. Analysis of the complex after 

absorption of the excess rhodium indicated that this method did absorb only the 

unreacted metals. The percentage yield of the complex was unaffected. The 

nonspecific labeling of the uncomplexed ligand would be accounted for in the 

blank. Magnesium oxide absorption was not used to remove the excess rhodium 

from the unactivated complex (the blank). The conjugation yields were 

estimated by gel filtration chromatography (sephadex G-75, size exclusion 

chromatography) and by protein precipitation with trichloroacetic acid and was 

found to be 56 and 60% respectively. The unactivated complex, which was 

incubated with HSA and chromatographed, indicated that the nonspecific 

binding of the inactivated complex was approximately 4 % for both complexes. 

EDTA challenge studies were done with both the HSA-*05Rh-CR- 

OHAPO and HSA-105Rh-CR-OXIME solutions, where a 100 fold excess of EDTA 

solution was incubated for 24 hours with each of the complex conjugates. GFC 



and TCA were used to estimate the amount of activity that remained with the 

BFC after incubation. After 24 hours, 97% of the eluted activity remained with 

the protein in both. 

A second challenge study was done with cysteine. Cysteine was added in 

100 fold excess of the complex conjugate solution and was incubated for 24 

hours. GFC and TCA were used to estimate the amount of activity that 

remained with the BFC after incubation. 94% of the activity remained with the 

complex conjugate after 24 hours. 

1. I’d-109 

a. Macroscopic Pd complexes and Radiochemical Pd-109 complexes 

Macroscopic complexes were compared to the radiochemical complexes 

through Thin Layer Chromatography (TLC), as seen in the attached tables. TLC 

radiochemical analysis of these complexes compared favorable to the 

macroscopic complexes as seen in the attached tables. 

The blank that is shown for both the radioactive and cold palladium 

contained all of the components of the complex mixture, except the ligand. 

Procedures and analysis of the macroscopic complex were described in detail in 

the previous section. On the radiochemical scale, initial studies were carried out 

at pH 6.5 with a ligand to metal ratio of 1 O : l .  The reaction mixture as described 

previously. 

The Rf values of the neutral complexes, C-OHAPO and C-Oxime ranged 

from 0.6 to 0.7 in chloroform, indicating that a neutral complex had been formed. 



Table 11. 

Radiochemical Yield and Stability of ‘ W P d  -Complexes 

as a Function of Time a 

Ligand Complex Yield ( % ) c  Overall 
1hr 24 hr Charge 

B I a n k b  6 4 - 

1. NTPP 3 3 0 

2b. c-ow0 68 68 0 
2 ~ .  CR-OHAPO 71 71 - 

3a. C-Oxime 69 70 0 
3b. CR-Oxime 71 72 - 

“Conditions: Ligand lWM/metal l W M  ; pH, 6.5. 
bBlank contains all contents of the reaction mixture except the ligand. 

cYield estimated by analysis of TLC, PC, PE and MgO absorption. 



Table 12. 

Radiochemical Yield of *WPd Complexes 

as a Function of pW 

Ligand Complex Yield (%)E 

3 5 7 9 
PH 

B l a n k b  4 8 3 7 

1. NTPP 3 3 5 3 

2b. C - O W 0  37 54 71 37 
ZC. C R - O W 0  26 63 73 41 

3a. C-Oxime 35 51 69 32 
3b. CR-Oxime 39 59 71 35 

“Conditions: Reaction time, 1 hour; Ligand 10-2  M/metal lWM. 
bBlank contains all contents of the reaction mixture except the ligand. 
CYield estimated by analysis of TLC, PC, PE and MgO absorption. 



Table 13. 

Radiochemical Yield of *mPd -Complexes 

as a Function of Ligand to Metal Ratiosa 

Ligand ComplexYield (% )C 

Ligand/Metal Ratio 
1:l 1O:l 1OO:l 

B l a n k b  2 7 2 

1. NTPP 5 3 4 

2b. C-OHM0 12 68 71 
2c. C R - O W 0  21 70 65 

3a. C-Oxime 18 72 69 
3b. CR-Oxime 22 68 65 

aConditions: Reaction time, 1 hour; pH, 6.5. 
bBlank contains all contents of the reaction mixture except the ligand. 
CYield estimated by analysis of TLC, PC, PE and MgO absorption. 



Paper electrophoresis of the neutral complexes showed that most of the 

activity remained at the origin, while "TdC14-2 moved toward the anode, as 

expected. The lack of mobility in all cases is consistent with the presence of a 

neutral complex. Detailed studies of the neutral complex yields were 

determined by solvent extraction. The charged unreacted 1°9PdC1,c2 remained in 

the saline portion of the solvent extraction and the complex extracts into the 

chloroform. Removal of uncomplexed palladium by magnesium oxide 

absorption, followed by paper electrophoresis indicated that these complexes 

moved toward the anode, indicating a negatively charged complex. 

b. Complexation 

Ligands, l.NTPP,. 2b.C-OHAPO, 2c.CR-OHAPO, 3a.C-Oxime and 3b.CR- 

Oxime were labeled with 109Pd. Blanks of the 109 Pd solutions were run as 

controls and their chromatographic behavior was found to be different when 

compared to those of the 109 Pd complex solutions as seen in the attachedtables. 

Initial stability studies of these complexes are shown in the attached table. 

The condition for this initial study was carried out at pH6.5, with a reaction time 

of one hour and a ligand to metal ratio of 1 O : l .  Over a period of 24 hours, yields 

as seen in Table 10 were found to similar. Paper electrophoresis, TLC and 

solvent extraction on the palladium complexes the C series indicated that these 

complexes were formed in 2 68%. The complex, NTPP-Rh, had a poor yield of 5 

5%. The low yield can be attributed to NTPP's lack of solubility in aqueous 

media. 



The radiochemical yield of the complexes were studied in the pH range of 

3 to 9 and were found to have an optimum complexation yield between pH 5 

and 7 as seen in the attached table. The reaction time for this study was 1 hour 

with a ligand to metal ratio of 1 O : l  (1WM:lOAM). The stability of the complexes 

were also studied as a function of ligand to metal ratios as seen in the attached 

table. The reaction time for this study was 1 hour a t  a pH of 6.5. Results 

indicated that the complexes formed at higher yields in excess of a 1:l ratio (10- 

4MlO*M). With successive palladium dilutions, lO-SM, 10-6M, yields improved 

approximately 68% or greater. 

Conjugation 

Complexes formed with ligand CR-OHAPO and CR-Oxime were 

activated and conjugated with Human Serum Albumin (HSA) at a 1:l ratio of 

ligand to HSA. Both of these complexes were activated with thiophosgene. No 

attempt was made to separate the uncomplexed material prior to activation or 

conjugation of the complex. The nonspecific labeling of the uncomplexed 

ligand was accounted for in the blank. The conjugation yields were estimated by 

gel filtration chromatography (Sephadex G-75, size exclusion chromatography) 

and by protein precipitation with trichloroacetic acid and was found to be 45- 

55% respectively. Figure 28 shows the elution patterns of the labeled HSA from 

the Sephadex gel column in a 1:l ratio. The white elution pattern is the activated 

conjugated complex HSA-CR-OHAPO and the black elution pattern is the 

unactivated complex with HSA. The unactivated complex, which was incubated 
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with HSA and chromatographed, indicated that the nonspecific binding of the 

inactivated complex was approximately 6 % . 

EDTA challenge studies were done with both the HSA-’WPd-CR- 

OHAPO and HSAJWPd-CR-OXIME solutions, where a 100 fold excess of EDTA 

solution was incubated for 24 hours with each of the complex conjugates. GFC 

and TCA were used to estimate the amount of activity that remained with 

theBFC after incubation. After 24 hours, 96% of the eluted activity remained 

with the protein in both. 

A second challenge study was done with cysteine. Cysteine was added in 

100 fold excess of the complex conjugate solution and was incubated for 24 

hours. GFC and TCA were used to estimate the amount of activity that 

remained with the BFC after incubation. 95% of the activity remained with the 

complex conjugate after 24 hours. 



Conclusion 

The development of new radioactive complexes for potential use for 

labeling proteins and monoclonal antibodies for diagnosis and therapy is an area 

of active research in nuclear medicine. 

Rh-105, I'd-109 and Au-199, all have nuclear properties that make them 

favorable candidates for labeling Mabs for use in tumor therapy. 

can be produced in high enough specific activity for therapy and is 

relatively easy to produce in a "carrier free" form. Rhodium has been known to 

form stable and kinetically inert complexes, and therefore little dissociation takes 

place in solution. 

I'd-109 also has nuclear properties that make it a favorable candidate for 

labeling monoclonal antibodies. Current research is underway at BNL, using 

cadmium or indium targets for spallation reaction to produce a "carrier free" Pd- 

109 that would have high enough activity for radioimmunotherapy. 

The research in this study focused on the development of preformed 

chelates. Preformed chelation is a two step process in which a metal is 

complexed to a bifunctional chelate and is then conjugated to a protein. Two of 

the advantages of this process are: the radioactive complex can be purified prior 

to being conjugated to the protein and the nonspecific labeling of the Mab with 

the radionuclide is reduced. 



Proteins can be attached to the preformed chelates with activated covalent 

linkers. Functional groups such as carboxylic acids and arylylamidates have 

been successfully used to link BFCA's to proteins and therefore were used in this 

thesis. 

The goal of this research was to produce ligands that can be developed 

into bifunctional chelating agents that would coordinate to the radionuclide Rh- 

105, Pd-109 and Au-198. These new BFCA and BFC would be tested in vivo and 

would eventually provide new insights into the important chemical and 

biological factors involved in the clearance and handling of metallic 

radioimmunotherapy agents. 

A. NTPP (5-(4-Nitrophenyl)-lO,l5,2O-triphenylporphyrin) 

The porphyrin ligand, NTPP, was produced in low yields by nitrating 

tetraphenylporphyrin (TPP) and separating the products by solvent fraction 

collection from a silica column. Yields from this process varied from only 1% to 

15%. Problems that arose from the synthesis of this ligand include: long 

reaction times of up to 2 weeks; air sensitivity; aggregation of the porphyrin 

ring, producing an insoluble mass; and nonselective nitration of the TPP ring. 

Radiochemical analysis indicated that NTPP also had a poor yield of 5 

10% with both Rh-105 and Pd-109. The low yield can be attributed to NTPrs 

lack of solubility in aqueous media. Suggested improvement to this ligand 

would include the addition of functional groups to improve solubility in 

aqueous media. 



B. C Series Ligands 

a. C-OHAPO and C-Oxime 

Synthesis of a series of ligands based on the starting material 5-nitro-2- 

hydroxyacetophenone oxime were developed into bifunctional chelating agents 

in order to determine the effects of substituents on coordination chemistry. 

Synthesis of these ligands are shown in Figures 20 and 22. Previous 

unpublished work in this lab indicated that orthohydroxyacetophenone oxime 

formed stable bis complexes that formed a pseudo five membered ring when 

bound to the metal in the trans conformation. 

By functionalizing OHAPO with a nitro group and then reducing the 

nitro group to an amine group, it was hoped that this new ligand would 

coordinate to metals in a trans orientation and have sites available for 

conjugation to the protein, HSA. Elemental analysis indicated that a bis 

structure was formed. TLC of both the cold rhodium and palladium and the 

radioactive rhodium and palladium indicated that the macroscopic and 

radiochemical complexes exhibited the same properties, neutral for the PdC- 

OHAPO complex and charged for the rhodium complex. Radiochemical 

analysis indicated that these Complexes were neutral for the I'd-109 complex and 

negatively charged for the Rh-105 complex. 

The synthesis of C-OHAPO was time consuming, with very little yield. A 

commercially available starting material was later used to prepare C-Oxime. C- 

Oxime exhibited the same binding capacity for rhodium and palladium as did 



C-OHAPO and this was not surprising since, C-OHAPO and C-Oxime varied by 

only a methyl group on the carbon adjacent to the oxime. 

Coordination of both of these ligands with rhodium and palladium, 

followed by conjugation of the complexes to HSA and subsequent challenging of 

the conjugate complexes indicated that a stable complex was formed that did 

bind to the protein. The results of the conjugation studies indicate that proteins 

can be labeled in good yields using these BFCAs. 

The results of these studies indicate that new bifunctional chelating ligand 

systems can be designed which are stable on both the macroscopic and 

radiochemical levels. 
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* 1989-1993 Progress Report 

Early in this grant period Professor David Troutner, P.I. and radiochemist for this project, 

took early retirement and Professor Schlemper, an inorganic chemist, assumed the P.I. 
responsibility with Dr. Alan Ketring, Senior Research Scientist at the Missouri University 
Research Reactor and a radiochemist assuming a Co-I role. As a result of this change, the 
emphasis of the project has been more on the development of ligand systems and their metal 
complexation as well as in vitro radiochemical studies of complexation, conjugation, stability, and 
immunoreactivity. To date only a few animal studies have been carried out. 

future work in in vitro and in vivo radiochemical areas. 
For this reason we have changed to a new P.I. for this proposal in order to emphasize 

In the report that follows we will emphasize work on the more promising ligand systems 
for Rh(III), Au(III), Pd(I1) and an unusually Cu(I1) complex system. A great deal of work with 
other ligand systems has been done including ligand synthesis development, ligand characterization 
(including structural by NMR and/or X-ray), and in some cases, preliminary radiochemicd studies 
with one or more of the above metal ions. These ligands have also shown utility, in some cases, 
for Tc(V) and Re(V). 

The ligands we have synthesized and/or used during this period include all of the 
following: 
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Some of these ligands are models (unfunctionalized) used to study the complexation with 
one or more of the metals before going on to the bifunctional counterpart or related ligand. Some 
of the syntheses were relatively straightforward while others such as that for 12b and 14 required 
several steps and significant development time. 

As mentioned above, we give more complete description of the work accomplished so far 
with the more promising systems (ligands 8,12b, 13, and 17). A brief summary for the others 
follows. 

l a  and 1 b were primarily used as precursors for attempted production of ligands such as 

Chelation of ligands 2 through 6 with Rh-105, Au-198, Tc-99m, Pd-109, and Cu-64 and 
2b and 4b. 

67 was studied in dilute solutions by radiochemical techniques. All isotopes were prepared at 
MURR. The aqueous complexation methods were standard and were described in one of our 
annual reports. Conjugation with the bifunctional chelate complexes was studied with human 
gamma globulin (Sigma 4386). Thiophosgene was used as the activating agent. Comparison was 
made with blanks (no thiophosgene). Protein bound complex was separated from free complex on 
G-75 Sephadex (gel permeation c hromatography) for determination of conjugation yields. Table 1 
summarizes the results with Rh(II1) for ligands 4b, 5 and 6. High complexation yields were 
obtained but extraction into CHC13 was poor (these complexes are probably charged) (extraction 
yields were better after activation with thiophosgene). Coupling yields were generally quite good. 
Coupling with ligands 5 and 6 was attributed to pyrrole moieties not directly bound to the metal. 
Thus Rh(II1) complexes with free (unbound) pyrrole groups on the ligand backbone could 
potentially be used to provide conjugation to antibodies. The mechanism of this conjugation has 
not been established. 

A comparison of complexation results of 2b, 4b, and 6 with the other metal ions is 
provided in Table 2. Generally the phenol ligand 2b is a more effective chelator than the pyrrole 
ligands. With Au-198 complexation with 2b and 4b was 60-80%, but protein labelling was just 
as effective with unactivated as with activated complex probably indicating that transchelation 
occurs with direct labelling of the protein by the gold. 
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- Table 1. Complexation and Coupling Yields with Rh-105 

I. Ligand 4 b  5 6 
11. Complex yield, % 80 98 95 
111. Extraction in CHC13, % 28 21 18 
IV. Extraction of activated 61 37 50 

complex in CHC13, % 
V. Coupling yield, % 97 70 94 
VI. Overall coupling yield, % 60 26 47 
VII. Blank, % 16 7 4 

3 VI=IVxV 

Table 2. Complexation and coupling yields (%) 

zh 0 4 
Radionuclide comp. coup. comp. coup. comp. coup. 

Tc-99m +++ +++ ++ ++ ++ ++ 
Pd- 109 +++ +++ a a a a 
CU-64, 67 +++ +++ +++ ++ +++ ++ 

a Insoluble complexes were formed + 20-50% 
+++ 80-100% - <20% 

++ 50-80% 

Preliminary experimentation with a linear tetraamine (1,4,8,1l-tetraazanonane) with Au(II1) 
was carried out to see if direct labelling of the protein could be avoided. These experiments 
indicated formation of a cationic complex at -80% yield. Only about 16% of the complex was 
found in the protein fraction after mixing with human gamma globulin and G-75 Sephadex 
separation of the free complex. Thus it appears that simple polydentate amine ligands might prove 
useful for indirect (bifunctional) conjugation of Au(II1) to proteins and this is currently being 
pursued (e.g., with ligand 16). 

Pillai, et al., 1993) at 15 s, 5 m, 10 m, and 30 m with two Sprague-Dawley rats for each time 
point. The studies were considered a preliminary test, largely to determine if these neutral, 
lipophilic complexes showed much brain uptake. Most of the injected activity was accumulated by 

Biodistribution studies were done with the Tc(V) complexes of ligands 2a and 3 (details in 
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' the liver with apparent hepatobiliary clearance into the intestine with time. No significant brain 
uptake was observed, and blood clearance was rather slow. The Rh(II1) bifunctional chelates of 
this ligand series have been passed on to Dow Chemical Company for further examination for 
potential radiopharmaceutical application. 

Ligand 7 served primarily as a precursor to ligand 8 which will be discussed 
later. Work on Rh(I1i) complexes of the bidentate ligands 9a-g constituted the PhD 
Guler Ergun-Efe, and most of that work has been published (see bibliography). All 

in more detail 
thesis of 
of the Rh(II1) 

The Rhodium(II1) complex bifunctional ligand 9d proved very successful in protein 
labeling (Ergun-Efe, 1991). The complexation with Rh-105 at pH=9 in HCO3' buffer was greater 
than 95%. No loss of activity as inorganic rhodium during complexation was observed. The 
complex is soluble in water up to at least M. Near quantitative conversion of the amine to the 
isothiocyanate with thiophosgene was observed, and this complex can be nearly quantitatively 
extracted into chloroform, leaving behind essentially all other rhodium species. By varying the 
concentration ratio of the complex to y-globulin (0.46-2.7) we were able to obtain conjugation of 
0.35-2 rhodium atoms per molecule of y-globulin (an average of about 85% conjugation yield was 
observed). A blank with unactivated complex gave about 10% conjugation. Thus this ligand 
provides a promising approach to conjugation. Possible aggregation of the proteins due to two 

binding sites per complex is being investigated. Because of possible aggregation with two 
aromatic amines, we chose to abandon these ligands in favor of the tetradentate system 12b to be 
discussed in detail below. 
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Ligand 10 is a potential for future Rh(II1) and possibly Pd(I1) and Au(II1) applications after 
s 

reduction of the -NO2 to -NJ32. Only one functional group would be present for those complexes 
as indicated by the folIowing structure of the Rh(IT1) complex as established by X-ray. 

we can easily prepare the bifunctional analogs of 13 by Schiff base reactions and reduction. The 
complexes with X=CH3 are chiral and would allow us to prepare optically active complexes after 
resolution of the ligands. Work on these complexes by a senior postdoctoral (Dr. M.R.A. Pillai) 
has led to a number of manuscripts already (see bibliography). 

Ligand 14 was developed as a precursor to 15 which will be used with both Rh(II1) and 
Pd(T1) and possibly Au(T1I). With 14 Pd(I1) forms a neutral complex in high yield under neutral or 
slightly basic conditions at radiochemical levels in high yield (-90%)- Although we were not able 
to obtain its X-ray structure on the macroscopic scale, this complex is probably structurally 
identical to the earlier X-ray characterized Ni(I1) analog with a nonfunctionalized ligand 
counterpart. That unfunctionalized ligand gives analogous results at radiochemical levels 

I 

H 

The tetradentate amine oxime ligands l l b  and 12b were difficult to synthesize, but the 
methods are now well-established. While both are useful bifunctional chelators, 12b has proved 
to be the most useful, and details of our studies to date with this promising ligand will be given 
later. 

Ligand 13 was prepared for potential application for Tc(V) and Re(V) (Re-186 and Re- 
188) complexation without bifunctionality. However they have also proven to be successful in 
complexation of Rh(II1) and Pd(I1). Since we now have a good method of synthesis of 
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with Pd-109. Preliminary results with Au(II1) at radiochemical levels indicated formation of a 
positive complex in high yield. With Rh(II1) (Rh-105) radiochemical studies gave 75% 
complexation (a negative complex, suggesting two deprotonated ligands and two chlorides 
coordinated). Both the Pd(I1) and Rh(II1) complexes give excellent conjugation yields with HSA 
and IgG. These have shown stability in buffers and in EDTA challenge studies. 

The favorable results with 14 led us to prepare ligand 15 in order to avoid the presence of 
the two functionalities in the complexes of 14 which undoubtedly contains two ligands/metal. We 
are now beginning both macroscopic and radiochemical complexation studies with 15. 

Ligand 16 has been prepared and well-characterized as an analog to terpyridyl which has 
been shown (Hollis & Lippard, 1983) to give a stable Au(II1) complex at physiological pH. The 
unfunctionalized (without N-p-aminobenzyl) analog of 16 gives the expected structure (confirmed 
by X-ray). Thus ligand 16 will be used primarily for attempts to obtain successful indirect 
labeling of Au-199 as well as Pd-109. 

Synthesis of Reduced Schiff Base Bifunctional Chelate, Ligand 8: A bifunctional 
chelate based on a Schiff base reaction of 3,4-diaminobenzoic acid with salicylaldehyde followed 
by reduction of the imines gives ligand 8 (see scheme below). 

gC0"' 
"2 "2 

R- 
N N 
11 I I  
HC CH 

H 

NaBH4 
CH3CH2W 

* " $2 " 
I I 

H2C CH2 



. 
Ligand 8 is tetradentate with 2 amine groups and 2 phenol groups and it should be possble to link 
to proteins by activating the acid group by literature methods. NMR data confirms the structure of 
8. 

8 with Rh-105, Pd-109 and Tc-99m: Complexes of 8 have been prepared with Rh-105, Pd- 
109 and Tc-99m with complexation yields of -8096, -90% and -95% respectively. The 
complexes can be activated using isobutyl chloroformate (ICBF) to form an anhydride of the acid 
group. These actriated complexes have ken conjugated to human IgG with conjugation yields of 
65% for Rh-105,70% for Pd-109 and 60% for Tc-99m based on gel permeation HPLC. These 
preliminary studies are very promising and conjugation studies with B72.3 should be conducted. 

Synthesis of Diaminediamineoxime (Pn AO) Bifunctional Chelates: Our efforts to 
prepare tetradentate bifunctional ligands which bind to a Rh(II1) or other metal centers and contain 
a functional group able to couple to a monoclonal antibody have led to the development of the 
propylenediaminedioxime (PnAO) ligands, 11 b and 12b. Both of these bifunctional chelates have 
benzylamine groups which when activated with thiophosgene can be linked to amine groups on 
monoclonal antibodies. 

The synthetic scheme for 1 1 b is shown below: 

2 Y d  C1 NOH 
l l a  

l l b  
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i The NMR data confinns the reduction of the nitro group. Crystal structures have also been 
obtained of the Cu2+ and Ni2+ complexes of l l a  which indicate the potential for using this 
bifuntional chelate for labeling antibodies with Cu-67. However, there was some indication that 

the ligand and/or the complexes may not be stable. There was an indication that the benzylamine 
group on the nitrogen might be cleaved under some reaction conditions. 

11 

For this reason the ligand 12b was prepared, where the benzylamine moiety is attached to 
an aliphatic carbon rather than the amine nitrogen. The synthesis of this ligand was as follows: 



o,p- mixture 

recrystallized in EtOH/H20 

p - N 0 2 o C H 2 C H (  CH2NH2),?H 
1) NaOH solution 

2) extraction into 
p - N O 2 0  7 CH2CH( CH2NH2)2 e 

CHC13 I 
NOH 

$- andCH3CN 

12a 1 2 b  
NMR data confirmed the structure of 12b and there was no indication of instablity of the ligand as 
seen with l l b ,  so extensive studies with 12b have been carried out. A summary of some of 
these studies is given below. 

12b with Rh-105: Although early attempts to form complexes of Rh-105 with 12b only 
resulted in complexation yields of 65-85%, reaction conditions have now been developed which 
typically result in ~ 9 0 %  complexation yields. The Rh- 105 solution is adjusted to pH 6 using 0.05 
N NaOH and an ethanolic solution of 12b is added. The reaction mixture is then refluxed for 1 
hour followed by heating without reflux for an additional 10 minutes. After cooling the 
complexation yield is determined by both MgO adsorption and TLC using saline and is generally 
>95%. The complex is stable at ambient temperature in bicarbonate buffer (pH 8.5) and 
phosphate buffer (pH 7.4) with 95% complexed at 24 hours and -90% and -85% complexed, 
respectively, after 48 and 96 hours. 
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The conjugate of Rh- 105 with human IgG has also been prepared and was found to be 
stable. The Rh- 105 complex is activated using thiophosgene and extracted into chloroform, 
approximately 80% of the Rh-105 complex is extracted whether activated or unactivated. The 
chloroform is removed under a stream of air and the the activated complex reconstituted in DMF 
and diluted with 0.1 M bicarbonate buffer (pH 8.5). This activated complex is then conjugated to 
human IgG. Although the conjugation yields are typically only 60% the Rh-105 IgG conjugate is 
purified by size exclusion chromatography using a (3-75 Sephadex chromatoghaphy column. The 
conjugate is stable at ambient temperature for 3 days in both pH 8.5 bicarbonate buffer and pH 7.4 
phosphate buffer when analyzed by trichloroacetic acid precipitaion of protein (see table below). 

% Rh-105 Precipited with Protein 

- Time Bicarbonate (pH 8.5)  Phosphate (pH 7.4) 

2 hours 
1 day 
2 days 
3 days 

>98% 
95% 
95% 
90% 

>98% 
95% 
90% 
85% 

The activated Rh-105 complex of 12b was also conjugated to B72.3 antibody, and the 
conjugate was stable in aqueous buffers and human serum and retained its immunoreactivity. The 
Rh-105B72.3 conjugate is prepared by mixing the antibody solution with the activated complex 
for 3 hours at ambient temperature resulting in a conjugation yield of -50%. The conjugate is then 
isolated by size exclusion chromatography and tested for immunoreactivity. Immunorectivity is 
typically -95% as determined by passing the conjugate through an affinity column (mucin antigen 
bound to sepharose). Although longer conjugation times resulted in higher conjugation yields the 
immunureactivity was significantly reduced (e.g. 95% conjugation after 24 hour reaction time but 
only 50% immunoreactivity). The Rh-105 B72.3 conjugate is stable at ambient temperature in 
phosphate buffer (pH 7.4) with 95% and 92% of Rh-105 conjugated at 24 hours and 96 hours 
respectively. The Rh-105 B72.3 conjugate is also stable when incubated at 37C in human serum 
with >95% of Rh-105 still conjugated after 96 hours. 

This results are very promising and we have started biodistribution studies with Rh-105 
conjugated to B72.3 using the 12b ligand. We will compare the biodistribution of the Rh-105 
conjugate with 1-131 labeled B72.3 in normal mice. If these studies look promising we will then 
conduct studies using tumor bearing nude mice to evaluate tumor uptake. 
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12b with Tc-99m: Our experience with PnAO complexes of Tc-99m in the development of 
brain imaging agents lead us to test the potential for using 12b to prepare Tc-99m antibody 
conjugates. Preliminary studies with B72.3 have been conducted. Complexation is nearly loo%, 
but the conjugation yield is only 60-65% as determined by size exclusion HPLC. There is also 
some loss of Tc-99m from the conjugate over 24 hours which appears as pertechnetate. More 
studies with Tc-99m are necessary and if they are promising then labeling antibodies with Re 
radioisotopes (Re-186 and Re-188) using 12b will also be examined. 

Investigations in Chiral Tetradentate Amine Phenol Ligands (Ligands 13) for Use 
with Tc(V), Re(V), Rh(III), and Pd(I1) Radionuclides 
Svnthesis of Ligands 

form complexes with several metals, and the resultant complexes are stable. These ligand systems 
were investigated for both the development of bifunctional chelating agents and also for the 
preparation Tc-99m complexes possible application as radiopharmaceuticals. 

The development of new amine-phenol ligands has been continued. We have now 
synthesized a series of tetradentate ligands with asymmetric carbon atoms (Ligands 13). The 
tetradentate ligands were synthesized by condensing 2-hydroxy acetophenone with appropriate 
simple diamines with 2 to 4 carbon atoms and also with substituted diamines to provide 
bifunctionality. The resultant Schiff bases were reduced with NaBQ to get the amine-phenol 
ligands. The amine-phenol ligands are a mixture of d,l and meso isomers. At this stage no 
separation of the isomers has been done. 

with 1,3 propane diamine, These ligands have N2S2 core for chelation. (During the course of this 
work, Goomer et al. have reported the syntheses of similar ligands, Proceedings of the 39th 
Annual Conference of the Society of Nuclear Medicine, USA. Hence further extension of this 
work was discontinued.) 

Tetradentate amine-phenol ligands synthesized earlier in our studies have been shown to 

In addition, two new ligands were synthesized by condensing thiophene carboxaldehyde 

Characterization of the Ligands 

elemental analysis. 
Characterization of the ligands was done by H-1 and C-13 NMR spectroscopy and by 

Synthesis and Characterization of New Complexes 
Re-186/188, Pd-109, and Rh-105 are among radionuclides we are exploring for the 

development of new therapeutic radiopharmaceuticals. The complexes of Re, Rh and Pd with the 
amine-phenol ligands were synthesized and characterized. The Re(V) complexes were prepared by 
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. reacting an alcoholic solution of the ligand with a Re(V) intermediate, K2ReOC15. Equimolar 
concentrations of the ligand and K2ReOC15 (0.3-0.4 mmol) were refluxed together and the 
complex was extracted into CHC13, and crystals were collected by slow evaporation of the CHC13 
layer. The complex was characterized by X-ray crystallography as well as H-1 and C-13 NMR 

spectroscopic measurements. The complexes are dinuclear with p-oxo-bis(oxo) (O=Re-0-Re=O) 
backbone. These structures are isomorphous with the structures obtained with Tc complexes. 
Attempts to make the complexes by direct reduction of ReO4- in the presence of the ligands, as is 
done for the preparation of Tc-99 complexes, were unsuccessful. 

The Rh( 111) complex of the ligand, N,N'-bis(2-hydroxylbenzyl) 1,3-diarninopropane was 
synthesized and characterized by X-ray crystallography. An alcoholic solution of the ligand was 
refluxed for 16 hours with RhC13 solution at pH 9.0. The solution is filtered, its volume reduced 
by rotary evaporation and left for crystallization. The orange crystals which appeared after several 
days were collected and characterized by X-ray crystallography. The crystal structure of the Rh 



~ 
complex consists of dinuclear molecules with two p-hydroxy bridges linking the two Rh atoms 
each of which is complexed to a tetradentate amine-phenol. Thus each Rh atom is complexed by 
two amine nitrogens, two phenolic oxygens and two p-hydroxy oxygens in an octahedral fashion. 

bis(2-hydroxybenzyl) 1,4-diaminobutane, N,N'bis( 1 -methylenethiophene) lY3-diaminopropane 
and N,Nf-bis(2-hydroxybenzyl) 1,3-diamin0-2,2-dimethylpropane complexes. The complexes 
were prepared by mixing ethanolic solutions of the ligands with an aqueous solution of K2PdC4. 
The complexes ax formed at room temperature. Complexation studies at higher pH were also 
attempted. The Pd complexes have square planar configuration. X-ray study of the Pd complex of 
the ligand N,N-bis(2-hydroxybenzyl) 1,4 diaminobutane prepared at pH 9 showed coordination 
with the two nitrogen and two oxygen atoms in the molecule. However, the complexes of other 
ligands formed at pH 9 couldn't be recrystallized and hence were not characterized. The 
complexes formed at pH 5.0 could be isolated in crystalline form, and X-ray study of these 
complexes revealed that the Pd atom is complexed only to the nitrogens and the remaining Pd 
coordination is satisfied by C1- ions. 

In addition to X-ray crystallography, NMR and IR spectroscopy were also used for 
characterization of the complexes. The studies with these metal complexes suggest that the amine- 
phenol ligands form stable complexes with many of the first and second row transition elements. 
These ligands show a tendency to form binuclear complexes, except in the case of Pd. Open chain 
multidentate ligands like the Se amine-phenol ligands appear to be more versatile than the 
macrocyclic complexes due to the flexibility of the ligand for complexation with metals of diferent 
ionic sizes. 

Pd(I1) complexes of several amine-phenol ligands were synthesized. These included N,N'- 

Radiochemical Studies 
Tc-99m CornDlexes 

The complexation of tetradentate and pentadentate chiral amine-phenol ligands with Tc-99m 
was extensively evaluated. Radiochemical studies of the Tc-99m and Tc-99 complexes were done 
at a total technetium concentration of 0.1-100 pM. Complexation reactions were carried out as 
foilows. Typically a 5 mL saline solution containing 0.1 mL ( 5 ~ 1 0 ~  m o l )  of an ethanolic 
solution of the ligand, 0.5 mL of 0.5 M bicarbonate solution pH 9.0,O.l mL of 99mTc04- of 
varying concentration and 0.2 mL of 99mTc04- (-2-3 MBq) was reduced at room temperature with 
0.2 mL of a saturated solution of stannous tartrate. 

Characterization of the Complexes 

and reverse phase HPLC. Solvent extraction with CHC13 was done to estimate the lipophilicity of 
Characterization of the radiochemical complexes was done by TLC, paper electrophoresis 
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- the complex. 
The tetradentate amine-phenol ligands with a three carbon backbone formed complexes in 

very high yields, greater than 95%. The stability of these complexes was excellent, and no 

reduction in complexation yield was seen over a period of 24 hours. The ligands with a two 
carbon atom backbone showed lower yield with moderate stability. The ligand with a four carbon 
atom backbone failed to show much complexation. The lipophilicity of the amine-phenol comlexes 
was very high. The CHC13/saline partition ratio varied from 22-214 for various ligand complexes. 

The pentadentate amine-phenol ligands also showed very high complexation yield, and the 
resultant complexes were very stable. 

Biodistribution Studies 
Biodistribution studies of the Tc-99m complexes of the amine-phenol ligands were carried 

out in Sprague-Dawley rats weighing 175-250 g anesthetized with sodium pentobarbital, 50 m@g 
weight of the body. The complexes (0.05-0.01 mL) were injected into the right jugular vein and 
the rats were sacrified at 5 and 30 min after injection. The organs were excised, blotted to remove 
blood and counted for radioactivity. 

The 5 and 30 min distribution studies with the Tc-99m complexes of the amine-phenol 
ligands suggest that the uptake in the brain is negligible and the heart is moderate. The blood 
uptake for the Tc-99m complexes of the chiral ligands were significantly lower than that seen with 
complexes of the amine-phenol ligands without chirality. 

A number of manuscripts on this work are in press or submitted (see bibliography). 
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Development of a Highly Inert, Bifunctional Ligand Complex of Cu(II), 
Ligand 17 

W e  have discovered a very inert Cu(I1) complex (CuOYL) which can be easily 
bifunctionalized to allow for antibody or polypeptide conjugation (this work is a collaborative 
project involving Prof. R. Kent Murmann). CuOYL has been well-characterized including a 
crystal structure. 

+H2SO4 I +(CH3)2CHCH20N 0 

3-methyC3-chloro-2-butanone oxime 

+NH2CH2C H2C H2NH2 1 

CUPnAO CUOYL 
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The most important characteristic of this complex is its kinetic inertness. The complex is stable to 
substitution for extended periods even in the presence of strong bonding ligands such as cyanide. 
In addition it is stable in 1 M acid for days. Presently we are working on techniques to improve 
the yield in the oxidation step and to carry out the step quickly at typical radiochemical 
concentrations. 

Another important feature of the complex is the well-established reactivity of the C(12) 
position. That position is very susceptible to electrophilic substitution which provides a convenient 
route to bifunctional chelates. For example we have prepared and characterized the simple "2 

derivative as its NH3+ salt of the Ni(I1) analog (see X-ray structure). 
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The p-NH2 derivative is an obvious candidate for use in labelling antibodies and polypeptides with 
Cu-64 or Cu-67 for radiopharmaceutical purposes. 

We have just started the radiochemical studies of these complexations of Cu(I1) and hope to 
develop this system into a useful (highly inert) radiopharmaceutical during the next grant period. 

Development of a Stable Au(III) Tetradentate Schiff base System: 

We have synthesized and characterized a number of gold(II1) complexes 
containing tetradentate Schiff base ligands. A typical tetradentate Schiff base ligand is 
shown below. 

The Au(II1) complexes are prepared by reaction of NaAuC14 with the Schiff base ligand 
in alcohol/chloroform mixtures, as shown below. 

NaAuC4 + 
n 

/=N N=/ A ,  

@OH H O G  

n +  
+2H+ 

Two protons are generated in this reaction for each ligand reacted. Thus, not 
surprisingly, these complexes are formed in highest yields around pH 5-6. Above this 
pH, the reduction of AuC14- to colloidal gold competes significantly with the desired 
reaction. These Au(II1) complexes appear to be relatively stable to reduction, both 
electrochemically and in the presence of a variety of reducing agents (e.g., glutathione, 
tin, copper). These complexes have been characterized by elementaI analyses, NMR, 
FT-IR, mass spectrometry and two of the complexes have been characterized by Xray 
crystal structures. 

We have a functionalized propylene diamine ligand that will be condensed with 
two equivalents of salicylaldehyde to afford a bifunctional ligand (shown below) 
allowing conjugation to antibodies and peptides. 
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Preliminary radiochemical studies indicate that these complexes are also formed 
at the tracer level from lg8AuC14'. A problem encountered with the macroscopic 
syntheses magnified itself during the radiochemical syntheses, namely high acid 
concentrations. The production of lg8Au from gold metal requires the target to be 
dissolved in aqua regia ("03/HCl). At the tracer level it is impossible to completely 
remove the excess acid, such that the resultant Hlg8AuC14 solution is at pH ca. 1. 
Because the synthesis of these Au(III) complexes generates two protons on coordination 
of the ligand to the metal, the equilibrium is not shifted toward the products. Simple 
adjustment of the reaction mixtures with buffer or base results in a significant 
decomposition of the 1g8AuC14- to colloidal gold. Therefore, we have investigated the 
production of 198Au from target materials other than gold metal, namely KAuC14. 
This has indeed alleviated the problem we encountered under highly acidic conditions. 
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TRAINING OF GRADUATE STUDENTS AND POSTDOCTORALS 

Graduate Students Suppo rted in  Part by t his Grant 
Several graduate students have participated in this program. Most have received only a 

I year or less of support which has lead to the involvement of more students in the overall project. 
Data below show (name, year of participation in grant, degree and year, and present occupation) 

Tonya Lynde-Kernell, 1986, M.S. 1986, chemist at General Dynamics, Dallas, TX 
Brent Graman, 1986, M.S. 1986, Nat'l Bureau of Standards, Gaithersburg, MD 
Yau-Kai Wong, 1986-87, M.S. 1987, chemist at MA General Hospital in Urology 
Craig Schultz, 1987, completed thesis requirements for M.S., chemist at Dow Chemical, 
Freeport, TX 
Renfeng Wang, 1986, Ph.D. 1990, Post-Doc at Univ. of WI-Madison 
Guler Ergun-Efe, 1987-89, Ph.D. 1989, teaching at Southwest Louisiana 
Khaled Misellati, 1988-91, Ph.D. 1989, accepted a position in Australia 
Tim Kilcoin, 1986-91, Ph.D. expected 1993, presently employed at ABC Labs 
Lixin Lang, 1987-91, Ph.D. 1992, presently postdoctoral at NIH, P.E.T. Dept., Clinicals 
Nihal Weerasinghe, 1989- , Ph.D. candidate 
Pat Droege, 1990- , Ph.D. candidate 
David Klug, 1991- , M.S. candidate 

Christy S .  John, Ph.D. UMSL 1987, employed June 1987-June 1988, now heading the 

Jem Mau Lo, Visiting professor in radiochemistry from National Tsing Hua University, 

~ 

Postdoctoral Associates 

radiophmaceu tical program at George Washington University Medical Center. 

Hsinchu, Taiwan, August 1987-July 1988, returned home university to continue expanding 
radiophmaceuticai research at that institution. 

M.R.A. Pillai, Visiting Scientist, September 1987-September 1989 and March-May, 1992. 
His present occupation is doing radioimmunochemistry at Bhabha Atomic Research Center, India. 

Meera Venkatesh, Visiting Scientist, October 191)2-Present, permanent position at Bhabha 
Atomic Research Center, India. 
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"Rhodium Complexes of Some Bidentate Secondary Amine-Oxime Ligands and 
Application to Labeling of Proteins", GEE, MRAP, EOS, DET, Polyhedron, 1991, u, 
"Synthesis of an Ether Oxime Ligand and its Rh(II1) Complex and X-ray Structure of the 
Rh(II1) Complex: Unique Rh(II1) Bonding to a Simple Ether", GEE and EOS, 
Polyhedron, 1991, La 1617224. 
"Rh(II1) Complexes of New N-Substituted a-Amine Oxime Ligands: Synthesis and 
Crystal Structures of [ Rh(phenAO)~Cl;?], [Rh(phetAO)2C12], [Rh(acetanilidoAO)2Cl2] and 
[Rh(N-MethylacetanilidoAO)2Cl~J", GEE and EOS, Polyhedron, 1992, ZJ, 2447-58. 

"Technetium Complexes of Pentadentate Amine Phenol Ligands", MRAP, CJ, JML, M. 
CorIija, DET, Nucf.  Med. Biol., 1993,212, 2 I I -  16 (featured on cover). 
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MANUSCRIPTS ACCEPTED 
"Complexes of New Amine-Nitrogen Substituted a-Amine Oxime Ligands 
(p-Aminobenzyl, p-nitrobenzyl, and p-aminophenylethyl substituents): X-ray Structures of 
p-AminobenzylAO Dihydrochlonde and [Ni(aminobenzAO)2]ClO~", GEE and EOS, 
Polyhedron, accepted. 
"Technetium Complexes of Tetradentate Chiral Amine-Phenol Ligands, MRAP, K. 
Kothari, EOS, M. Corlija, W.A. Volkert, A p p f .  Radiat. /sot., in press. 
"Dinuclear Complexes of Re(V) with Amine-Phenol Ligands: Syntheses, Characterization 
and X-ray Crystal Structures, MRAP, C.L. Barnes, and EOSJ. Crystal. & Spectroscopic 
Research, in press. 
"Dinuclear Complex of Rhodium(II1) with an Amine-Phenol Ligand: Syntheses, 
Characterization and X-ray Crystal Structures, MRAP, C.L. Barnes, and EOS, J .  Crystal. 
& Spectroscopic Research, in press. 

MANUSCRIPTS SUBhfITTED 
"Palladium(I1) Complex of a Tetradentate Amine-Phenol Ligand", MRAP and EOS. 
"Pnlladium(I1) Complexes of a N202  and an N2S2 Type of Ligands: Syntheses and X-ray 

Crystal Structures", MRAP, C.L. Barnes, CJ, DET, and EOS. 
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"Synthesis, Characterization, and Electrochemistry of Gold(II1) Tetradentate N202  
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[Au(propylenebis(salicylideneamine))JCl'~, S. Jurisson, S.L. Barnholtz, and C.L. Barnes. 
"Pyrrole Derivatives of Triethylenediamine as Bifunctional Chelating Ligands", K. 
Misellati and DET, Appl .  Radiat. Isot. 
"Derivatives of 3,4-Diaminobenzoic Acid as Bifunctional Chelating Agents", Lixin Lang 
and DET, Appl .  Radiat. Isot. 
2-3 papers from the Ph.D. thesis of Tim Kilcoin on tri- and tetradentate amine oxime 
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Nat'l Meetinp. Am.Chem. Soc.. Los A ngeles. Septe mber. 1988 

"Rh(1II) and other Metal Ion CompIexes of Nitrogen Functionalized alpha-Amine-Oxime 
Ligands", EOS, GEE, and T. Kilcoin. 

''Practical Considerations for Identifying Radionuclides for Therapeutic Applications", 
DET. 
"Labeling of Proteins by Triamine Complexes of Rh(III)", CJ, MRAP, JML and DET. 

"Production of Rh-105 by the Szilard-Chalmers Process with ruthenium acetylacetonate", 
Y.K. Wong, A.R. Keuing, JML, and DET. 

Radiochemical Priority Evaluation of Rh- 105 Complexes by Magnesium Oxide", JML, 
MRAP, CJ and DET. 

Nat'l Meeting. SOC. Nucl. Med.. San Francisco. June. 1988 

Seventh Int. SvmD. on RadioDharm. Chem.. Groningen. July. 1988 

Fourth Asia and Oceania Congress of Nuclear Medicine. Taiuei. November. 1988 

"Labeling of Human Serum Albumin with Rh-105 using Cysteine as a Bifunctional 
Chelating Agent", JML, MRAP, CJ and DET. 

Societv of Nuclear Medicine. Annual Meeting. St. Lou is. June. 1989 

"Labeling of Human IgG with Rh- 105 Complexes derived from diethylenemamine", 
MRAP, CJ, JML and DET. 
"Synthesis, Characterization, and X-ray Structures of Amine Phenol Complexes of Tc(V)", 
CJ, MRAP, JML, EOS and DET. 
"Radiochemical Studies of Tc-99m Complexes of Tetradentate Amine Phenols", MRAP, 
CJ, JML and DET. 
"Evaluation of Tc-99m-tetraden tare Amine Phenols as Potential Cell Labeling 
Radiophamiaceuticals", M. Corlija, MRAP, CJ, JML, Det, T.J. Hoffman, W.A. Volkert 
and R.A. Holmes. 

Third Int. Svmp. on Tc Chemistrv and Nuclear Medicine. Padova. italv. Seute mber. I989 

26 



. I Y- -7 
r' 

b 11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

"Pentadentate Amine Phenol Complexes of Tc-99m", DET, MRAP, CJ, JML and K. 
Misellati. 

American Chemical Societv. Midwest Regional Meet ing. St. Lou is. November. 1989 
"Synthesis, Characterization, and Structure of Some New Rhodium(II1) Complexes as 
Potential Radiophmaceuticals", T. Kilcoin and EOS. 

"Structure of Some Tc(V) and Pd(I1) Complexes of Reduced Tetradentate Ligands Derived 
from Saiicylddehyde and Diamines", MRAP, CJ, JML, EOS and DET. 

I I Q  . i A-ril  1 9 
"Development of Bifunctional Ligands and their Rh(II1) Complexes for Potential 
Radiotherapy Kilcoin and EOS. 

"Synthesis of Some New Functionalized Tetradentate Ligands and their Complexes with 
Rh(II1) and Characterization of Some Ni(I1) and Cu(I1) Complexes with these Ligands", T. 
Kilcoin and EOS. 
"Synthesis, Characterization, and Structural Studies of Au(II1) and Rh(II1) Complexes of 2- 

Picolylamine Related Ligands and their Bifunctional Counterparts", N. Weerasinghe and 
EOS. 

"Radiolabeling Proteins Using Phenylenediamine Schiff Base Functionalized Chelating 
Agents", L. Leng, A.R. Ketring and DET. 

"Synthesis and Characterization of Some New Functionalized Complexes of Ni(II), Cu(II), 
and Rh(II1) Metal Ions Along with Some Radiochemical Studies with the NH2 Derivatives 

of the Tetradentate Ligands Used with Rh(III)", T. Kilcoin and EOS. 

"Development of Functionalized 2-Hydroxy Acetophenone and Tetraphenylporphyrin 
Ligands for use in Labelling Proteins with the Metallic Radioisotopes Pd-109 and Rh-105", 
P. Droege, A. Damon, D. Whitener, and EOS. 
"Synthesis, Characterization and Radiochemical Studies of Some Pyridyl-Amine Based 
CompIexes of Au(III), Rh(1If) and Pd(I1) for Possible Use as Radiotherapeutic Agents", 
EOS and N. Weerasinghe. 

"Development of Porphyrin Ligands for Potential Use in Labelling Proteins with Metallic 
Radioisotopes", EOS and P. Droege. 
"Synthesis and Characterization of Some Pyridyl-Amine-Based Complexes of Au(III), 

American Crvstallograohic Association. Nat'l Meeting. Seatt le. Julv. 1989 

ACS Midwest Regional Meeting. Manhattan. KS. November. 199Q 

Societv of Nuclear Medicine. Annual Meeting. Cincinnati. OH. June. 1991 

National ACS Meeting. Atlanta. GA. Mav. 1991 

Missouri Vallev SOC ietv of Nuclear Medicine. Sect ion Meeting. Septe mber. 1991 

Midwest Reeional ACS Meet ine. Omaha. NE. November. 199 1 
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Rh(III), and Pd(I1) for Possible Use in Radiopharmaceuticals", EOS, P.A. Droege and N. E 

Weerasinghe. . 

flntiond ACS Meeti ng.. Snn Francisco. CA. AD ril. 1992 
"Development of Bifunctional Chelates of Rh(III), Au(III), and Pd(I1) for Potential 
Radiotherapeutic Applications", EOS, T. Kilcoin, N. Weerasinghe, and P. Droege. 
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"Oxime Complexes as Potential Radiopharmaceu ticals", P.A. Droege and EOS. 

Societv of Niiclear Medicine. St. Louis. MO. Octobe r 17. 1992 
"Development of New Oxime Complexes for Potential Use in Labeling Proteins with 
Metallic Radioisotopes", P.A. Droege and EOS. 
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"Complex Formation of Bifunctional Chelates as Potential Radiopharmaceuticals", P.A. 
and EOS. 

Third Annual Argonne Symposium for Undergraduates in Science. Engineering and Mathematics 
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"Tetradentate Gold(II1) Complexes as Potential Radiopharmaceuticals", S.L. Barnholtz and 
S.S. Jurisson. 
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"The Chemistry and Radiochemistry of Gold(II1) Complexes with Tetradentate N202 
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