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FOREWORD

Research at the Institute of Bioinorganic and Radiopharmaceutical Chemistry of the Research Center
Rossendorf nc. is focused on radiotracers as molecular probes for diagnosis of disease. Derived from
an awareness of the very important role modern nuclear medicine is playing, as expressed explicitly
in the synonym in vivo biochemistry, this research effort has two main components:

¢ positron emission tomography (PET)
¢ technetium chemistry and radiopharmacology.

To make positron emission tomography available also in the eastern part of Germany, a PET center
was established at Rossendorf. As envisaged in a contract signed in February 1995 between the
Research Center Rossendorf and the Dresden University of Technoiogy, the Institute is closely linked
to the University Hospital in this PET center. A joint team of staff members from both the Institute and
the Department of Nuclear Medicine with the University Hospital has been working at the Rossendorf
PET Center.

To contribute to further exploitation of technetium-99m with its ideal nuclear properties for single
photon emission tomography (SPECT), great commitment to interdisciplinary research into
technetium tracers is required. The Institute’s projects therefore address new approaches to tracer
design.

The research activities of our Institute have been performed in three administrativel{y classified
groups. A PET tracer group is engaged in the chemistry and radiopharmacy of 'C and "F
compounds and in the setup of the PET center, which is jointly run by the Institute and the Clinic and
Polyclinic of Nuclear Medicine at the University Hospital. A SPECT tracer group deals with the
design, synthesis and chemical characterization of metal coordination compounds, primarily rhenium
and technetium complexes. A biochemical group is working on SPECT and PET-relevant biochemical
and biological projects. This includes the characterization and assessment of new compounds
developed in the two synthetically oriented groups.

The annual report presented here covers the research activities of the Institute of Bioinorganic and
Radiopharmaceutical Chemistry in 1996.

The achievements attained so far have only been possible because of the dedication and
commitment of the permanent and temporary staff, the Ph.D. students and coilaborators inside and
outside the Rossendorf Research Center Inc. | would like to extend my thanks to all of them.

Bernd Johannsen



CONTENTS

|. RESEARCH REPORTS

1. Serotonin Receptor-Binding Technetium and Rhenium Complexes
9. Synthesis and Characterization of Ligands Derived from Partial Structures
of Ketanserin, Cisapride and MDL 72832
M. Scheunemann, H.-J. Pietzsch, H. Spies, P. Brust, B. Johannsen

2. Serotonin Receptor-Binding Technetium and Rhenium Complexes
10. Synthesis and Characterization of Rhenium and Technetium Complexes
Derived from Partial Structures of Ketanserin, Cisapride and MDL 72832
M. Scheunemann, H.-J. Pietzsch, H. Spies, P. Brust, B. Johannsen

3. Serotonin Receptor-Binding Technetium and Rhenium Complexes
11. Affinity and Selectivity of Oxorhenium(v) Complexes Derived from Ketanserin,
Cisapride and MDL 72832
H.-J. Pietzsch, M. Scheunemann, P. Brust, J. Wober, H. Spies, B. Johannsen

4. Serotonin Receptor-Binding Technetium and Rhenium Complexes
12. Structural Modification of Receptor-Binding Technetium-99m Complexes
in order to Improve Brain Uptake
B. Johannsen, R. Berger, P. Brust, H.-J. Pietzsch, M. Scheunemann, S. Seifert,
H. Spies, R. Syhre

5. Serotonin Receptor-Binding Technetium and Rhenium Complexes
13. No Carrier Added Preparations of “3+1* *™Tc Complexes
S. Seifert, H.-J. Pietzsch, M. Scheunemann, H. Spies, R. Syhre, B. Johannsen

6. Serotonin Receptor-Binding Technetium and Rhenium Complexes
14. Distribution and Brain Uptake in Rats of Serotonin Receptor-Binding
Oxotechnetium(V) Complexes at the c.a. (*™° Tc) and the n.c.a. (*"Tc) Level
R. Syhre, H.-J. Pietzsch, M. Scheunemann, S. Seifert, H. Spies, B. Johannsen

7. Serotonin Receptor-Binding Technetium and Rhenium Complexes
15. Synthesis and Characterization of Oxorhenium(V) Complexes with
N-Functionalized Tridentate SNS Ligands
H.-J. Pietzsch, M. Scheunemann, R. Berger, H. Spies, B. Johannsen

8. Synthesis of Neutral Amine Group Bearing "3+1“ Mixed-Ligand Complexes of
Oxorhenium(V)
M. Friebe, M.Papadopoulos, S.Chiotellis, H. Spies, R. Berger, B. Johannsen

9. Preparation of Amine Group Bearing "3+1* Mixed-Ligand Oxotechnetium(V)
complexes at the carrier added level
M. Friebe, M.Papadopoulos, E.Chiotellis, H. Spies, R. Berger, B. Johannsen

10. Lipophilicity and lonization Properties of Some Amine-Bearing Technetium and
Rhenium "3+1“ Mixed-Ligand Chelates with Same Ligand Structure
R. Berger, M. Friebe, H.-J. Pietzsch, M. Scheunemann, B. Noli, T. Fietz,
H. Spies, B. Johannsen

11. Retropane - a New Rhenium Complex as a Potential Ligand of the
Dopamine Transporter
A. Hoepping, H. Spies, B. Johannsen

13

16

23

32

35

40

43

47



12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22.

23.

24.

25.

26.

Preparation and Structure of Neutral Oxo-Re(V)-Complexes with L-Cysteine Methyl
Ester and D-Penicillamine Methyl Ester
S. Kirsch, B. Noll, H. Spies, B. Johannsen, P. Leibnitz, D. Schelier

Formation of Mixed-Ligand Ester Complexes of Rhenium and Technetium
with S/8/8-N or S-S/S-N Coordination
8. Seifert, H. Spies

A Novel Amide Thioether Dithiolate Ligand Derived from Cysteine
B. Noll, S. C. Hilger, P. Leibnitz, H. Spies, L. Dinkelborg, B. Johannsen

Novel Oxorhenium(V) Camplexes with Cysteinylglycine and Glycylglycylcysteine:
Preparation and Characterization in Solution
S. Kirsch, R. Jankowsky, B. Noll, H. Spies, B. Johannsen, D. Scheller

Synthesis and Characterization of Technetium and Rhenium Oligoglycine
Complexes and Technetium Tartrate
R. Jankowsky, B. Noll, H. Spies, B. Johannsen

XAS Investigations on Tc and Re Complexes of Oligoglycine Ligands and Tc Tartrate
R. Jankowsky, B. Noli, H. Spies, B. Johannsen

X-Ray Absorption Spectroscopy: A Valuable Tool for Structural Analysis of
Tc and Re Complexes
R. Jankowsky, B. Noll, H. Spies, T. Reich, H. Nitsche

Technetium and Rhenium Complexes with Thioether Ligands.
8. X-Ray Structures of Mononuclear Oxorhenium(V) Complexes with Bidentate
Thioether and Dithiaalcohol Ligands
M. Reisgys, H.-J. Pietzsch, H. Spies, P. Leibnitz

Rhenium and Technetium Carbonyl Complexes for the Labelling of
Bioactive Molecules.
2. Tricarbonyirhenium(l) Complexes with Mono-, Bi- and Tridentate Thioether Ligands
H.-J. Pietzsch, M. Reisgys, H. Spies, R. Alberto, U. Abram

Technetium and Rhenium Labelled Steroids.
1. First Synthesis of "3+1" Mixed-Ligand Oxorhenium(V) Complexes Bearing
a Pendent Estradiol Moiety
F. Wiist, H. Spies, D. Scheller, S. Machill

Technetium and Rhenium Labelled Steroids.
2. Oxorhenium(V) Complexes of 1-Mercapto-4-Methylestra-1,3,5(10)-trien-17-one
F. Wiist, H. Spies, R. Beckert, S. Mbller

Structure and Reactivity of a "3+1* Mixed-Ligand Rhenium Complex Containing
Thiobenzoate as a Monodentate Ligand [ReO(SSS)(SC(O)Ph)]
B. Noli, P. Leibnitz, St. Noll, R. M. Mahfouz, H. Spies

Nicotinamide Substituted Rhenium(V) Mixed-Ligand Complexes
T. Kniess, H. Spies

Dihydropyridine Substituted Technetium(V) Mixed-Ligand Complexes
T. Kniess, H. Spies

Note to Fast Hydrolysis of the Methyl Ester of MAG; during Complexation with

To/Re(V) Gluconate
St. Noll, B. Noll, H. Spies

i

50

56

59

62

67

72

76

79

82

86

91

93

100

105



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Synthesis of "®Re Gluconate by Stannous Chioride Reduction of '®*ReOy,
B. Noll, T. Kniess, H. Spies

Determination of Partition Coefficients for Coordination Compounds by Using
the HPLC Column Nucleogel RP C,g 80-10
R. Berger, T. Fietz, M. Glaser, H. Spies

investigations of Serotonin Receptor Subtypes on the Blood-Brain Barrier
J. Wober, S. Matys, P. Brust

Comparison of a Microplate Assay with Conventional Binding Assay for the
Screening of Potential Receptor Ligands
J. Wober, P. Brust

Functional Expression of P-Glycoprotein in an Immortalized Rat Brain Endothelial
Cell Line (RBE4) in vitro
R. Bergmann, S. Matys, P. Brust

Different Response of Cerebral and Non Cerebral Endothelial Cells to Cytotoxic
Hypoxia.
B. Ahlemeyer, P. Brust, B. Johannsen

Studies on an HPLC Method to Assay the Concentrations of Amines in Brain Micro-
dialysis Perfusates Based on Naphthalene-2,3-Dicarbaldehyde Derivatization and
Fluorescence Detection
G. Vorwieger, R. Bergmann, P. Brust, B. Johannsen

High-Affinity Binding of [*H]Paroxetine to Caudate Nucleus and Microvessels
from Porcine Brain
P. Brust, R. Bergmann, B. Johannsen

Measurement of the Cerebral Uptake and Metabolism of
L-6-[*®F] Fluoro-3,4-Dihydroxy-Phenylalanine in Newborn Piglets
P. Brust, R. Bauer, R. Bergmann, B. Walter, J. Steinbach, F. Fiichtner, E. Will,
H. Linemann, M. Obenrt, U. Zwiener, B. Johannsen

High Yield Preparation of 6-['°F]Fiuoro-DOPA
F. Fiichtner, K. Glinther, J. Steinbach, R. Liicke, R. Scholz, R. Hiiller

Modified Access to the Thioester Precursor of [''C}(+)-McN-5652-Z
J. Zessin, P. Brust, J. Steinbach

Substances Labelled in Metabolically Stable Positions:
The Conversion of Pyrylium Saits with Nitro-["C]methane - 8 New Method for the
Synthesis of n.c.a. ''C-Ring-Labelled Nitroaromatics
P. Mading, J. Steinbach, H. Kasper

Substances Labelled in Metabolically Stable Positions:
The Synthesis of Pyrylium salts as Precursors for "'C-Ring Labelling of Nitrobenzenes
P. Méding, J. Steinbach, H. Kasper

Substances Labelled in Metabolically Stable Positions:
The Synthesis of [2-”C]1-Hydroxy-2-nitro-‘1-(2-nitrophenyl)ethane and
["'CJ2-Dinitrostyrene
J. Zessin, J. Steinbach

Substances Labelled in Metabolically Stable Positions:
Synthesis of [2-''C]indole Starting with [ -''C]2, -Dinitrostyrene
J. Zessin, J. Steinbach

106

107

112

120

123

134

139

143

148

153

157

162

166

169

172



42, Electrophilic Fluorination: The Synthesis of ['*F]Caesium Fluoroxysulfate - A New
Reagent for Electrophilic Labelling
Chr. Fischer, K. Neubert, J. Steinbach

43. Electrophilic Fluorination: A New Access to "°F-Labelled Compounds by
['®F]Caesium Fluorooxysulfate: 6-['®F]Fluoro-DOPA as an Example
Chr. Fischer, K. Neubert, J. Steinbach

44. Electrophilic Fluorination: A New Access to the Barnette-Reagents - N-Fluorination
with Perchloryl Fluoride
Chr. Fischer, J. Steinbach

45. Sulfamates of 3-Hydroxy-estra-1-3-5(10)-triene Derivatives
J. Rémer, J. Steinbach, H. Kasch

46."*C NMR Spectroscopic Characterization of Some Sulfamates of
3-Hydroxy-estra-1,3,5(10)-triene Derivatives
J. Rémer, J. Steinbach, D. Scheller

47. Synthesis of 16&-Bromo-3-methoxy-estra-1,3,5(10)-trien-17R&-ol by a Novel
One-Pot Reaction
H. Kasch, U. Dintner, J. Rémer, J. Steinbach

48. Further '°C NMR Spectroscopic Proof of 16-F-Configuration in 16-Fluorc-estradiol
Derivatives
J. Rémer, J. Steinbach, D. Scheller, H. Kasch

49. Improvements of the Rossendorf Radionuclide Transport System
St. Preusche, F. Fiichtner, H. Krug, J. Steinbach

50. Cerebral MRGluc and Perfusion Pattern of Patients with Myotonic Dystrophy
B. Beuthien-Baumann, B. Kunath, J. Pinkert, U. Reuner, H. Linemann, M. Obert,
E. Will, F. Fiichtner, J. Steinbach, B. Johannsen, W.-G. Franke

51. Three-Compartment Model Software Tools to Analyze and Synthesize PET Data
M. Obert, H. Linemann, E. Will

52. Application of the Fractal Concept of the Analysis of Positron Emission
Tomography Investigations of Patients Suffering from Dystrophia Myotonia
M. Obert, B. Beuthien-Baumann, E. Will, H. Linemann, B. Kunath

il. PUBLICATIONS, LECTURES AND TEACHING ACTIVITIES

lll. SCIENTIFIC COOPERATION

IV. SEMINARS

V. ACKNOWLEDGEMENTS

176

177

179

182

188

190

192

193

195

199

204

207

213

216

217



. RESEARCH REPORTS



1. Serotonin Receptor-Binding Technetium and Rhenium Complexes
9. Synthesis and Characterization of Ligands Derived from Partial Structures of
Ketanserin, Cisapride and MDL 72832

M. Scheunemann, H.-J. Pietzsch, H. Spies, P. Brust, B. Johannsen

introduction

The design of both potent and selective receptor-binding technetium tracers has been a subject of
intense efforts during the last eight years, especially in the field of brain receptor research [1].

As part of our ongoing programme of developing technetium and rhenium coordination compounds
capable of binding to the 5-HT, receptor, we found that compounds | and Hl are potent ligands to the
ketanserin binding sites with ICs, values of 18 nM and 14 nM.
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Thus, starting from these previously described compounds which contain single structural elements of
the antagonist ketanserin [2] a novel series of structurally modified oxorhenium complexes as well as
oxotechnetium complexes was constructed in order to expand our knowledge of the electronic and
spatial factors necessary for affinity and selectivity at 5-HT,, receptors.

In vitro, the usability of i complexes as brain imaging agents has been limited not only by their
lack of selectivity, but also because of inadequate lipophilicity and molecule size leading to an
unsatisfactory blood-brain transfer. It was hoped in particular that synthetic modifications originally
intended to improve the HT,4 receptor selectivity would also allow access to new complex structures
with increased blood-brain transfer.

We therefore extended this work by exploring other structures such as cisapride [3] and MDL 72832
[4]. Both compounds possess a 3-phenoxypropyl amine unit as an obvious structural similarity.
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Ketanserin Cisapride MDL 72832

Among the variations made on these structures was replacement of the ring system bearing the
amide structure by a small spacer, in most cases a propylene chain with a terminal thiol function.

Here we describe the synthesis and characterzation of a novel series of monodentate thiol ligands
derived from these three representative serotonin antagonists.

Experimental (Selected examples)

Method A:

1-(3-mercaptopropyl)-4-benzylipiperidine 11

A mixture of 1 (17.5 g, 0.1 mol), triethylamine (15.2 g, 0.15 mol), 1-bromo-3-chioro propane and
toluene (75 mil) was heated to 60 - 65 °C for 8 h.

The cooled suspension was treated with an aqueous solution of NaHCO; (10 %, 50 mi) and the
resulting two-phase mixture was stirred for 10 min. The organic layer was separated, dried {(MgS0.),
filtered and evaporated. The crude product was purified by bulb to bulb dlstﬂlatlon togive 20.1 g

(80 %) of 1-(3-chloropropyl)-4-benzylpiperidine as an oil: 1?°, = 1.5304; 'H NMR (300.13 MHz,
CDCls; standard SiMey): 84 7.3 - 7.0 [m, 5H, Ar-H), 3.51 {t—hke J = 6.6 Hz, 2H, -CH,Cl}, 2.80 [m, 2H,
piperidine: C2-Hgq, C6-Hegl, 2.47 [2H, piperidine: C2-H,,, C6-Hgd, 2.37 {m, 2H, -CH,-CH,-CH,CI}, 1.92
- 1.77 [m, 4H, PhCH,CH, CH,-CH»-CH,Cl], 1.59 - 1.54 [m, 2H, piperidine: C3-Hg,, C5-Heq), 1.5-1.39
[m, 1H, piperidine: C4-H], 1.22 [m, 2H, piperidine: C3-H,,, C5-HaJ.



A mixture of the intermediate chloride (5.04 g, 20 mmol), thiourea (1.85 g, 24.3 mmol), hydrogen

chloride as a solution in ethanol (18 %, 4 g, 20 mmol) and 2-ethoxy ethanol (25 mi) was heated to 115

- 125 °C for 5 h. The resulting mixture was evaporated to an oily residue which was dissolved in water

(40 ml). The aqueous solution was treated with NaOH (3.2 g, 80 mmol) and heated at 120 °C for 2 h.

After cooling the pH was adjusted to ca. 8 with H:PO, (6 N, 3.4 mi), and the resulting oil was

extracted with methyl tert-butyl ether (3 x 15 ml). After evaporation the crude product was distilled to

give 3.0 g (60 %) 11 as a colourless oil; b.p. 126 - 128 °C/6 Pa; n**% = 1.5456;

"H NMR (300.13 MHz, CDCl; standard SiMes): 5, 7.25 - 7.05 [m, 5H, Ar-H}, 2.81 [m, 2H, piperidine:
C2-Heq, C6-Hegl, 2.47 [4H, CH.SH, piperidine: C2-H,,, C6-Ha, 2.32 [m, 2H, -CH,-CH,-
CH,SH], 1.9 - 1.7 [m, 4H, PhCH,CH, CH,-CH,-CH,SH], 1.59 - 1.54 [m, 2H, piperidine: C3-
Heq, C5-Hegl, 1.5 - 1.39 [m, 2H, CH,SH, pip.: C4-H], 1.22 [m, 2H, pip.: C3-Hay, C5-Hay].

3C NMR (75.475 MHz, CDCls; standard SiMey): 3¢ 22.87, 31.20, 32.22, 37.95, 43.21, 54.00, 57.36,
125.73, 128.11, 129.09, 140.70.

0.265 g 11 free base (1.06 mmol) was transformed into the oxalate salt by treating a solution in

2-PrOH with oxalic acid. It was recrystallized from MeOH/2-PrOH mixtures: 0.302 g (84 %)

11e0xalate; m.p. 139 °C.

Elemental analysis: (Found C, 60.18; H, 7.40; N, 4.09; S, 9.45, C5H,3NSeC,H,0,4 requires

C,60.15; H, 7.42; N, 4.13; S, 9.44 %).

Method B:

(2R S)1-(3-phenoxypropyl)-2-(2-mercaptoethyl)piperidine 19

An etheral solution of hydrogen chloride (22 %, 3.1 g, 18.6 mmol) was added to a solution of 9 (4.9 g,

18.6 mmol) in chloroform (50 ml) was. The resultant homogeneous mixture was cooled to -30 °C and

thionyl chloride (3.1 g, 26.1 mmol) was added in one portion. The mixture was allowed to warm to

room temperature and then refluxed for 3 - 5 h. The solvent was removed in vacuo to give a viscous

oil which was used without further purification.

The conversion of the chloride into the isothiouronium salt and its subsequent saponification to the

desired thiol was carried out in the same manner as described for the preparation of 11.

This procedure gives an oily residue which was finally purified by short-path distillation at 10 Pa to

yield 3.5 g (68 %) 9 as a colourless oil; n>"p = 1.5473.

'H NMR (500.13 MHz, CDCl,; standard SiMe,): 5, 1.26, 1.42, 1.48, 1.57 (4m, 7H, SH, piperidine:
CH2-3, CH>-4, CH,-5); 1.68 (dddd, J = 17.2, 9.7, 7.6, 5.45 Hz, 1H, -CH-HCH-CH,-SH); 1.79
(dddd, J = 17.8, 10.1, 6.4, 4.0 Hz, 1H, -CH-HCH-CH,-SH); 1.85 (m, 2H, -OCH,-CH>-CH,-N);
2.19 (ddd, J = 11.8, 9.6, 3.3 Hz, 1H, PhO-CH,-CH,-HCH-N); 2.34 (m, 1H, piperidine: CH-2);
2.41 (ddd, J =12.7, 9.8, 6.5 Hz, 1H, -CH,-HCH-SH); 2.45 (m, 1H, PhO-CH,-CH,-HCH-N);
2.53 (ddd, J = 13.1, 10.0, 5.45 Hz, 1H, -CH,-HCH-SH); 2.76 (m, 2H, piperidine: CH,-6); 3.93
(t-like, J = 6.2 Hz, 2H, PhO-CH,-)6.85, 7.20 (2m, 5H, ArH).

3C NMR (75.475 MHz, CDCl5; standard SiMey): 5¢ 21.13: 23.20; 24.96; 26.10; 29.62; 35.71; 49.63,
51.24; 58.93; 65.94; 114.45; 120.50; 129.37; 158.91.

LRMS (Cl, iso-butane): m/z 280 (MH", 100 %).

(EN: m/z 218 (100 %), 98 (38 %), 279 (M", 3 %).
HRMS 279.1693 (requires 279.1657).

Method C:

(2R S)2-mercaptomethyl-4-(3-phenyipropyl)morpholine 20

Methansulphonyl chloride (2.2 g, 19.2 mmol) dissoived in methylenchioride (10 ml) at -5 °C was
added drop by drop to a stirred mixture of 10 (2.82 g, 12 mmol) and triethylamine (2.43 g, 24 mmol)
in methylene chioride (50 mil). The mixture was allowed to warm to room temperature and washed
with H,O (20 ml), 5 % aqueous NaHCO; solution (20 ml) and brine (20 ml). The organic layer was
dried over MgSQ,, filtered and concentrated to give a yellowish viscous oil (4.7 g).

The crude material was dissolved in DMF (10 ml) and added to a solution of potassium thioacetate in
DMF (15 ml) at 5 °C. The mixture was stirred and allowed to warm to room temperature and finally at
45 - 50 °C for 1 h. The mixture was partitioned between CH,Cl, (60 mi) and 5 % aqueous NaHCO,
solution (80 mi). The layers were separated, and the aqueous layer was extracted with CH,Cl, (30
mi).The organic layers were combined, washed with 5§ % aqueous NaHCO; solution (20 ml), 15 %
aqueous NaCl solution (20 mi) and concentrated to a red oil (4.8 g).

A solution of this crude material in MeOH (12 ml) was cooled to § °C and saponified by dropwise
addition of an agueous NaOH solution (4N, 9 mi, 36 mmol). After 30 min the solvent was evaporated.
The residue was dissolved in H,O (20 ml), extracted with MTBE (8 ml), and the pH was adjusted to
ca. 8 with H3PO,4 (0.3N). The resulting oil was extracted with MTBE (3 x 10 ml) and dried over



MgSO.,. After filtration and evaporation the crude product was finally purified by short-path distillation

at 10 Pa to yield 1.46 g (48 %) 20 as a slightly coloured oil; n?%; = 1.5454.

'H NMR (500.13 MHz, CDCl,; standard SiMey): 8y 7.29 - 7.17 [m, 5H, Ar-H], 3.88 [ddd, J = 11.4, 3.2,
1.7, 1H, morpholine: C6-Hegl, 3.67 [dt, J = 11.3, 2.5, 1H, morpholine: C6-Hy], 3.56 [m, 1H,
morpholine: C2-H], 2.87 [m, 1H, morpholine: C3-Hcy], 2.7 - 2.6, 2.5 [2m, 5H, morpholine: C3-
Hay, CH2-5, PhCH,-CH,-CH,-N], 2.36 [m, 2H, PhCH>-], 2.1 [m, 1H, -CHHSH], 1.88 - 1.78 [m,
3H, -CHHSH, PhCH,-CH--], 2.35 [1H, SH].

3C NMR (125.77 MHz, CDCls; standard SiMe,): 5c 27.41, 28.19, 33.46, 52.90, 57.24, 57.99, 66.78,
76.59, 125.72, 128.24, 128.31, 141.93.

LRMS (Cl, iso-butane): m/z 252 (MH', 100 %).

(E)): m/z 91 (100 %), 218 (28 %), 251 (M", 8 %).

HRMS 251.1350 (requires 251.1344).

Results and Discussion

The target thiols were prepared by three different routes starting from commercially available amines
1 and 2 or aminoalcohols 3 - 10 (Scheme | and Table I).

The preparation of the aminoalcohols 3 - 9 is based on standard procedures similar to those
described in our previous report [2]. In these are included the alkylation of the corresponding phenol:
i.e. p-fluoro phenol, phenol and catechol with the appropriate halogenide or epichlorohydrine to give
the aryloxy alkylhalide [5] or after chlorination (SOCl,-pyridine), 2-chloromethyl-1,4-benzodioxane [6]
as an intermediate.

Scheme |: Synthesis of target thiols 11 - 20

/@/A\/\N*QVOH ©:°]/\|g’\/‘on @ OH
X H,C o” M€ o "N

3-7
X=H,F 8
A =0, CHy, OCH;; Q = CHy, (CHa), 9
l B
R
A . Cc
—— »  Thiols «— N oH
NH 11-20 Lo
1 (R=H) 10
2(R=0)

Method A: 1. Br(CH,)sCl, base; 2. thiourea; 3. NaOH
Method B: 1. SOCI,; 2. thiourea; 3. NaOH
Method C: 1. CH3S0,Cl, triethylamine, CH,Cl;; 2. CH;COSK, DMF; 3. NaOH

Afterwards the halide intermediate was reacted either with 2-methylamino ethanol or with racemic 2-
(2-hydroxyethyl) piperidine to give the aminoalcohols 3 and 9. All other N-methy! derivatives were
synthesized in a two-step procedure. First the starting halides were reacted with 3-aminopropanol to
afford the secondary amines in good yield, then the secondary amines were converted to the tertiary
amines 4 - 8 following the Eschweiler-Clark Procedure. The morpholine derivative 10 was
synthesized from 3-phenylpropyl aminoethanol and teri-butyl glycidyl ether [7].

Thiols 11 and 12 were prepared in three steps from 4-benzyl piperidine (1) or 4-benzoyl piperidine (2)
representing method A as depicted in scheme 1. Alkylation of 1 and 2 with 1-bromo-3-chloro propane
at 60 - 80 °C in toluene in the presence of triethylamine (for the preparation of 14) or K;CO; {for the
preparation of 12) afforded the corresponding 3-chloropropyl amine. These compounds were
converted to their isothiouronium salts by reaction with thiourea at elevated temperatures in ethanol
or 2-ethoxy ethanol as a solvent. Finally, saponification of these isothiouronium salis with aqueous
NaOH at 120 °C gave the desired thiols 11 and 12.

The o-chloro alkylamine intermediates for the synthesis of 13 - 19 were obtained from the
corresponding substituted aminoalcohols 3 - 9 by chlorination with thionyl chioride in chiloroform



(Scheme 1: method B). The conversion of the chloride into the isothiouronium salt and its subsequent
saponification to the desired thiol was carried out in the same manner as described for the
preparation of 11 and 12.

Method C (Scheme 1) was used for the preparation of the racemic morpholine derivative 20. It
consists of activation of the hydroxy group with methansulphony! chloride and trlethylamme at0°Cin
methylene chloride. lts nucleophilic substitution by means of potassium thioacetate in dimethyl
formamide gave the S-acetyl-protected derivative of 20. Finally the acetyl group was removed by
treatment with diluted aqueous NaOH solution at 5 °C.

The thiols were purified by distillation (Kugelrohr or Vigreux column). In part they were converted to
their crystalline oxalate salts. To our knowledge all target thiols were prepared for the first time. They
are homogeneous on TLC and show satisfying high resolution mass spectra and correct elemental
analyses (oxalate salts).

Table 1: Physicochemical properties of target thiols 11 - 20

No. Structure Method  Yield [%] M.p.[°’CT’ Analysis
" m . A 48 139 CisHaaNS e
N CoH204 d
(o]
12 A 36 140 C15H21NOS »
N _~_SH CzH204 @ VaH0 ¢
HC
13 @0\/\/"\/\&4 B 74 oil © Ci2H1gNOS ©
o‘/\N/\/\SH
14 @ iy B 80 dec. CraHhaNOS o
CoH204 ¢
H,C
15 o A~N A~ SH B 66 dec. C13H2iNOS o
@ CoH20, d
H L,C
16 OOWN\/\,SH B 63 oil © C13H20FNOS f
F
~
17 m n SH B 71 oil © C13HzFNS @
N’\/‘ SH
18 B 74 103-104 C13H19N02S L]
CoH204 ¢
19 @ SH B 68 ol © CishasNOS "
5
o ™"N
20 ©/\/\{I\OK\SH (o] 48 oil © C14HyNOS

* overall yield starting from compounds 1 - 10, refers to lsolated\ free base; ° oxalate salt; © free base; ¢ elemental analysis ('C H,N,S):
experimental values were within 0.4 % of theoretical values; * M” (calc. for C1,H:gNOS) 225.1187, M+ (found) 225, 1200 M (calc
for Cq3HxFNOS) 257.1250, M {found) 257. 1245 9 M (cale. for C13H2FNS) 241.1301, M” (found) 241.1286; ; " M* (calc. for
C1eH2sNOS) 279.1657, M” (found) 279.1693; ;' M” (calc for C14H2:NOS) 251.1344, M" (found) 251.1350.
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2. Serotonin Receptor-Binding Technetium and Rhenium Complexes
10. Synthesis and Characterization of Rhenium and Technetium Complexes Derived
from Partial Structures of Ketanserin, Cisapride and MDL 72832

M. Scheunemann, H.-J. Pietzsch, H. Spies, P. Brust, B. Johannsen

Introduction

Previously we described the synthesis of several mixed-ligand oxorhenium(V) and oxotechnetium(V)
complexes which show significant affinity to the 5-HT,a receptor [1]. Based on these results, in order
to improve both the affinity and selectivity to different subtypes of the 5-HT receptor, new hybrid
molecules were to be developed starting from three serotonin receptor-binding substances, i.e.
ketanserin and cisapride, which have affinity to the 5-HT,, receptor, and MDL 72832, a highly affine
and selective 5-HT 15 receptor antagonist [2].

cu,
CH
0N o~y Vs
¢ ‘\/I L~ T
S\Rt's
\\J
S~ o
cu,
Cisapride Hybrid Complex

After having described the synthesis of the corresponding monothiol ligands 41 - 20 [2], in this paper
we are dealing with the synthesis and characterization of novel oxorhenium(V) and oxotechnetium(V)
complexes obtained with these ligands according to the "3+1" concept.

Experimental (Selected examples)

(3-thiapentane-1,5-dithiolato)[3-N-(3-phenoxypropyi)-N-methylaminopropytthiolatoJoxorhenium(V) 25

A solution of 15 (45 mg, 0.188 mmol) in acetonitrile (0.5 ml) was added to a suspension of 21 [3]

(58.2 mg, 0.15 mmol) in acetonitrile (6 ml). The colour of the mixture immediately tumed from deep

blue to red. After stirring for one hour at 22 °C the solvent was evaporated to give an oily residue. The

raw material was partitioned between CHCI; (10 ml) and 5 % agueous NaHCO; solution (8 mi). The

organic layer was separated and concentrated to yield a crude product which was finally purified by

passing it through a silica gel column with chloroform/MeOH (19:1) as eluent.

The eluate was evaporated to give 97 mg 25 (free base: 95 %) which was transformed into the

oxalate salt by treating a solution in MeOH with oxalic acid. Crystaliization was induced by cautious

addition of MTBE to give 87 mg (85 %) 25+0xalate as brown crystals; m.p. 147 - 150 °C.

IR absorption: viem™ (KBr) 960 s (Re=0).

'H NMR (200.13 MHz, De-DMSO; standard SiMe,): 84 9.75 [br, 1H, HOOC-COO0]}, 7.4 - 7.2, 7.0 - 6.88
{2m, 5H, Ar-H], 4.32 [dd, J = 13.0, 4.3, S(C,HJ),: 2H], 4.13 - 4.01 {m, 4H, PhOCH,-CH>-,
S(C;Ha)z: 2H], 3.70 [m, 2H, -CH,-CH,»-8], 8.21 - 2.98 {m, 6H, -CH,-CH-NH(CH3)CH-~,



S(C,Ha)2: 2H], 2.74 [s, 3H, NHCH;], 2.35 - 2.12 [m, 6H, -CH>-CH,NH(CH3)CH,-CH:-,
S(C,H,),: 2H].
3C NMR (75.475 MHz, D-DMSO; standard SiMe,): 5c 23.70, 27.30, 32.89, 40.40, 43.20, 45.74,
52.68, 54.45,64.73, 114.53, 120.87, 129.62, 158.29, 164.44, 172.21.
Elemental analysis: (Found C, 33.42; H, 4.43; N, 2.05; S, 18.78 C17H2sNRe0,840C>H,04 requires
C, 32.58; H, 4.25; N, 2.08; S, 18.98%).

Preparation of the **°™Tc complexes
Complexes were prepared with "carrier” ®Tc in order to facilitate their complete analytical
characterization, which is a prerequisite for studies of structure-activity relationships.
¢ as NH,TcO,4 was obtained from Amersham as 0.3 M aqueous solution. %"TcO4 was eluted from

a Mallinckrodt generator.

"SmT6(V) gluconate was prepared by gradual addition-of stannous chloride to an aqueous solution of
®Tc0, ™ TcO, (2 pmol/about 5 MBq) in an excess of sodium gluconate.
1ml of the Tc gluconate solution was diluted with 1 ml of ethanol. A solution of 2 pmol of 3-thiapen-
tane-1,5-dithiol ("HSSSH") and 2 pmol of the appropriate thiol in 0.2 ml ethanol was added. The
colour of the mixture turned reddish-brown.
After stirring for 30 min and adding 2 mi of water, the Tc compound was isolated by selective
extraction of the reaction mixture with 2 mi of chioroform. The organic phase was washed twice with
1 ml of water and dried over Na;SO4.
The yields are in the range from 75 to 80 percent (related to technetium gluconate).

Quality control

The radiochemical purity (>98 %) of the technetium complexes was determined by HPLC in a Perkin
Elmer 250 binary pump gradient elution system equipped with a radiation detector. A Hamilton PRP 1
reversed phase column (25 cm, 10 um) was used for separation and the mobile phases were
acetonitrile and ammonium acetate buffer (0.05 M, adjusted to pH 4.0 with acetic acid). The initial
elution was for 2 min with 50 % acetonitrile and 50 % buffer. During the next 20 min a gradient was
applied so that at the end of that time the eluting solution was 100 % acetonitrile. A flow rate of
2 mi/min was maintained throughout the separation.

For receptor binding and biodistribution studies a stock solution of the appropriate complex was

prepared by evaporating the organic solvent under nitrogen and redissolving the residue in 1 ml of
DMSO.

Resuits and Discussion

In general the ligand-exchange procedures for preparing the oxorhenium(V) complexes were carried
out as two-step procedures. The precursor [ReO{S(C,H,S),}Cl] (21) was prepared from 3-thiapentane-
1,5-dithiol and [N(C;Ho)4]JReOCl, and was reacted with the thiol in a subsequent step [3].

Scheme 1: Synthesis of oxorhenium(V) comptex 25.

N(C«Hs)s" o B
\ —o [ s
c"/R\‘ + s ‘B
a® HS
[
s (3o
o N sH + g'k" ° CH, S.IR‘:,
© Ve VL RV Y cll s —_— @O \/\’N\/\,s
15 21 25

Reaction of several terminal thiols (11 - 20) bearing both an amino and an aromatic portion with
chioro-(3-thiapentane-1,5-dithiolato)oxorhenium(V) 21 (Scheme 1: synthesis of 25) resulted in new
neutral complexes 22 - 29.



The complexes are soluble in choroform and acetonitrile, less soluble in MTBE and alcohols but

insoluble in water and various alkanes.

All rhenium complexes were characterized by elemental analysis, infrared, proton and carbon NMR
spectroscopy (Table 1). The IR spectra of all rhenium complexes show a strong and characteristic
stretching vibration band in the 900 - 1000 cm ! region indicating the Re=0"" core.
99%8mT¢ complexes were also obtained by a two-step procedure starting with the reaction of the

appropriate thiol as the monodentate ligand with

tridentate chelator.

"M T¢ gluconate followed by addition

Table 1: Physicochemical properties of target oxorhenium(V) complexes 22 - 29

No. Structure Starting  Yield [%] M.p. [°CT° Analysis °
thiol
22 Slo 17 46 103-106  Ci7HoFReNOS, «
_ S—ReT C2H204 ¢
F CH, JA ) 2204
\©\/\/ﬁ\/\/5 S
a
23 \ =0 13 63 C1gHosReNO2S,
S—/R\e 7 CoH204
S
Oyt
CH,
S
24 \ =0 14 68 128 - 131 CisH2sRENOSS, »
S—R‘e 7 CoHs04
@ CH, /s
o/\/N \/\/s
25 o 15 85 147-150  CisHzaReNOSy »
cH, “,"‘t‘z C2H204
@/o\/\/N\/\/S s
s
26 {_\;\40 16 85 120 -125 Ci7H27FReNO»S, »
cH, Y CzH204
/@/ox/\/N\/\,S s
F
S
27 o 19 61 103 - 106 CaoHz2ReNO2S, »
S—Re CoH>0
(o} 251204
SReY g
N ]
28 0 Lo 12 66 184 - 186 C1sH2sReNO2Ss »
©)l\(> S-/Re ) CaoH204
N\/\,s s
s*\
29 : ¢o 18 57 dec. C17H26ReNO3S, »
/ HCI

of the

* refers to isolated oxalate salt; ® oxalate salt or hydrochloride; ° elemental analysis (C,H,N,5): experimental values were within 0.4 %
of theoretical values, unless stated otherwise; ® C7H»FReNOS, » C;H,0, cale: C, 33.32; H, 4.27; N, 2.05; 5, 18.72
found: C, 33.44; H, 467; N, 2.14; S, 18.34 %.

An additional paper of this report describes the in vifro binding of some of the complexes to the
serotonin 5-HT,a, serotonin 5-HT, and dopamin D, receptor [4].
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3. Serotonin Receptor-Binding Technetium and Rhenium Complexes
11. Affinity and Selectivity of Oxorhenium(V) Complexes Derived from Ketanserin,
Cisapride and MDL 72832

H.-J. Pietzsch, M. Scheunemann, P. Brust, J. Wober, H.Spies, B. Johannsen

Introduction

After having described the synthesis and characterization of oxorhenium(V) complexes bearing
pharmacophores derived from ketanserin, cisapride and MDL 72832 {1, 2], we here summarize their
affinities to the serotonin (5-HTi, 5-HT2a) and dopamine (D;) receptors, including the selectivity
ratios.

Experimental
Rhenium complexes were synthesized and characterized as previously described [1 - 3].

Preparation of rat cortex and hippocampus

The rat brain cortices and hippocampi were homogenised with an Ultra-Turrax T25 in 10fold volumes
of ice-cold tris/HCI buffer (50 mM, pH 7.6). The homogenate was centrifuged at 20,000 g for 10 min.
The resulting pellet was resuspended and centrifuged at 20,000 for another 10 min. After repeating
the same procedure the pellet was resuspended in 10 volumes of buffer and stored at -70 °C until
used in the binding studies.

5-HT;, and 5-HT., receptor-binding assay

To determine the ICs; values for 5-HT,x receptor, various concentratlons of the complexes were
incubated with tris/HCI buffer (50mM, pH 7.6) containing 0.12 nM [ Hlketanserin and about 20 ug/mi
protein in a final volume of 5 ml.

Unspecific binding was determined by 1 yM mianserin. For determination of the ICso values for 5-HT 4,
tns/HCl buffer (50mM, pH 7.4) was used contammg 0.1 percent ascorbic acid, 2 mM CaCl,, 0.13 nM
[H] -8-OH-DPAT, and about 20 uyg/ml protein in a final volume of 5 mi. Unspecuf ic binding was
determined by 10 yM serotonin. The tests were incubated at 25 °C for 60 min (5-HT2,) and for 120
min (5-HT4,) [4, 51

The binding assays were terminated by rapid filtration through GF/B glass fibre filters (Whatman).
The filters were rapidly washed with four 4 ml portions of ice-cold buffer, transferred into 5 mi of
scintiliation fluid (Ultima-Gold, Packard) and analysed for radioactivity. The protein content of the
membrane and cell suspensions was estimated according to the method of Lowry ef al. [6].

Dz receptor-binding assay

*H]spiperone (684.5 GBg/mmol) was used as the radioligand. The binding assay was carried out in a
t” nal volume of 5 mi tris-HCI buffer, pH 7.4, containing 10 mM MgCh, 1 mM EDTA, 0.27 nM
[ Hlspiperone, 1 unit of cloned D, receptor and various concentrations of the rhenium or technetium
complexes. The complexes were dissolved as described above. Nonspecific binding was defined as
the amount of [°H]spiperone bound in the presence of 10 pM haloperido!l and ranged from 8 percent
to 12 percent of the total binding. Incubation, filtration and counting of the samples were the same as
described above.

Results and Discussion
ICs data of in vifro binding affinity of the complexes for 5—HT1A, 5-HT25 and for D, receptors, as
determined by their ability to displace [ H}-8-OH-DPAT, [ Hlketanserin and [ Hispiroperidol, are
shown in Table 1.
For all complexes a moderate to high nanomolar affinity to the 5-HT,, receptor is observed.
Interestingly, the replacement of the standard ethylene spacer between the basic nitrogen atom and
the coordinated sulphur atom in 1 by propylene units in 3, 5§ and 8 - 10 resulted in a considerable
improvement in receptor binding. This effect suggests that a longer distance between the protonable
nitrogen and the chelate unit allows the ligand to better conform to structural constraints imposed by
the 5-HT,, receptor. Fluorine substitution at the 4-position of the aromatic moiety increases the effect.
The D, affinity is more differentiated than the 5-HT,4 one. A significant loss in D, affinity
accompanies the fluorine substitution at the 4-position of the phenyl ring, which was similiary
observed for complex 4, in which the nitrogen atom is an element of a piperidine ring system. This




result is remarkable because both compounds include structural features which are usually associated
with strong 5-HT,a receptor-binding agents.

Alterations in the immediate surroundings of the metal core were also sensitively recognized by
different receptor types. This is shown by the exceptional binding profile of 11 and 12 within the
second series of rhenium complexes. Replacing the small tridentate dithiol ligand in 1 by a more
bulky Schiff base ligand to give 11 causes a complete shift in profile.

Replacement of the tridentate ligand by a tripodal one (complexes 13 and 14) leads to a significant
loss in 5-HT affinity. From these finding the Re=0 core appears to be essential for serotonin receptor
binding.

Table 1: Affinity to the serotonin (5-HT1a/5-HT24) and dopamine (D) receptors and selectivity
ratios of rhenium complexes (results are expressed as means + SD). Complexes 1 - 4
and 11, 12 were described previously [1]. For 13 and 14 see Glaser ef al. [3]

1Cso (NM) Selectivity ratios
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Table 1 cont.

1Cso (NM) Selectivity ratios
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Table 1 cont.

ICs0 (NM) Selectivity ratios

Complex 5HT  5-HTa D, |5HTw DJ Do/
5-HT;n 5-HTon  5-HT,

Cz S_ 7
g N/\,Nec//@ 14 ~2000 ~130:35 >1000 | 16 8 0.5
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4. Serotonin Receptor-Binding Technetium and Rhenium Complexes
12. Structural Modification of Receptor-Binding Technetium-99m Complexes in
order to Improve Brain Uptake

B. Johannsen, R. Berger, P. Brust, H.-J. Pietzsch, M. Scheunemann, S. Seifert, H. Spies, R. Syhre

Introduction

Low brain uptake is a generally accepted problem in developing %mT¢ brain receptor imaging agents.
For a class of potential 5-HT,4 receptor binding agents exemplified in Fig. 1, we tried to improve the
original low brain uptake by modifying the lipophilic properties of the molecules, particularly by
insertion of ether-oxygen and by lowering the apparent pK values [1].

S\“/S—-\—N\//’@P \H/S-_\—N
[ /Tc\ [ Tc\
S S

S/ S
s /

Fig. 1. Example of an 5-HT 4 receptor binding b 1 complex designed according to the
mixed-ligand (3+1), integrated approach [2, 3]

Experimental

Ligands and complexes

Monodentate thiol ligands containing ether-oxygen atoms were synthesized as described in Part 9 of
our report [4].

Tc-99 complexes were prepared as previously reported {3]. To prepare n.c.a. mrc complexes, ligand
exchange reactions starting from %M ¢ gluconate or %M Te ethylene glycolate were carried out [5].

Distribution coefficients

Log D were determined at pH 7.4 from the capacity factors log k values obtained by HPLC using a
Perkin-Elmer HPLC Controlier System equipped with a UV/VIS spectrometric detector (254 nm) and a
Hamilton PRP-1 column (250 x 4.1 mm; 10 pm). As mobile phase an isocratic eluent {(acetonitrile and
0.01 M phosphate or citrate buffer, 75:25, v/v) was applied with a flow rate of 1.5 mi/min. Aniline,
benzene, and bromobenzene were used as internal standards.

Brain uptake

Animal experiments were carried out according to the relevant national regulations. 0.5 MBq of ®nTe
complex was injected into the tail vein of 5 - 6 week old Wistar rats.

At 2 and 5 min p.i. the rats were sacrificed by heart puncture under ether anesthesia. Selected organs
were isolated for weighing and counting [6].

Resuits and Discussion

A series of new ™ Tc complexes 2 - 6, derived from the class of 5-HT. binding complexes illustrated
in Fig. 2, were synthesized and characterized [4 - 7]. All the compounds contain an ether-oxygen
atom which can be considered an isosteric replacement of a methylene group. Complex 6 contains an
additional oxygen atom.

13
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Fig.2: Receptor binding *mrc complexes "functionalized” with ether-oxygen atoms [4].
For complex 1 see ref. [3]

Table 1 reveals that the ether-oxygen function in the technetium complex molecules has a profound
effect on the pK value, lipophilicity in terms of the distribution coefficient at pH 7.4, and brain uptake.
The successful increase in brain uptake achieved by the structural modification is related to a
decrease in the apparent pK value of the nitrogen which, in turn, increases the lipophilic portion of the
tracer at physiological pH.

Table 1. Apparent pKyp.c, | gm and brain uptake (% ID/organ) in rats
of receptor binding = T¢ complexes 1 - 6 (for complex 1 see ref. [3]).

Complex no.
1 2 3 4 5 6

PKipic 10.01 8.94 9.45 9.36 8.97 8.31
log D 0.70 1.48 1.40 1.60 1.48 2.32
Brain uptake

2 min* 0.52+0.12 147 £+ 0.1 0.57 £ 0.10 0.99+0.18 1.01+0.14 213
+0.18

Brain uptake

5 min* 0.36 +0.07 0.94 +0.09 0.451+0.06 0.78 £0.12 0.76 £ 0.06 1.31
+0.14

* Data shown are the mean + SEM of three rats
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The relationship obtained between brain uptake in rats and pK value is shown in Fig. 3.

2 min p.i. 5 min p.i.
% dose brain % dose brain
25
14}
2.0 1.2}¢
1.0}
1.5¢
0.8+
1.0
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0.5} 0.4}
0.2}
0.0 80 85 9.0 95 100 10.5 86 85 90 985 100 105
pK pK

Fig. 3: Relationship of brain uptake in rats at 2 and 5 min. p. i. vs. apparent pK
of the ®*™Tc complexes

It is a common assumption that there is a good correlation between blood-brain barrier penetration
and lipid solubility of a drug, the latter being classically expressed as its partition coefficient between
an organic solvent, such as octanol, and water. Other factors may also contribute, such as the
molecular volume and charge of the drug, and the extent to which it makes hydrogen bonds. In order
to define the factors responsible for the low uptake (up to 0.4 % in rats at 5 min p.i.) of our receptor
binding ®"Tc complexes of the type 1 and to elucidate whether modification of the molecular
structure will lead to an increased brain uptake without loss of the high receptor binding affinity, the
molecular size, lipophilicity and charge of the candidates were considered.

For CNS agents an optimum octanol/water partition coefficient (log P) of around 2 + 0.5 was found for
various classes of compounds. Such a log P value, which is at the peak of a parabolic dependence of
uptake, is also usually considered to be required for some types of neutral *™Tc chelates {8, 9].
However, for one class of *"Tc-N,S, complexes containing an amide group, only a low brain uptake
was reported, regardless of lipophilicity (log P from 0.56 to 1.75) [10].

In the neutral form, our complexes exhibit log P c values between 3.2 and 3.6, similar to ketanserin
[3]. However, the protonable nitrogen atorn as an essential constituent of the pharmacophore causes
the technetium complexes to be almost completely ionized at the physiological pH. The proportion of
ionizable technetium compounds which are neutral in solution is governed by the difference in pH of
the solution and the pK of the molecule, according to the Henderson Hasselbalch equation. With
ionizable molecules, the lipophilicity is better described by the distribution coefficient {log D), i.e. the
pK-corrected fog P values. We suggest that an excessively high pK value is responsible for the low
uptake of our technetium complexes. To test this hypothesis, apparent pK and log D values were
determined and structural modifications, i.e. introduction of ether-oxygen atoms, performed in order
to lower the pK value in the complex molecules. The results clearly demonstrate the usefulness of the
hypothesis. The electronic effects of etheroxygen two or three carbon atoms away from the
protonable nitrogen in the ligand backbone are obviously strong enough to produce the desired
decrease in pK value. Thus, the introduction of oxygen atoms proved o be a valuable tool in the
design of certain **T¢ brain imaging agents. In view of the still relatively high pK values, the increase
in brain uptake cannot be explained merely by a higher proportion of neutral, diffusible species. In this
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respect, our class of technetium complexes resemble amphetamines, which show a high
accumulation in the brain despite a low proportion of neutral species in the blood stream.
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5. Serotonin Receptor-Binding Technetium and Rhenium Complexes
13. No Carrier Added Preparations of "3+1" *"Tc Complexes

S. Seifert, H.-J. Pietzsch, M. Scheunemann, H. Spies, R. Syhre, B. Johannsen

introduction

Oxotechnetium(V) complexes with tridentate dithiols “HS-CoHs-X-CoHs-SH* (X = 8, O, N) and
functionalized monodentate thiols, so-called "3+1" complexes of the general formula [MOL,L;] (L, =
tridentate dithiol ligand, L, = monothiol ligand), play an important role in the development of receptor-
binding technetium complexes [1, 2, 3]. While the preparation of these complexes at c.a. level (or
with rhenium) is possible without any difficulties by stoichiometric ligand-exchange reaction starting
with [TcOCLJ, Tc gluconate or [ReOCly], [ReOL.Cl] and Re giuconate [4], the n.c.a. preparation
generally results in a mixture of various partially unidentified complex compounds. Moreover, the
prepared "3+1" complexes are not stable in the reaction solution containing an enormous ligand
€XCess.

Furthermore, direct reduction of pertechnetate generator eluate in the ligand mixture solution leads to
a lot of unknown products besides small amounts of the desired complex. Therefore, it was the aim of
this work to find reaction conditions allowing reliable and reproducible preparation of "3+1" technetium
complexes at n.c.a. level with yields and stabilities high enough for animal experiments.

We studied the complexation reactions at n.c.a. level with the tridentate ligand L; = 3-thiapentane-
1,5-dithiol (HS-(CH;),-S-(CH,),-SH) or, in one case, with 3-ethylaza-pentane-1,5-dithiol (HS-(CH,),-
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N(C,Hs)-(CH,).-SH) and a series of monodentate thiols L,, e.g. small ligands such as ethanethiol
(C.HsSH), 2-propanethiol (CsH;SH), or larger monothiols like:

(2RS) 2-[N-(3-mercaptopropyl)-N-methyl-aminomethyl]-1,4-benzodioxane
o H,C

3-[N-(3-{4-fluorophenoxy}-propyl)-N-methylamino}-propanethiol
3

/@O\/\/N\/\/SH
F

3-[N-(3-phenoxypropyl)-N-methylamino}-propanethiol
H.C

@,0\/\/N\/\/SH

2-[N-(3-phenoxypropyl)-N-methylamino]-ethanethiol
H,C

S

(2RS) 2-mercaptomethyl-4-(3-phenyipropyl)morpholine
(o
N \/\/ SH
H

3-[2-(N-3-phenylpropyl-N-2-mercaptoethyl)-aminoethyl]-2,4-(1H,3H)-quinazolindione

{
Q/LN/\,N

n
N "% ~NsH

The identity of the prepared n.c.a. complexes was examined by comparison of the chromatographic
behaviour (TLC, HPLC) of these preparations with Re or ®Tc reference complexes as well as organ
distribution data of c.a. and n.c.a. Tc preparations.

Experimental

General

The tridentate ligand and both small thiols are commercial substances and were used without further
purification. The other monothiols were prepared as described previously [5].

Pertechnetate generator eluate was obtained from a commercial *Mo/™™T¢ generator (Mallinckrodt).
A 0.3 M aqueous solution of ammonium [”Tc]pertechnetate was used for c.a. preparations. The
comparative **Tc and Re substances were prepared according to the general procedure described in
[2, 4.

N.c.a. preparations

in order to prepare n.c.a. ¥mre complexes 3 - 8, ligand exchange reactions starting from ®nre
gluconate or B 1 ethylene glycolate were carried out. Both precursor sclutions were prepared by
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gradual addition of 20 i stannous chloride solution (1.0 mg SnCl, dissolved in 10 ml ethanol) to an

aqueous solution of [**"Tc]pertechnetate eluate in an excess of sodium gluconate (10 mg) or ethylene

glycol (10 pi). 0.5 mg of the monodentate thiol ligand dissolved in ethanol was added to 1.0 mi of the
precursor solution adjusted to pH 8 - 9 and 1.0 ml acetone or acetonitrile. 0.05 mg of the tridentate
ligand dissolved in acetone was added after one minute and the formation of the desired mixed-ligand
complex was completed by heating the reaction solution at 40 °C in a water bath for 15 - 20 minutes
(yields: 80 - 90 %). For separation of byproducts and ligand excess the reaction solution was given
onto a semi-preparative PRP-1 column (Hamiiton, 305 x 7 mm, 10 pym, flow rate 2.0 mi/min) and
eluted using a linear gradient system (t[min}/%A): (5/50), (10/100), (5/100) of acetonitrile (A)/water (B)
with 0.1 % triflucroacetic acid (pH 2). After adding 100 pl propylene glycol and removing acetonitrile
by vacuum evaporation, the separated neutralized complex fraction is stable for more than 8 h.

For the preparation of complexes 1 and 2 only 0.2 mg of the monothiol ligand are added to the
precursor solution. After addition of 0.1 mg of the tridentate ligand the reaction solution is heated to
60 °C for 1 h.

Analytical methods

TLC and HPLC analyses were used for the determination of the radiochemical purity and stability of
the preparations.

TLC analyses were performed using silica gel strips (Silufol) developed with n-butanol/methanol/wa-
ter/conc. ammonia (60/20/20/1) (method 1) as well as methanol/0.1 N HCI (3/1) (method Il) as
solvents.

In addition to the above-mentioned conditions for separation of ligand excess (PRP-1, pH 2.0), HPLC
analyses were mainly carried out with a Superspher 100 RP-18 column (250 x 4 mm) using an
isocratic gradient mixture of 80 % methanol and 20 % 0.01 M phosphate buffer of pH 7.4 and a flow
rate of 1.0 ml/min. The effluent from the column was monitored by UV absorbance at 254 nm for
rhenium complexes or y-detection for the **™Tc complexes. For the biological studies the solutions of
the complexes were diluted with propylene glycol and sodium chloride for injection to adjust the
desired radioactive concentration.

In vivo biodistribution in rats

The animal experiments were carried out according to the reievant national regulations. Organ
distribution studies were performed on male Wistar rats (5 - 6 weeks old). 0.5 mi complex solution
was injected into the tail vein. 1 - 120 min. p.i. the rats were sacrificed by heart puncture under ether
anaesthesia. The selected organs were isolated for weighing and counting. The percentage dose/g
values were computed from the percentage dose/organ values and the corresponding mean organ
weights.

Results and Discussion

Preparation of n.c.a. complexes

As found for c.a. preparations, the complexation reaction to mixed-ligand "3+1" complexes proceeds
with better yields when an excess of the monodentate ligand is added at first. After rapid formation of
the Tc complex with only the monodentate ligand Lo, the tridentate dithiol ligand L., is added and the
"3+1" complex is formed in a slow reaction.

+ L, + L,
Tc gluconate —p  [TcO(L)4] — [TcOL4L,)

The formation of 1:4 complexes of technetium with sterically hindered or bulky monothiols is
described in [6, 7]. A similar reaction should take place with the above-mentioned bulky ligands used
for the formation of complexes 3 - 8.

The formation of mixed-ligand complexes 3 - 8 listed in Table 1 from the intermediate technetium
complexes represents a slow reaction (Fig. 1).
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Fig. 1. HPLC analyses of formation of ¥mTc complex 4 at room temperature.
(Superspher RP-18, methanol/0.01 M phosphate buffer pH 7.4 (80/20), 1.0 mi/min)
a: 5 min, b: 30 min, c: 80 min, d: 120 min after preparation

Without heating between two to three hours are needed for completion of the reaction depending on
the ligand used. The successful formation of complex 7 is remarkable despite the voluminous
monothiolato ligand.

Generally, the reaction is accelerated by careful heating. 15 - 20 minutes in a water bath at 40 °C is
enough for yields of 80 - 90 % (Fig. 2). Heating over 40 °C results in a competing reaction, probably
to complexes containing only the tridentate ligand. Similar reaction products were found when more
than 1 mg of the tridentate ligand was added for preparing the "3+1" complex. That shows that the
ligand concentration plays an important role concemning the course and kinetics of the reaction. Only
microgram amounts are needed for the n.c.a. preparations. The use of milligram amounts of both
ligands results in low yields of the desired complex and the formation of mostly unknown products.
The best results were obtained with 0.5 - 0.2 mg of the monothiolato ligand and 0.05 - 0.02 mg of the
tridentate ligand. The formation of complex & needs the smallest amounts.
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Fig. 2. HPLC analyses of formation of i complex &
(Superspher RP-18, methano!/0.01 M phosphate buffer pH 7.4 (80/20), 1.0 mi/min)
a: after 5 min, b: after 20 min heating at 40°C.
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These low ligand quantities are also responsible for the relatively high stability of the complex
preparations. While preparations with higher yields of ligands are unstable and undergo secondary
reactions at higher temperatures or with time, the optimized preparations are stable for at least 2 h at
room temperature, even without separation of the ligand excess. If the ligand excess is separated,
e.g. by HPLC, the complex solutions are stable for more than 8 h. )

It was found that the monothiols used for complexation change with time, probably by formation of
disulphides. That results in a delay of reaction at room temperature. To acqelerate the reaction,
heating at 40 °C for 20 minutes is needed to obtain yields of 80 - 90 % of the desired complex. .
Using freshly prepared monothiolato ligand, e.g. (2RS) 2-IN-(3-mercaptopropyl)-N-methylamino-
methyl}-1,4-benzodioxane, for preparing complex 3 results in a yield of 73 % evgn after 5 minutes
reaction time at room temperature. After 30 minutes the reaction is finished and yields of 75 - 90 %
are obtained. .

To protect the monothiol ligand, the very stable oxalate was formed and isolated as a white powder.
This allows better storage and represents a first step to a "kit-like" preparation of the "3+1" complex_.
For preparing the complex a certain content of sodium hydroxide has to be added t.o the reaction
solution to deprotonate the nitrogen atom of the monothiolato ligand. Without adding NaOH the
solution has a pH value of about 6, and only less than 10 % of the complex are formed. .

The best yields were obtained by adding 100 i 0.1 n NaOH to the %mT¢ gluconate solution (p_H =11)
and complexation with 0.3 - 0.5 mg oxalate of the monothiolato ligand and 0.05 mg of _the tridentate
HS-S-SH ligand. Without heating 3 h are needed to obtain more than 70 % of the desired complex.
The same result is achieved by heating at 40 °C for at least 60 minutes (Fig. 3).

100 +

®
c3888883 88

5 30 60 90 120 150 180 210 240
{min]

Fig. 3: Reaction conditions for preparing the "3+1" ®™T¢ complexes using the oxalate of the mono-
thiolato ligand. 1: 100 pl 0.1n NaOH, 20 °C, pH 11, II: 100 pl 0.1 n NaOH, 40 °C, pH 11,
HI: 150 pi 0.1 n NaOH, 20 °C, pH 12.

The preparation of the ®™Tc complexes 1 and 2 needs other reaction conditions. For instance, Tc
gluconate reacts immediately with ethanethiol or 2-propanethiol to the intermediate complex. The
exchange with the tridentate ligand using the same conditions as for complexes 3 - 8, however,
proceeds very slowly at room temperature. 5 - 6 h reaction time results in yields of only 40 - 60 % of
the mixed-ligand complex. It was found that a diminished monothiol ligand concentration of 0.2 mg
and an increased content of 0.08 - 0.1 mg per vial of the S-S-S ligand lead to shorter reaction times
of 1 - 2 h and higher yields of 80 - 90 %.

As already found for complexes 3 - 8 a higher temperature also accelerates the formation of the "3+1"
complex. The optimum temperature for formation of complexes 1 and 2 was determined to be 60 °C.
The stability of mre complexes with thiols like ethanethiol or 2-propanethiol is probably higher than
that of complexes with bulky ligands. The ligand exchange between these small monothiol ligands
and the tridentate ligand proceeds therefore much slower.

Reaction with the tridentate S-N-S ligand instead of the S-S-S ligand leads to complex 8. No
significant differences were observed concerning the optimum parameters for the formation of the
n.c.a. complex and the kinetics of complexation.



Chemical and biological evaluation of n.c.a. preparations

Two TLC methods were performed for identification of the N preparations. The R; values of the
n.c.a. complexes 3 - 8 determined with method | (R; = 0.6 - 0.7) as well as methad Il (R; = 0.4 - 0.5)
are in accordance with the R; values of the ¢.a. preparations.

The HPLC data obtained with an RP-18 and a PRP-1 column also show the identity of the n.c.a. and
c.a. preparations (Table 1). In some cases rhenium complexes were also investigated. As expected,
the same R; values were obtained.

Table 1. Comparison of R values of n.c.a. and c.a. Tc complexes

Complex No. R; value [min]
RP-18 PRP-1 (prep.)
n.c.a. c.a. n.c.a. c.a.
S
N
{ N 7/o 1 23 24 - 8.4
/\
s S
3
(L 7/o 2 22 23 - 8.9
/\
@ ° S~ 3 7.7 7.8 0.3 0.4
H CH -\ 40
o{l\i > 8 /N{ /
0 cH, s_s\}o 4 8.1 8.0 9.9 9.9
s S
S
F__@o cH, {_}w}o 5 9.8 9.7 9.9 9.7
\’—\—N /N /
S
- 120
~o % ] 6 7.1 7.2 10.0 9.8
dde
H
o /s 7 7.5 7.6 10.6 10.7
@sz““ S-hay®
” o \/\SI s
(s
t o 8 6.0 6.0 43 4.4
-rey
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Organ distribution studies carried out with selected c.a. and n.c.a. technetium complexes also confirm
the identity of preparations. In Table 2 the data for complexes 3, 5 and 6 are presented.

Table 2: Comparison of biodistribution data of c.a. and n.c.a. %mrc complexes 5 min. p.i. in rats

Complex Brain +SEM /g +SEM Blood SEM Heart +SEM Lungs +SEM

3
c.a. 131 014 091 014 253 024 054 005 442 048
n.c.a. 1,08 025 083 0,16 2,88 040 047 0,04 392 053

5
c.a. 084 003 05 005 666 062 120 008 602 145
n.ca. 087 015 061 012 691 047 123 023 763 117

6
c.a. 062 019 047 009 232 025 076 023 420 1,30

n.c.a. 068 0,05 054 0,02 227 022 065 0,08 4,17 0,65
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6. Serotonin Receptor-Binding Technetium and Rhenium Complexes
14. Distribution and Brain Uptake in Rats of Serotonin Receptor-Binding
Oxotechnetium(V) Complexes at the c.a. (*™ Tc) and the n.c.a. (*"Tc) Level

R. Syhre, H.-J. Pietzsch, M. Scheunemann, S. Seifert, H. Spies, B. Johannsen

introduction

Neutral lipophilic **™**Tc oxotechnetium(V) complexes of various structures show affinity to serotonin
receptors (5-HT.a; 5-HT1a) as determined by in vitro binding studies on rat cortex [1, 2, 3, 4, 5]. These
complexes all contain a protonable nitrogen in the molecule, which might prevent brain uptake. As
reported in [2, 6] the complexes studied are nevertheless able to cross the intact blood-brain barrier of
the rat. However, the levels of the initial brain uptake were observed to be relatively low (0.2 - 0.5 %
doseforgan at 2 min. p.i.). A slow washout from the brain and a retention into receptor-rich brain
regions were found. A high and prolonged background activity in the blood stream was determined in
biodistribution studies. This unfavourable characteristic may result from ionization at the biood pH 7.4
as well as from interaction of the complexes with plasma proteins and blood cells [7].

in the following we report the biodistribution of receptor-binding 9emiSST ¢ oxotechnetium(V) complexes
which have been modified to overcome the low brain uptake. Besides the protonable nitrogen these
complexes contain ether-oxygen atom(s) in the side chain. This modification has a profound effect on
lipophilicity parameters such as the distribution coefficient log D and the pK, values [4, 8].

Experimental

Animal studies

Animal experiments were carried out according to the relevant national regulations.

The studies were performed on male Wistar rats (5 - 6 weeks old). 0.5 mi of the complex sojution
(propylene glycol / sodium chloride ) were injected in the tail vein. 2 - 180 min. p.i. the rats were
sacrificed by heart puncture under ether anaesthesia. The selected organs were isolated for weighing
and counting. For the studies of brain regions the whole brain was removed, and cortex, caudate
putamen hippocampus and cerebellum were dissected on an ice-cold glass plate, weighed and
counted, and the percentage dose per gram was calculated.

Binding on erythrocytes

After in vivo or in vitro incubation, red blood cells and plasma were separated by centrifugation of
heparinized whole blood. The cells were washed plasma-free (sodium chloride for injection) and the
radioactivity of the red cell fraction was counted and calculated.

Results and Discussion

The preparation and chemical characterization, the physicochemical characterization and the charac-
terization of the biological in vitro behaviour of the ether-oxygen containing Tc-complexes have been
described previously [10, 11]. The complexes under investigation are listed in Table 1.
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Table 1: Structure of oxygen-containing oxotechnetium(V) complexes at the c.a. ™ To)

and n.c.a. ®™Tc) level
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The results of the animal studies indicate that the ether-oxygen containing complexes are capable of
crossing the blood-brain barrier. The distribution data show a successful increase in brain activity up
to 2.1 % dose (complex 6) at 2 minutes p. i. and a prolonged retention in the rat brain within 10 - 120
min. post-injection of these new tracers (Fig. 1; Table 2).
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Fig.1: Time course of brain uptake in rats after injection of oxygen-containing complexes
(mean values 2 - 120 minutes p.i.; n=3-6)

The initial brain uptake of most of the complexes shows a good inverse correlation to the pK, values
of the complexes (Fig. 2). interestingly, complex § (morpholinyl derivatives) does not fit into this
correlation. Complex 5 displayed a significantly lower brain uptake than complex 6 despite similar
lipophilicity parameters of both complexes [9]. This observation cannot yet be explained.

Another point of interest in the design of potential receptorbinding agents is the regional distribution in
the brain, including target (receptor-rich } to nontarget {receptor-poor) ratios.
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Table 2: Biodistribution of ®™*°Tc / *™Tc oxotechnetium(V) complexes in rats
(mean % dose +SEM, n =3 - 6)

Complex Time Brain Blood Heart Lung Kidney Liver

min. p.i. %dose +#SEM %doselg +SEM %doselg #SEM %dose +#SEM %dose +SEM %dose *SEM  %dose ii:s
1 5 0.94 0.14 067 0.14 55 03 10 01 64 12 59 1.0 119 2.2

10 0.78 008 056 006 42 02 07 01 84 25 92 03 166 0.8

60 061 005 044 003 34 02 06 071 65 15 132 0.5 156 1.6
2 5 0.76 0.05 053 005 59 02 14 02 100 09 60 09 68 21

10 0.55 004 037 001 49 03 09 02 84 11 92 1.7 134 2.6

60 041 008 030 006 33 03 07 00 78 09 154 05 182 24
3 5 049 006 035 001 50 01 11 01 84 09 71 02 121 24

10 0.35 0.18 025 0.08 49 01 08 01 64 06 87 03 141 1.1

60 031 002 021 001 35 03 06 01 36 06 139 04 14.0 09
4 5 0.84 0.03 056 005 67 06 12 01 60 15 76 0.8 10.8 0.8

10 078 0.11 057 008 61 05 10 02 66 05 83 1.0 123 0.1

60 050 074 036 0.13 53 10 06 01 36 06 135 07 148 1.0
4a 5 0.87 0.15 061 0712 70 06 12 02 786 12 65 06 109 14

10 069 009 052 008 49 06 09 01 67 16 85 0.5 128 09
5 5 062 019 047 009 23 03 08 02 42 13 6.5 0.5 246 28

10 053 019 041 013 20 05 05 01 36 05 7.1 0.5 263 2.2

60 039 004 031 004 12 01 04 01 33 03 106 11 285 27
5a 5 068 0.05 054 002 23 02 06 01 42 06 63 02 287 15

10 065 017 043 010 22 02 04 01 40 04 78 03 264 14
6 5 1.31 014 091 014 25 02 05 01 44 05 6.0 04 198 04

10 097 0171 070 005 21 03 05 01 36 07 83 1.2 244 1.3

60 0.61 005 048 005 17 02 04 01 34 06 117 1.5 333 04
6a 5 1.08 0.25 0.83 016 22 04 05 01 39 05 64 07 264 3.6

10 0.85 004 063 007 21 02 05 01 31 02 82 03 310 1.3
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Fig. 2: Relationship of brain uptake in rats at 2 min (a) and 5 min (b) vs pKa values of the oxygen-
containing complexes




Table 3: Calculated ratio of receptor-rich regions vs cerebellum 5 minutes after injection
of the *™**T¢ complexes 1 - 6 in rats (% dose/g; n = 3 corrected by the blood
activity portion in the regions according to Cremer [12]

Complex Cortex/ Caudate putamen/ Hippocampus/
cerebellum cerebellum cerebellum
1 1.4 1.0 1.1
2 1.1 0.8 0.7
3 1.0 0.8 0.9
4 1.4 1.2 1.1
5 1.1 1.0 0.9
6 1.2 1.2 1.0

The ratios of regional brain uptake to cerebellum for complexes 1 - 6 at 5 minutes p.i. are listed. In
Table 3. In vitro, complex 6 proved to be selective for 5-HT:a receptor, the complexes 1 - § for the
5-HT,4 receptor [4, 5].

Table 4: Ratio of receptor-rich region and cerebelium 5 - 180 minutes after injection of the
99m3T¢ complexes (column A) and *™Tc complexes (column B) in rats (% dose/g; n = 3)

Complex Time p.i. Cortex/ Caudate putamen/ Hippocampus/
{min] cerebellum cerebellum cerebellum
A B A B A B
5 5 1.0 i1 1.0 1.1 1.0 0.9
10 1.3 1.3 1.2 1.2 0.9 1.2
60 1.5 1.5 1.2 1.1 13 1.6
120 1.5 1.3 1.2 11 1.1 1.4
180 1.4 1.4 1.1 0.9 1.2 1.5
6 5 1.1 1.2 1.1 1.1 0.9 1.0
10 1.3 1.5 1.2 1.1 1.2 1.2
60 1.5 14 1.1 1.2 1.6 1.2
120 1.3 1.4 1.1 1.3 14 1.3
180 1.4 1.5 0.9 1.2 1.5 1.4

As shown in the preliminary studies, the unblocked in vivo distribution in rat brain exhibits remarkable
heterogene with the moderate region to cerebellum ratios in the ranges of 0.7 - 1.4 at 5 minutes p.i..
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Fig. 3: Time course of radioactivity in various brain regions after injection of 99m99 T complexes (A)
and *™T¢ complexes (B) in rats (mean values; n = 3)

For the complexes 5 and 6 the time course of radioactivity in selected brain regions ( 5 to 180" p.i.),
especially in the coriex (frontal), the caudate putamen, the hippocampus and the cerebellum is
demonstrated in Fig. 3A. The accumulation of radioactivity was highest in the brain regions at 5 min
p.i. and declined gradually over the 180 min. period. The washout appears to be somewhat slower
from the serotonin receptor-rich regions (cortex and hippocampus) compared with the other brain
parts (caudate putamen; cerebellum). A moderate rise of the regional contrast ratio cortex/cerebellum
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and hippocampus/cerebellum at 180 min after injection of these 99mSTc complexes was observed
(Table 4, column A).

These results suggest a long-term retention of the complexes in selected rat brain structures. In vivo
receptorbinding as well as specific brain uptake in the regions of interest cannot be derived from the
few results.

In Table 2 the results of the biodistribution of the *™**T¢ complexes (1 - 6) in the rat are summarized,
The various complexes do not drastically differ in the distribution patterns in the peripheral tissue of
lung, kidney, heart and liver. The enhanced activity in the lung was cleared very slow, while
accumulation in the liver and kidney increased with time.

Unfortunately, the distribution data display a high blood activity and a slow blood clearance (Fig. 4;
Table 2). About 70 % of the blood activity was always concentrated in the rat erythrocytes 5 min p.i.
of the lipophilic complexes. In vivo the percentage bound to erythrocytes decreases slowly up to
approx. 50 % at 120 min. p.i. (Table 5).

% dose/ g —o—complex 1|
8 —e—complex 2
~a—complex 3

—e— complex 4
—g—complex 5
—m--complex 6

£
2
8 4
o 3
2.
1
0 2 L L )
0 30 60 %) 120

minutes p.i.

Fig. 4: Blood clearance curves of ™**T¢c complexes after injection in rats
(mean values; n = 3 - 6)

The binding on erythrocytes as well as the elimination from the blood pool seem to correspond to the
initial uptake and retention characteristics of the complexes in the liver. Especially complexes 5 and
6 show a relatively low blood activity (Fig. 4) and a correspondingly higher initial liver uptake (Table
2) compared the other oxygen-containing complexes under study.
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Table 5: Radioactivity of erythrocytes after injection of oxygen-containing **™*° Tc complexes
and ®™Tc complex 6a in rats (mean % uptake + SEM;n=3-6)

Complex Time of Radioactivity of
incubation erythrocytes
[min.] [% + SEM]

1 5 76 £ 1
120 56 +2

2 5 78 +2
120 54+3

3 5 78 £ 1
120. nd.

4 5 72+2
120 nd.

5 5 76+ 2
120 52 +2

6 5 65+2
120 47 +1

6a 5 71+1
120 50 +1

Apparently, binding and retention of the oxygen-containing complexes in the peripheral organs and in
the blood pool can be explained in the form of strong, unspecific binding on proteins of the rat plasma
and tissues.

Table 6: In vitro binding to erythrocytes 5 minutes after incubation of somBSTe complexes in whole
blood of different species (mean values + SEM;n=3-6)

Complex Rat Pig Human
% radioactivity + SEM % radioactivity + SEM % radioactivity + SEM

1 7512 n.d. 37x2

5 6912 24+2 15+3

6 70+3 28 +1 20+2

For the interpretation of the biodistribution data it is important to note the species dependence of
erythrocyte binding (Table 6; 5). The results discussed so far relate to c.a. *™**T¢ complexes.

For further evaluation of the favourable uptake of the new oxygen-containing complexes in the rat
brain it is necessary to compare the results with those obtained at the no carrier added level ¥ Tc.
The identity of the complexes at both tracer levels was proved by HPLC [11], also the biological
behaviour is similar as follows:
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Fig. 5: Time course of distribution of **™*Tc complexes 5 and *"Tc complexes 5a
compared in rats (mean % dose + SEM ; n = 3 - 6)

As shown in Table 2 and Fig. 5, similar distribution data were obtained at both tracer levels. The
regional brain distribution (Fig. 3) as well as the target nontarget ratios (Table 4, column B) were
found to be similar also for the c.a and n.c.a. preparations of the complexes. The binding data to rat
erythrocytes confirm the identity of the ¢.a. and the n.c.a. complexes (Table 5).

In summary, insertion of ether-oxygen in the complex structures dramatically improve the initial
uptake in the rat brain. In all other aspects there is no significant difference in biodistribution
compared with the corresponding oxygen-free, nitrogen-containing SmBTe complexes [6, 7].

These results indicate that the adjusted lipophilicity of the modified complexes shows an effect only
on the initial brain uptake of the rat. The distribution pattern appears to be identical in in vivo
behaviour for the carrier-added and no-carrier-added oxotechnetium(V) complexes.
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7. Serotonin Receptor-Binding Technetium and Rhenium Complexes )
15. Synthesis and Characterization of Oxorhenium(V) Complexes with
N-functionalized Tridentate SNS Ligands

H.-J. Pietzsch, M. Scheunemann, R. Berger, P. Brust, H. Spies, B. Johannsen

Introduction ) _
We previously reported on mixed-ligand Tc and Re complexes that show substgn’ual 5-_H1.'2 serotonin
receptor binding. In this class of compounds the protonable nitrogen of the side-chain is a crucial
structural feature, which is, on the one hand, an essential constituent for 5-HT, affinity but, on the
other restricts the blood-brain transfer, depending on the nature and pK of the amine functipnality [1}
After having described our efforts to improve the low brain uptake of the complexes by insertion of
oxygen into the pharmacophore [2], we now report on a further way to influence the pK value of the
nitrogen by changing the position of the pharmacophore portion with respect to the metal centre.

Experimental

pK values, partition and distribution coefficients were determined as previously described [3, 4] from
the capacity factors log k values obtained by HPLC using a Perkin-Elmer HPLC Controller System
equipped with a UV/VIS spectrometric detector (254 nm) and a Hamilton PRP-1 column (250 x 4.1
mm; 10 um). As mobile phase an isocratic eluent (acetonitrile and 0.01 M phosphate or citrate buffer,
75:25, viv) was applied with a flow rate of 1.5 ml/min. Aniline, benzene, and bromobenzene were
used as internal standards.

General synthesis procedure for the tridentate ligands d - f

A solution of the appropriate amine a - ¢ (0.1 mol) in 30 ml of dry toluene was mixed with a solution of
ethylene sulphide (0.2 mol) in 10 ml of dry toluene and allowed to stand 6 h at ambient temperature
(sealed tube, argon flushed). The reaction mixture was then heated to 110 °C for 10 h, cooled, and
filtered to remove a small amount of polyethylene sulphide. The solvent was removed to give the raw
product as a nearly colourless ligiud.

The ligands were isolated as hydrochiorides and purified by recrystallization from ethanol/diethylether.

Yields: 65 - 70 %.
Elemental analysis:

d: (Found: C, 51.1; H, 8.0; N, 7.0; S, 16.0; Cl, 17.8, C7H3,N,S,Cl, requires
C,49.9; H, 8.1; N, 6.8; S, 15.5; Cl, 18.0 %)

e: (Found: C, 53.6; H, 8.0; N, 6.6, S, 15.1; Cl, 16.7, C4gH34N,S,Cl, requires
C,528,H,77;N,6.4;S,14.8; Cl, 17.1 %)

f. (Found: C, 47.9; H, 7.5; N,7.0; S, 16.0; Cl, 17.7, C45H3N,OS,Cl, requires
C,47.3;H,7.2;N, 6.8; S, 16.3; Cl, 18.0 %)

General synthesis procedure for the complexes 1 - 4

A mixture of 0.3 mmol of the tridentate ligand d - f and 0.3 mmol of 4-methoxythiophenol (for 1, 3
and 4) or sodium methylthiolate (for 2) was added to a stired suspension of [ReOCIy(PPhs),]
(250 mg, 0.3 mmol) in 0.15 N sodium acetate/20 ml of methanol. The reaction mixture was refluxed
for 45 min, at which time the metal precursor dissolved. The colour changed from greenish-yeliow to
greenish-brown. After cooling to ambient temperature, the mixture was diluted with 50 m! of dichioro-
methane and washed three times with 10 mi of water. The organic phase was separated from the
mixture and dried over sodium sulphate. After evaporation of the solvent the product was isolated by
column chromatography (silica gel, CHCls/methanol (90/10) as eluent).

Yields: 60 - 65 %.

Elemental analysis: 1: (Found: C, 43.3; H, 6.3; N, 4.2; S, 14.4, C4HasN,0,S;Re requires

C,43.2;H,5.0; N, 4.1;S,14.3%)

2: (Found: C, 37.7; H, 5.4; N, 4.9; S, 16.8, C43H31N,OS3Re requires
C,37.7:H,55;N,4.9; S, 16.6 %)

3: (Found: C, 45.2; H, 5.4; N, 4.1; S, 13.9, CxHa7N,0,S;Re requires
C,449;H,57,N, 4.0, S, 14.0 %)

4: (Found: C, 39.7; H, 4.5; N, 3.7; S, 12.7, C;sHasN,O;S3Re requires
C,39.2,H,46;N,3.8;8,124 %)
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Results and Discussion
A series of novel mixed-ligand oxorhenium(V) complexes 1 - 4, derived from the class of 5-HT,,

binding complexes, exemplified in Fig. 1, were synthesized and characterized.

H,C
0 \N
NG, /-‘\\Q
(R
s’ s

_/

Fig. 1: Example of 5-HT, receptor-binding Re complex (4)

All the compounds differ from the original receptor-binding complexes in the position of the N-contain-
ing pharmacophore. In this respect the substances are comparable with the recently described

analogous Tc and Re complexes [5, 6].

Table 1 reveals that the change in position of the N-containing pharmacophore portion in the complex
molecule has a considerable effect on the pK value of the nitrogen (compare with complexes § and 6
in Table 1). The successful decrease in apparent pK value achieved by the structural modification is
related to a significant increase in lipophilicity in terms of the distribution coefficient at pH 7.4.

Apart from the possibility of lowering the pK value by insertion of oxygen into the pharmacophore
group [2], this finding presents a further way of influencing the pK value by modifying the coordination

sphere.

Table 1: pK values, partition (P) and distribution (D) coefficients of N-functionalized Re chelates de-
termined by HPLC

DupLe log log
Complex PKurc (PH7.4) Pupic  Purc  Dapic

o OM
s ], s-(Orome
Re

CH [N s 1

Q"

ES\ﬁ/S"CH:s
cH, S8 2 9.05 10 3500 354  1.00

Oy~
NS 3 8.92 450 35500
RO

9.04 100 11900 4.08 2.00

4.55 2.65
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Table 1 cont.

Dupic log log
Complex PKipec (PH7.4) Pupc  Puric  Dupic
o
s fj,s{Orome
[N,Res
@ N T 4 721 9500 14340 416  3.98
o CH,
(COOH),
©\/\/CH3
N Qs
My 5 1008 5 3000 348 070
s\’__‘/s ref. [1]
o
N/\/S\“/s
Ré
s’ s 6 9.70 5 4150 3.62 0.70
~—/

ref. [1]

Synthesis of the tridentate ligands

The general synthesis procedure is illustrated in Scheme 1. Starting from the appropriate amino
alcohols [6], the primary amines a - ¢ were prepared by standard procedures using thionyl chloride
and sodium diformyl amide.

Subsequent addition of ethylene suiphide to a, b and ¢ following a procedure described by Corbin et
al. [7] yielded the tridentate ligands d, e and f. The products were isolated as hydrochlorides and
purified by recrystallisation from ethanol/diethylether

Scheme 1: General synthesis procedure for the tridentate S, NR, S ligands d - f to form
oxorhenium(V) complexes according to the [3+1] mixed ligand approach
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Synthesis of the complexes 1 - 4

The oxorhenium(V) complexes 1 - 4 in Table 1 were prepared by ligand exchange reaction of
[ReOCIx(PPh3),] with equimolar amounts of the appropriate SNS ligand (¢ - f) and 4-methoxythio-
phenol (for 1, 3, 4) or sodium methylthiolate (for 2), following a modified procedure described by
Papadopoulos et al. [5].

After column chromatography of the raw material only the syn-isomer (side-chain on the N-donor
atom is directed to the oxygen of the Re=0 core) was isolated and investigated.
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8. Synthesis of Neutral Amine Group Bearing "3+1“ Mixed-Ligand Oxorhenium(V)
Complexes

M. Friebe, M. Papadopoulos’, S. Chiotellis', H. Spies, R. Berger, B. Johannsen
'Institute of Radioisotopes and Radiodiagnostic Products of the National Center for Scientific
Research "Demokritos", Athens (Greece)

Introduction

The synthesis of amine-group bearing rhenium complexes was performed in order to study the
relationships between structural parameters such as lipophilicity or basicity (expressed in terms of log
P and pK) and the brain uptake of oxometal(V) complexes (Re; Tc). The compounds shown in
Scheme 1 are tertiary amine bearing mixed-ligand “3+1" complexes where the tertiary amine group is
part of the monodentate ligand. The tridentate dithiolate ligand is variable with respect to the neutral
donor group X. Tc complexes of this type have been the subject of earier studies [1].

The first report informs on the preparation and characterization of a series of rhenium complexes
where the tridentate ligand (HS-CH,CH,-X-CH,CH,-SH) contains O, S, or N-alkyl as the neutral donor
group X, and the pendent amino group bears dimethyl, diethy! and di-n-butyl groups or is a piperidiny!
or morpholinyl amine.



heme 1: General formula and numbering scheme of complexes [ReO(SXS)(S-CH,CH,-NR,)|

Scl )
(Pip = piperidine; Mo = morpholine)
s 9 s
N 1 \/\NR
Re 2
A N\
X S
A
NR; X: s o) NMe NEt NBu
NMe; 1a 2a 3a 4a 5a
NEt, tb 2 3 4b  5b
NBu; 1c 2c 3c 4c 5¢
Pip 1d 2d 3d 4d 5d
Mo 1e 2e 3e 4e 5e
Experimental

Tetrabutylammonium tetrachiorooxorhenium(V), chioro(3-thiapentane-1,5-dithiolato)oxorhenium(y)
and trans-monooxotrichiorobis(triphenylphosphine)rhenium(V) were obtained by the described proce.

dures [2, 3, 4].

Preparation of [MO(SXS)(S-CH,CHx-NR>)] 1a - 1e (X = S) (general procedure)

A fourfold molar excess of NRo-ethylene thiol (x mg, 0.3 mmol) in acetonitrile (2 ml) was added to 5
stirred and refluxed solution of chloro(3-thiapentane-1,5-dithiolato)oxorhenium(V) (29 mg, 74 umol) in
acetonitrile (4 ml). After a period of 30 minutes the reaction mixture was evaporated to dryness. The
residue was dissolved in trichloromethane and purified by liquid chromatography over silica gel 6(
with trichloromethane as the mobile phase (eluent: trichloromethane/methanol (19:1)) Complexes
were precipitated as brown powder after the volume of the elution mixture had been reduced by
evaporation. For 1a and 1b, the solvent was removed, the residue redissolved in dichloromethane
and - after adding methanol - the solution was slowly evaporated. '

Preparation of [MO(SXS)(S-CH.CH,-NR)] 2a - 2e (X = O) (general procedure)

Tetrabutylammonium tetrachlorooxorhenate(V) (87.9 mg, 0.15 mmol) was dissolved in trichioro.
methane (5 ml), stirred and cooled to 0 °C. A solution of 3-oxapentane-1,5-dithiol (20.5 mg, 0.1¢
mmol) and NR-ethylene thiol (0.20 mmol) in trichloromethane (2 ml) was added. After stirring for 3¢
minutes the reaction mixture was evaporated to dryness. The residue was dissolved in acetone
reduced in volume by slow evaporation and the purple solid obtained was first washed with a sma|
portion of methanol and then with ether (3 x 5ml).

Complexes 2a, 2c, 2e could not be obtained in a solid state.

Preparation of [MO(SXS)(S-CH,CH-NR;)] 3a - 3¢, 4a - 4e, 5a - 5e (X = N(-CHj); N(-C,Hs) and
N(-C4H,) (general procedure)

A mixture of the SNS ligand (0.2 mmol) and the monodentate ligand (0.2 mmol) in methanol (2 m|
was added to a stirred suspension of trans-monooxotrichlorobis(triphenylphosphine)rhenium(v) (1aé
mg, 0.2 mmol) in methanol (20 mi). The suspension was stirred and heated to 70 °C for 60 minutes
by which time the greenish-yellow colour of the precursor compound had turned a dark greenish
brown. After cooling to room temperature, the reaction mixture was diluted with dichloromethane an
water/hydrochioric acid (pH = 4) was added. The aqueous phase was reextracted with trichloro
methane, the organic exiract was separated and dried over sodium sulphate.

After purification by liquid chromatography over silica gel, first with trichloromethane and then witl
trichloromethane/methanol (19:1), the complexes were precipitated as green solids by slow evapo

ration of the mixtures: - trichloromethane/ethanol 4c, 4d, 5d, 5¢'
- trichloromethane/n-heptane  3a, 3b, 3d, 3e, 4e
- diethylether/n-heptane da, 4b



Results and Discussion

The rhenium complexes containing SSS and SOS donors were obtained by reaction of tetrabutyi-
ammonium tetrachlorooxorhenium(V) [2, 5} with the tri- and monodentate ligands in a one-pot reac-
tion [6, 7] (see Scheme 1). As an alternative route rhenium(V) complexes containing SSS donors
were also synthesized using a two-step reaction by addition of an excess of the appropriate monoden-
tate ligand to chloro(3-thiapentane-1,5-dithiolato)oxorhenium(V) as described by Fietz et al. [5, 3].
This procedure resulted in an increased yield. Analogous intermediates of the other tridentate ligands
(X = O, N-R) with the chlorooxometal core are unknown and our efforts to prepare such stable precur-
sors failed [6].

For preparation of the SNS-containing rhenium complexes transmonooxotrichiorobis(triphenyl-
phosphine)rhenium(V) [4] was used as a precursor, yielding complexes 3a - 3e, 4a - 4e and 5a - 5e in
the reaction with an equimolar mixture of tri- and monodentate ligands (see Scheme 2).

Scheme 2: Pathways to “3+1“ oxorhenium(V) complexes

(8]
[NBu,] [ReOCL,] [S\ i cl
S AN
S
+ HS S SH — \
+ Hs’ NR,
— — s
+ HS o SH N \/\NR
[NBu,] [ReOCl,] _— M 2
/N AN
+ HS NR, X s
\___/

D
g)
N\

ReOCL(PPh,),

The yields of crystallized complexes for the various donor ligands differ considerably (9 - 62 %
theor.). The best yields were achieved for SSS-containing complexes obtained by the two-step
procedure. The crystallization tendency decreases with more lipophilic complexes.

The two precursors used for the synthesis differ in their reactivity, which should match that of the
tridentate ligand. So we obtained pure stable products in higher yields with the tetrabutylammonium
tetrachlorooxorhenium(V) precursor in the case of HSSSH and HSOSH ligands. For preparation of
SNS-containing complexes the trans-monooxotrichiorobis(triphenylphosphine)rhenium(V) precursor
gave the best yields.

All the resulting complexes were characterized by elemental analysis, IR spectroscopy, HPLC and
melting point. Data are summarized in Table 1.

One of the compounds (2d) was examined by EXAFS 1o determine the structural parameters.

3y



Table 1: Data of complexes [ReO(SXS)(S-CH,-CH,-NR»)]

Complex Molecular M.p. IR Morphology
No. mass [°C] v(Re=0) [cm™]
1a 458.7 169 - 172 965 brown
needles
1b 486.7 104 - 144 965 brown
needles
1ic 542.9 - - redbrown
needles
1d 498.8 - 962 brown
powder
1e 500.7 207 - 220 968 brown
powder
2b 470.7 123 - 125 974 purple
powder
2d 482.7 144 - 146 976 purple
powder
3a 455.7 124 952 green
needles
3b 483.7 168-174 948 green
needles
3d 4957 201 -210 948 green
needles
3e 497.7 164 950 green
compact
crystals
4a 469.7 103- 104 960 fine green
needles
4b 497.8 92-94 952 fine green
needles
4c 553.9 94 - 98 952 amorph
green powder
ad 509.8 130-134 952 green
compact
crystals




Complex Molecular M.p. IR Morphology

No. mass [°C) v(Re=0) [em™)
4e 511.7 170 - 173 948 green
compact
crystals
5a 497.8 - - green
precipitate
5b 525.8 - - green
precipitate
5d 537.8 - 952 green
precipitate
5e 539.8 135-138 952 green powder/
compact
crystais

Correct elemental analyses were determined for all complexes with the exception for 1¢ and 5a,
which contained impurities; and 2a ; 2c and 2e, which could not be obtained as solids.

The infrared spectra (in KBr) of all rhenium complexes showed the expected Re=0 streich for the
monooxo species in the range of 948 - 976 cm™” (Table 1).

EXAFS

The expected structure of compound 2d was confirmed by the EXAFS investigations. indeed an
oxydation state of +V for rhenium could be evidenced by a short bound oxygen at 1.65 A, typical for
the Re=0 core. The donor atoms of the first coordination shell were identified as three sulphur atoms
with an average bond distance of about 2.27 A (mercaptide sulphur atoms) and one oxygen atom with
a bond distance of 2.06 A, corresponding to an ether oxygen.

Table 2: Final fit

Coordination Atom R[A] c [A%]
number (Debye-Waller-factor)

1 (o] 1.65 0.001

(o] 2.06 0.002

3 S 2.27 0.002

Detailed description of the method will be published next time. | am grateful to R. Jankowsky for his
help.

The rhenium complexes are soluble in trichloromethane, dichloromethane and acetone (1a - 5e),
slightly soluble in methanol and ethanol (1a - 5e), and insoluble in ether (1a - 3e, 4c - 4¢),heptane (1a
- 4e) and water (1a - 5e). Whereas all the compounds were found to be stable in the solid state and
solution, decomposition was observed for complexes 2b and 2d when applied to a silica gel column
and in the solute state.
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9. Preparation of Amine Group Bearing “3+1“ Mixed-Ligand Oxotechnetium(V)

Complexes at the Carrier-Added Level

M. Friebe, M. Papadopoulos’, E. Chiotellis’, H. Spies, R. Berger, B. Johannsen

YInstitute of Radioisotopes and Radiodiagnostic Products of the National Center for Scientific
Research "Demokritos”, Athens (Greece)

Introduction

Even in the early 1990s, neutral tertiary amine bearing “3+1“ oxotechnetium(V) complexes were
synthesized by Spies et al. [1] and Chiotellis et al. [2], and preliminary studies on the relationships
between structural parameters and lipophilicity as well as basicity (expressed in terms of log P and
pK) were carried out [1].

For some of these compiexes a considerable brain uptake was found [2]. In order to obtain more
information on the structure dependence of brain uptake it was necessary to make available and to
study more technetium(V) complexes belonging to different classes of substances.

Here we describe the preparation and characterization of a series of oxotechnetium complexes at the
c.a. level. Tri- and monodentate ligands and, therefore, the composition of the Tc complexes is analo-
gous to the Re compounds described in the preceding article.

Scheme 1: General formula and numbering scheme of complexes [TcO(SXS)(S-CH,CH:-NR»)]

O
Tc 2
b AN
X\_/S

NR: X: S (o] NMe Net NBu
NMe, 1a 2a 3a 4a 5a
NEt, 1b 2b 3b 4b 5b
NBu, 1c 2c 3c 4c 5¢c
Pip 1d 2d 3d 4d 5d
Mo 1e 2e 3e 4e Se

Experimental

Technetium-99/99m comiplexes

For radiolabelling a **Mo/**™Tc generator “Ultra Techne Cow* (Mallinckrodt) was used.

A mixture of sodium [%"Tc]pertechnetate (150 MBq in 1.0 m! of saline) and ammonium [*Tclper-
technetate (1.2 pmol in 0.12 mi of saline} was reduced by 0.12 mi of a stannous chloride solution (120
pmoi in 0.1N hydrochloric acid) in the presence of 0.1 M sodium gluconate solution (1.6 mi) to give



Tc(V) gluconate. The purity of the precursor was analysed by thin layer chromatography over silica
gel plates in acetone with a radioactivity detector. An activity peak at the starting range of the plate
indicates compiete reduction of pertechnetate.

Preparation of [TcO(SXS)(S-CH.CH-NR;)] 1a-5e

Te(V) gluconate (1.2 Pmol; 150 MBq in =2 ml) and a mixture of tridentate ligands (1.2 pmol) and
monodentate ligands (1.8 umol) in ethanol (0.6 mil) were vortexed and kept at room temperature for
10 minutes. The colour of the mixture changes from colourless to yellow. The pH value of the solution
was enhanced to 11 by 0.1 N sodium hydroxide2 and dichloromethane (1 ml) was added quickly. The
organic portion was separated and reextracted with water/hydrochloric acid (pH = 4).

The purity of the complexes was analysed by thin layer chromatography over silica gel plates in
methanol/0.1 N hydrochloric acid (4:1) with an activity detector. Three radioactive compounds were
detected in the reaction mixture. After extraction one major peak (95 - 92 %) and impurities (< 5 %)
were detected.

'an equimolar tri- and monodentate ligand mixture was used for complex 2d and 2e.

the pH values of the complex solutions 2d ; 2e ; 4¢c ; 5d and Se were enhanced to 8.5.

Results and Discussion

New [***Tcjtechnetium complexes were obtained in a two-step reaction, starting from pertechnetate
via a ligand intermediate complex according to Scheme 1.

As the first step the precursor Tc(V) gluconate was prepared. The oxotechnetium complexes were
obtained by a ligand exchange reaction of Tc(V) gluconate with a tridentate monodentate ligand mix-
ture. The complexes were purified by extraction into the organic phase (dichloromethane), reextrac-
tion into an agueous phase (pH = 4), and were not isolated at solid state. Radiochemical purity was
determined by thin layer chromatography (Fig. 2) and HPLC.

Rs values for all technetium complexes were determined and are listed in Table 1.

In order to elucidate for the expected composition of the compiexes, one representative was prepared
as a crystalline technetium complex and the structure parameters were obtained by XRD.

Table 1: Ry data of complexes [TcO(SXS)(S-CH,-CH,-NRy)] on silica gel plates in methanol/
hydrochloric acid (4:1)

Complex R¢ Complex R¢ Complex Ry
No. value No. value No. value
la 0.2 2e 0. 4d 0.2
ib 0.3 3a 0.3 4e 0.3
ic 0.5 3b 0.4 5a 0.3
id 0.3 3c 0.6 5b 0.4
le 0.3 3d 0.3 5c 0.7
2a 0.3 3e 0.3 5d 0.2
2b 0.4 4a 0.3 Se 0.2
2c 0.6 4b 0.4 - -
2d 04 4c - - -
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The technetium complexes are stable for days in acidic/aqueous solution. Extraction from the
reaction mixture in dichloromethane at pH 11 was not successful in any case, because of the relative
instability of some complexes in alkaline solution. The yields after reextraction from dichloromethane

in water/hydrochloric acid (pH 4) were different for the considered complexes. Best yields were
obtained for 1a - 1e (about 70 % theor.).
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Fig. 1: TLC-pattern of complex 1b before extraction (a) and after reextraction (b)
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10. Lipophilicity and lonization Properties of Sbme Amine-Bearing Technetium and
Rhenium *3+1“ Mixed-Ligand Chelates of the same Ligand Structure

R. Berger, M. Friebe, H.-J. Pietzsch, M. Scheunemann, B. Noll, T. Fietz, H. Spies, B. Johannsen

Introduction

In the design of brain (radio)pharmaceuticals special attention should be paid to lipophilicity and
ionizability of the molecules. In the last ten years studies have been focused on %MT¢ brain perfusion
radiopharmaceuticals able to pass the blood-brain barrier and be accumulated within the brain.
Neutral amino groups containing Tc complexes appear to be most favoured for this purpose.
Nowadays, research proceeds towards specific brain receptor binding %mTc agents. Binding to the
receptor site may require a positively charged nitrogen atom in the molecule, e.g. in 5-HT24 receptor
ligands. Such an essential constituent heavily affects the lipophilicity at physiological pH and hence
diffusion through the BBB. For a better understanding of how physicochemical and structural
properties such as (log) P and pK, values of a Tc tracer influence its transport through the BBB,
evaluation of the lipophilicity/pH relations of neutral, a protonable tertiary amine group containing
"3+1" mixed-ligand Tc and analogous Re chelates has been aimed at. :

Advances in reversed-phase high-performance liquid chromatography (RP-HPLC) and diverse publi-
cations on this topic [1 - 6] have encouraged us to use HPLC for the determination of both lipophilicity
and ionizability of series of Tc/Re complexes.

The P and pK; values were determined by means of lipophilicity/pH profiles [7].

Throughout this work all P values determined by RP-HPLC are notated as Pypic. The pK, values are
measured as pK.eLc and after correction for the influence of organic solvent in the solution by means
of the calibration curve (Fig. 1) they are given the denotation pKy).

Experimental

Experiments were performed and evaluated under almost the same conditions as described
elsewhere in this Annual Report [8] for the determination of partition coefficients, i.e. with identical
materials, reagent-grade chemicals, and methods. Samples were dissolved in a mixture of methanol/
acetonitrile or dimethyl sulphoxide (Re complexes: about 2 mg/mi, Tc complexes about 0.5 mg/ml).
The determination of pKup.c involves the use of mobile phases of various pH values.

A PRP-1 column was used, and the elutions were carried out with a mixture of acetonitrile and buffers
of definite pH values (volume ratio 3:1).

For a test series, buffers (frequently about ten or more) were employed to cover the pH range of
about 2 to 10. The buffer components KH,PO4 and Na,HPO, were completed by citric acid as well as
3-(cyclohexylamino)-1-propanesulphonic acid (CAPS) and a certain expansion of the pH range was
achieved by adding either 0.1 M HCI or 0.1 M NaOH. Before each application the pH values of the
eluents were measured after preparing the appropriate mixture of buffer and acetonitrile by using a
glass electrode. At such a well defined pH value several samples with various chelates and the
solution of reference substances were sequentially injected. Before injecting the first sample of a new
eluent series with changed pH value, the time for equilibration of the column was at least 10 min at a
flow rate of 2.5 mi/min [7].
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y = 0.8876 X + 1.50056;

R=0.99171;
SD = 0.20906
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Fig. 1: Calibration curve pK./pKuric using amines as standards, pK; values for 12 amines were taken
from [9]. (Found/literature): 1) o-toluidine (2.67/4.44), 2) aniline (3.43/4.63), 3) p-toluidine
(3.78/5.08), 4) N-ethylaniline (3.81/5.12), 5) N, N-dimethylaniline (3.81/5.15), 6) pyridine
(3.83/5.25), 7) o-picoline (4.45/5.97), 8) 2,4-lutidine (5.13/6.99), 9) N, N-diethylaniline
(5.26/6.61), 10) collidine (5.87/7.43), 11) brucine (6.96/8.28), 12) benzylamine (7.98/9.33)

Results and Di

scussion

Table 1 summarizes the Pypc, 109 Phpic and pKy () values of several analogous neutral technetium
and rhenium complexes as well as Tc/Re Pyp ¢ ratios.

Table 1:Pypc, l0g Prpic @and pKa) values of several analogous neutral technetium (M = Tc) and
rhenium complexes (M = Re) as well as Tc/Re Py, ¢ ratios

PupLe log Pypic PhpLc PKi(o)
No. Complex structure Tc Re| Tc Re |Tc/Re| Tc Re
1 N N 11 9] 104 095 | 122 | 0.15 895
e s e
M:N\__J o
2 AL ASE 47 36| 167 156 | 131 [ 971 978
(NP
o —"
3 g \jm 45 33| 165 152 | 136 | 761 7.44
!"*s(_:’_s I V J
N\
o
Wil
4 /s\ﬁ/s\v/\"im 25 17] 1.40 1.23 1.47 8.87 8.85
é\sf \75 Me
5 cH, g{’\,‘. 4450 3000| 3.65 3.48 1.48 996 10.03
/s\g/s\/ﬁv”\/"m
= continued
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Table 1: Pyp.c, log PreLc and pKipLc values of several analogous neutral technetium (M = Tc) and
rhenium complexes (M = Re) as well as Tc/Re Pyp ¢ ratios (continued)

Phprc log Pypic PupLc PKa)

No. Complex structure Tc Re| Tc Re |Tc/Re] Tc Re
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o ~g e
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17 8\3/5\/\,,20 112 65| 205 1.81 | 1.72 | 7.37 7.46
N/ \s
BG _/

18 S\g/s\/\,clo 26 15| 141 116 | 173 | 717 725
N/ \S
g —
Et

19 S\E/S\/\N"“o 14 8l 115 080 | 175 | 717 7.16
SN
N S
A —
Me

20 (S\E/s\/\ND 313 178| 250 225 | 1.76 | 899 9.25
s” s
d

21 EN T 32 171 151 123 | 188 | 898 883
N N/M\s Me
Et’ )
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continued



Table 1: Pupic, 109 Pupc and pKyp ¢ values of several analogous neutral technetium (M = Tc) and
rhenium complexes (M = Re) as well as Tc/Re Pyp ¢ ratios (continued)

PhpLe log Pypic PueLe PKy(c)
No. Complex structure Tc Re| Tc Re | Tc/Re| Tc Re
25 s 9 /S\/\NC> 154 791 219 189 | 185 | 950 947
/M\S
we —
Et
26 S\E/S\/\N/ 622 310 279 249 | 2.01 | 976 992
N s e
s —
Bu
27 s\ﬁ’s ~~y 8640 4270| 394 363 | 2.02 | 968 9.87
O’ \S Bu
28 s 9 /SV\ND 1595 775{ 3.20 289 | 206 | 957 970
Vd \S
B;l | N—
29 s 9 S~ b 29 121 146 1.08 | 242 | 7.11 7.36
Mg N
o\_J
30 s 9 /S\/\ND 379 156} 258 219 | 243 | 924 924
/M\
"

In Table 1, an always higher lipophilicity for the Tc complex can be deduced from the Tc/Re PypLc
value pairs of the same ligand structure. A mean value of 1.72 results for the Tc/Re Pyp.c ratios. The
mean difference between the lipophilicities of Tc and Re complexes is also demonstrated in Fig. 2, in
which the log Pup ¢ values of Tc on Re complexes are plotted. An almost parallel course of the linear

regression function to the additional function y = x can be observed.

Looking at the tridentate ligand parts of these complexes it can be seen that most of the complexes
with an (SSS) chelate have lower Tc/Re Pyp ¢ ratios than (SN(R)S) chelates, exceptions are Nos. 1,

2,5.

Considering the monodentate ligand parts of the complexes, a benzene ring in the ligand seems to
have a less enhancing effect (Tc/Re Pup.c ratio: 1.5 - 1.6) than piperidinyl or morpholinyl ligands

(1.7 - 2.4).
An analogous difference between Re and Tc complexes has not been found for the pK,(, values.

It is likely that Tc compounds compared to Re compounds have a higher lipophilicity as observed.

However these results remain to be proven in detail.

Tc
45+

40+
y=0.99672 x + 023415

35-_ R=0.99701;n=30

30+

. —
@ o5 16 15 20 25 @0 a5 40
Re

Fig. 2: A plot of the logarithm of Pup c(T¢) on Pupc(Re) values



Our systematic studies enable us to establish rules of thumb:

1) Replacement of the central heteroatom in the tridentate ligand increases Pyp ¢ in the rank order
N-Me < N-Et ~ S ~ O < N-Bu. A similar dependence is not evident for the pKy() values.

2) Lengthening of the N-alkyl side chains in the monodentate ligand increases the pKy, as well as
the PypLc values.
Apart from the morpholine derivatives the lipophilicity grows as expected with the number of the
carbon atom in the amine group according to Mor ~ NMe, < NEt, < Pip < NBu,.
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11. Retropane - a New Rhenium Complex as a Potential Ligand for Labelling the
Dopamine Transporter

A. Hoepping, H. Spies

Introduction

Radiolabelled phenyltropanes as a class of ligands with a high affinity to the dopamine transporter
offer many possiblities for nuclear medical diagnosis of dopamine-receptor-depending alterations of
the brain. So far, ''C, "°F, and '®I-labelled B-CIT [1, 2] and IPT [3] have been proposed as PET and
SPECT tracers for the diagnosis of Parkinson’s disease.

Recently, some cocaine derivatives containing technetium or its congener rhenium [4, 5] have been
published. They represent substituted phenyltropanes bearing a chelate moiety at the tropane
nitrogen. Neumeyer [6] has recently reported on the attachment of a tetradentate N,S; chelating unit
to the R-CIT system by substitution of the methoxy group in the ester functionality.

We would like to report on the synthesis of the first rhenium complex, "retropane®, alternatively
derived from the basic skeleton of the tropane molecule modified at the Cz position [7]. This
contribution is part of our work to make available Tc tropane complexes with high affinities to
dopamine transporters as potential radiopharmaceuticals.

Experimental

(3-thiapentane-1.5-dithiolato)(3-thiolato-propanoic acid trop-3a-yl-ester) oxorhenium(V)

34.4 mg (150 pmol) 3-thiopropanoic acid trop-3o-yl ester were added to a boiling solution of 38.9 mg
(100 umol) chioro(3-tiapentane-1,5-dithiolato)oxorhenium(V) in 5 mi acetonitrile while stirring. After
adding 3 drops of triethylamine the mixture was refluxed for 5 minutes. The solvent was removed in
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vacuo and the residue was purified by flash-chromatography using methanol/chloroform = 1:4 as an

eluent.

The dark red oil obtained was crystallized as oxalic salt.

Yield: 28.6 mg (49 %, free base)

H NMR data: (500 MHz, CD;0D): 3 2.13-2.15 (m, 4H), 2.32-2.36 (m, 2H), 2.43-2.47 (m, 2H), 2.52-
2.57 (m, 2H), 2.85 (s, 3H, CHa), 2.98 (t, J = 6.85Hz, 2H, CH,), 3.13 (td, J;= 13.65 Hz,
Jo=2.78Hz 2H), 3.93 (bs, 2H), 4.06 (t, J = 6.85Hz, 2H, CH,), 4.12 (dd, J1 = 10.74 Hz,
J2=3.37 Hz, 2H), 4.37 (dd, J, = 13Hz, J,= 4.77Hz), 5.13 {t, J = 4.6Hz, 1H)

BC NMR data: (125.77 MHz, CD;0D): & 24.89, 32.60, 36.03, 39.07, 39.46, 47.41, 48.49, 63.88,
65.63, 165.46, 172.97

Mass spectrum: m/z 582 (M’, 54.3 %), 583 (10.5), 584(100) M"+1, 585(19), 586(17), 587(3), 588(1.4)

IR absorption (KBP): vma/cm™ 860 (Re=0).

Elemental analysis (oxalate): (Found: C, 30.41; H, 4.33; N, 2.20; S, 17.92; C,;H,sNO;S Re requires

C, 30.31; H, 4.19; N, 2.08; S, 19,00 %).

Results and Discussion

The introduction of a mercapto group was achieved in the form of o-mercapto-substituted esters of
tropanol. Starting from o-tropanol hydrochloride the 3-bromopropionic acid tropy! ester was synthe-
sized by a very simple procedure [8]. The resulting hydrochloric salt was reacted with triphenyl-
methanthiol in DMF to yield the S-protected mercaptan in a good yield. The deprotection of the
mercapto group was accomplished by reacting the thiotritylated compound with mercury acetate in
trifluoro acetic acid and cleaving the mercury-mercaptide with hydrogen sulphide.

Scheme 1:
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Cl Br
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O O 57% O o]
4 3
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The rhenium complex was obtained in a typical 3+1-reaction [9], in which the thiol as the
monodentate ligand was reacted with [ReO(SSS)C1].
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To summarize, we were able to synthesize the first rhenium complex based on an O-substituted
tropanol derivative. Continuation of the work will refer to other esters of tropane, preparation of the
congener technetium complexes and testing of the affinity to the dopamine transporter (DAT).
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12. Preparation and Structure of Neutral Oxo-Re(V)-Complexes with L-Cysteine Methyl
Ester and D-Penicillamine Methyl Ester

S. Kirsch, B. Noll, H. Spies, P. Leibnitz', D. Scheller?, B. Johannsen
'Bundesanstalt fiir Materialforschung, Berlin
2Institut fiir Analytische Chemie, Technische Universitit Dresden

Introduction

In former studies [1] the neutral Re(V) complexes of penicillamine and cysteine were prepared by
ligand exchange of Re(V) gluconate, and its crystal structure determined. The N- and S-atoms in the
basal plane of the six-coordinate complex [ReO(-S-C(CHz),-CH(COOH)-NH,-)(-S-C(CH3),-CH(COO)-
NH_-)] are cis coordinated, and one of the carboxyl groups is bound trans to the oxo group.

In order to obtain more information about the complexation behaviour of ligands of the 2(N,S,0) type,
investigations were carried out in the following study into the penicillamine methyl ester and cysteine
methyl ester moiety, where the O-donor is blocked.

Three different complexes were obtained with D-penicillamine methyl ester. Besides the two diester
complexes [ReO(-S-C(CHz),-CH(COOCH:)-NH-)(-S-CH(-COOCH3)-NH:-)] (2) and [ReO(-S-C(CHs),-
CH(COOCHj3)-NH-)(-S-CH(-COOCH3)-NHx-)(H,0)] (3) the mixed-ligand complex [ReO(-S-C(CHa)--
CH(COOCHS3)-NH>-)(-8-CH(-COO-)-NH»>-)] (1) was formed, containing tridentate D-penicillamine,
obviously generated upon coordination, and bidentate D-penicillamine methyl ester in a coordination
geometry similar to that of the Re penicillamine complex. According to 'H NMR studies in solution, (2)
and (3) are surprisingly characterized by both a deprotonated and a neutral nitrogen donor atom in the
ReO(NS), system. This feature, usually attributed to complexes of [Tc=O]>" and [Re=OJ*" with
tetradentate aminethiols, is consistent with a neutral five-coordinate oxo metal complex of D-penicill-
amine methyl ester. In the case of L-cysteine methyl ester only the mixed-ligand complex [ReO(-S-
CH,-CH(COOCHz)-NH,-(-S-CH(COO-)-NH,-)] (4) with a similar structure to (1) could be isolated and
its structure determined by X-ray analysis.

Experimental
/ReO(-S-C(CHz3)>~CH(COOCH3)-NH-)(-S-C(CH3),-CH(-COO-)-NH»-)] (1)
40 mg (0.2 mmol) of D-penicillamine methyl ester-HCI in 2 ml of water were added to 2 m! (0.1 mmol)
Re gluconate solution. A reddish-brown residue was obtained, separated by filtration and redissolved
in 2 - 3 mi of acetone. 3 mi of water were added and the solution was allowed to crystallize by slow
evaporation at 25 °C.
Yield: 25 mg of dark violet needles suitable for X-ray analysis.
Elemental analysis: (Found: C, 25.28; H, 4.14; N, 5.48; S, 12.58 ReC1H»10sN,S, requires.

C,26.00; H, 4.08; N, 5.39; S, 12.64 %).
IR absorptions: vmadcm™* (KBr) 976 (Re=0), 1732 (C=0-OCH,) and 1624 (C=0, trans coordinated).
UV/VIS absorptions: An./nm (water) 345 with a shoulder at 290, 508.
Mass spectrum (DCI): m/z 512 (M", 100%).

[ReO(-S-C(CH3)-CH(COOCH3)-NH2-)(-S-C(CH3)-CH(COOCH;)-NH-)(2) and
[ReO(-S-C(CH3)>-CH(COOCH3)-NH2-)(-S-C(CH3)-CH(COOCH;)-NH-)(H,0)] (3).
40 mg (0.2 mmol) of D-penicillamine methyl ester-HCI in 2 mi of water were added to 2 mi (0.1 mmol)
Re gluconate solution. The reddish-brown residue was filtered off and redissolved in 2-3 mi of
acetone. The solution was purified by flash-chromatography on silica gel 60 in acetone. Two fractions
can be isolated: {2) was obtained as a violet powder and (3) as light red powder, soluble in almost all
organic solvents. The total yield of (3) depends on its contact time with water.
Analytical data for {2):
Elemental analysis: (Found: C, 27.37; H, 4.59; N, 5.32; S, 12.17 ReC:H:305N,S, requires
C, 28.03; H, 4.80; N, 5.10; S, 11.90 %).
IR absorptions: vmya/ cm’ (KBr) 840 (Re=0) and 1728s (C=0-0OCH,).
UV/VIS absorplions: ima/nm (in CH,Cly) 358, 523
Mass spectrum (FAB, neg.): m/z 525 (60%), 396 (20%), 183 (100%).
Analytical data for (3):
Elemental analysis: (Found: C, 26.32, H, 4.55, N, 5.10, S, 11.69 ReC;H;30:N;S,(H;0) requires
C,26.51, H,4.63,N,5.15, 8, 11.79 %)



IR absorptions: viyad/ cm™ (KBr) 936 (Re=0) and 1728s (C=O0, free ester).
UV/VIS absorptions: Ans/nm (in CH,CIy) 526, 350 with a small shoulder at 310.

[ReO(-S-C(CHj3),-CH(COOH)-NH2-)(-S-C(CH3),-CH(-COO-)-NH2-)] (4)
34.33 mg (0.2 mmol) of L-cysteine methyl ester-HCI in 2 ml of water were added to 2 mi (0.1 mmol)
Re gluconate solution. A dark brown residue was obtained after stirring for 45 min. The residue was
separated by filtration and was washed twice with ethyl alcohol and ether.
After recrystallization in methyl alcohol dark brown crystals suitable for X-ray analysis were obtained.
Elemental analysis: (Found C, 18.46; H, 2.88; N, 6.15; S, 14.08, ReOsC7H13N,S; requires
C, 18.63, H2.82; N, 5.98; S, 13.95 %).

IR absorptions: vme/ cm™* (KBr) v(C=0-OCHs) 1744 and v(C=0-O-, trans) 1644 and v(Re=0) 976.
UV/VIS absorptions: Amg/nm (water) 345 with a shoulder at 290, 495.
Mass spectrum (DCI neg.): m/z 456 (M*, 100%)
NMR data: 8, (300 Mhz; solvent DMSO-Dg): 2.75 [1H, dl, 3.13[1H, q], 3.5 [3H, T of fine structure],

3.72 [3H, s], 4.03 [1H, s], 6.11 [1H, d], 6.97 [1H, 1], 7.63 [1H, d] and 7.86 [1H, d]}

Results and Discussion
L-cysteine methyl ester and D-penicillamine methyl ester react with Re gluconate in acidified water
according to Scheme 1.

Scheme 1: Reaction of Re gluconate with D-penicillamine methyl ester and L-cysteine methyl ester in
acidified water resulting in the monoester complexes (1) and (4).

o R s 0O s R
R.R © H,0 Ao R
Re gluconate + 2 HS)\./[\OCH3 - 5 Ry /?e\HN COOCH,
NH, NH,: ™2
O
o
(1),.(4)

R =CH, for peniciliamine methy! ester (1)
R=H for cysteine methy! ester (4)

Furthermore, another type of a neutral rhenium complex with D-penicillamine methyl ester as ligating
moiety occurred (2 and 3) starting from rhenium gluconate. They were immediatly extracted with
organic solvents and isolated as powders after flash-chromatography on silica gel 60 in acetone.
When the products, without chromatographic separation, were allowed to react with water and then to
crystallize, needles of complex (1) suitable for X-ray analysis were obtained. In Tables 1 and 2
selected bond distances and bond angles of (1) and (4) are compared.

The molecular structure of Re penicillamine methyl ester and cysteine methyl ester as ligating moiety
resemble that of Re penicillamine at low pH [1]. One methyl group was saponified during complex
formation in water to form the neutral monoester complexes {1, 4} with aimost the same crystal
structure. The S- and N-donor atoms are cis coordinated and the carboxyl group is involved in the
complex formation trans to the Re-oxo-group.The structure comprises a distorted octahedron as
shown in Figs. 1 and 2.
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Fig.1: Crystal structure of Re penicillamine methy| ester determined by X-ray analysis
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Fig.2: Crystal structure of Re cysteine methyl ester determined by X-ray analysis
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Table 1: Comparison of selected bond
distances of (1) and (4)

Bond distances for
(1) (4) [A)
Re-O (1)} 1.663 (5) 1.670 (4)
Re-N(2) | 2.162 (6) 2.158 (4)
Re-0(2){ 2.179 (4) 2.159 (4)
Re-N(1)| 2194(6) | 2.202 (5
Re-S (2) | 2.280 (2) 2.290 (14)
Re-S (1) | 2.300 (2) 2.305 (14)
"H NMR data

Table 2: Comparison of selected bond angles
of (1) and (4)

Bond angles of

(1) (3) [deg] |
O(1)ReN(2)| 97.9(Q) 94 6 (2)
O(1)-Re-0(2)| 15792 | 157.3(2)
N(2)}-Re-0(2)| 743(2) 75.6 (2)
O(1)-Re-N(1) | 90.2(2) 90.8 (2)
N(2)-Re-N(1) | 93.2(2 96.9 (2)
O(2)}-ReN(1)| 701 70.5 (2)
O(1)}-Re-S(2) | 106.0(2 | 105.3(2)
N(2)-ReS(2) | 83.1(2 82.23 (12)
O (2)-Re-S(2) | 93.71 (13) | 93.81 (11)
N(1)}-ReS(2) | 16382 | 163.8(2)
O(1)ReS(1)| 1046(2) | 106.8(2)
N(2)}-ReS(1) | 157.3(2) | 158.59 (12)
O (2)-Re-S (1) | 83.77 (12) | 84.03 (11)
N(1)-ReS(1) | 846(2 82.22 (14)
S (2)-Res (1) | 92.80 (7) 92.67 (6)

Re penicillamine methy! ester complexes were recorded in DMSO-Ds. In Table 3 the chemical shifts
of (1) and (2) are compared. NMR data obtained for (4) are comparable to those of complex (1).
The postulated structure of (2) is shown in Fig. 3. In contrast to (1) with only one methoxy signal at 3 =
3.81 ppm two methoxy signals can be observed in the NMR spectrum of (2) with 5 = 3.71 ppm and 3

= 3.79 ppm. Furthermore, there are only three NH signals in the spectrum of (2): a triplet at 6.23 ppm,
a doublet at 8.46 ppm and a singlet at 8.50 ppm in contrast to (1) with four NH signals belonging to
the two protonated amine groups (NH,). These facts prove that one amine group was deprotonated
during complex formation of (2).

Table 3: "H NMR chemical shifts (5 in ppm) of (1), (2)

Re pen/penicillamine | Re penicillamine | Re penicillamine dimethyiester -
monomethylester (1) | dimethylester (2) H,0 (3)
66.7 % 33.3%

1.29,s CH; 0.91,s CHs 0.91,s CH; 0.94,s CHs
148, s CH, 1.05,s CH; 1.05,s CH; 1.08,s CHs
168, s CH; 1.69,s CH; 1.69,s CH; 1.69,s CHj
1.89,s CH3 1.93s CHs; 1.93,s CH; 1.81,s CH;
3.140,dd CH 3.47,dd CHy 3.47,dd CHy 3.74, dd CHy
3.64,s CH 3.91,s CHyg 3.91,s CHy 401,5s CHyx

3.71,s OCH; |3.71,s OCH, 3.74,5 OCH;
3.81,s OCH; 3.79,s OCH; |3.79,5 OCH, 3.76, s OCH3
5.80,d N(1)H
6.79,t N@H 6.23,1 N@H |6.23,1 N(2H 5.82,t N(2H
760,d N@2H 8.46,d N{@H 18.46,d N@H 8.34,d N@H
7.75,d  N{(DH 8.50,s N(DH [8.50,s5 N(1)H 9.78,s N{DH
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Fig. 3: Postulated structure of (2)

The magnetic anisotropy of the Re=0 core is responsible for the great differences in the chemical
shifts of the NH, and CHs groups. The nonequivalence of the four CH; and the two OCH; groups are
caused by the chirality of the ligands and the asymmetry of the complex. For the same reason the two
protons of the NH, group are chemically nonequivalent. For the N,H® group a pair of doublets is
obtained at 5 = 8.5 ppm. lts coupling constant *Juy with CH® is relatively small (3.5 Hz) and
therefore, with respect to the Karplus-Conroy curve, the dihedral angle between these protons must
be nearly 50°. The coupling constants *Ju of NJH™ with CH® and 2,y for the two protons of the NH,
group are of quite the same size, which causes a triplet at 8 = 6.2 ppm instead of the expected pair of
doublets. Its coupling constant *J = 12.5 Hz is quite large. This fact indicates a dihedral angle of
180° between the N,H™ and the CH™ proton.

Between the CH™ group at & = 3.9 ppm and the neighboring deprotonated N\H® group at 5 = 8.5
ppm no coupling can be observed. These two signals are therefore not doublets, as expected, but
singlets. Consequently the dihedral angle between these two protons must be nearly 90°.

In the 2D-NOESY-NMR spectrum of this complex cross peaks are obtained between N,H® and
NoH™ The last three cross peaks with CHs groups indicate that the CH® group belongs to CH,? and
CH5. CH;™" and CH,™ therefore belong to the deprotonated ligand.

For complex (3) we first recorded the 'H NMR spectrum in CDCl5 and found besides the expected CH
and NH signals similar to complex (2) a water signal at 1.60 ppm integrating two protons. Therefore
the trans position of compiex (3) seems to be occupied with one molecule of water. This shows a
great effect on the coordinatively bonded deprotonated N4H group, which becomes apparent in the
extremely shifted singlet at & = 10.94 ppm belonging to this proton. After the measurement CDCl; was
evaporated and the residue was resolved in DMSO-D¢. The recorded spectrum shows a mixture of
complex (2) and (3). Only about 33 % of the former complex (3) still exists with the extremely shifted
N4H group at § = 9.77 ppm. For the other 67 % the coordinated water in trans position is replaced by
DMSO and the belonging chemical shifts are identical with those of complex (2). Thus, in coordi-
nating solvents like DMSO or water a dynamical equilibrium seems to exist with varying replacement
of solvent molecules in the trans position of these kind of complexes.

Conclusions

The studies on Re complexes of D-penicllamine methyl ester and L-cysteine methyl ester confirm a
great tendency of 2(N,S} aminethiol ligands to form neutral Re oxocomplexes. Accordingly, in aprotic,
non coordinating solvents such as CH,Cl, one amine group in the 1:2 Re(V) oxocomplex {2) is depro-
tonated and thus contributes to the compensation of the positive charge at the Re-oxo-core. In the
presence of coordinating solvents, the trans position is occupied with a solvent molecule, without any
change of the NH/NH, coordination mode (3). In water, however, also an alternative form of the
complex occurs, avoiding NH deprotonation. Unlike tetradentate DADT ligands, such as ethylenedi-L-
cysteine diethyl ester (L,L-ECD) which form neutral species with the ester groups remaining intact {2],
one of the ester group-bearing ligands in penicillamine methyl ester and cysteine methyl ester is
hydrolyzed and assumes a higher denticity. The generated carboxyl group binds frans to the oxo
ligand. The coordination geometry of the mixed-ligand complexes (1, 4) is similar to that of the known
Tc and Re D-penicillamine complexes [1, 3]. It is evident that a NH,/NH, coordination is preferred to
the asymmetric NH/NH, coordination if charge compensation can be provided by an appropriate
donor group, such as carboxyl that binds frans to the oxo group.
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The whole reaction scheme and structures of the complexes are illustrated in Fig. 4.

Re gluconate

penicillamine methyl ester or
cysteine methyl ester
H,O0,pH 4
Occurrence of (2) and (3)
depends on contact with water
6] R R o) R
in agueous solution
COOCH,
‘___._
COOCH;
neutral, complex (2) neutral, complex (3)
within a few days in H,0
R 0 R
= Sl ~S—FR
RBe  |~coocH,
N, | N
— O
O

neutral, complexes (3, 4)

Fig. 4: Reaction scheme and structures of the obtained complexes
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13. Formation of Mixed-Ligand Ester Complexes of Rhenium and Technetium with
S/S/S-N or S-S/S-N Coordination

S. Seifert, H. Spies

Introduction

A number of anionic S, coordinate rhenium and technetium complexes have been recently described
{1, 2]. Substitution of a thiol donor atom by a nitrogen atom should make the resuiting complexes
neutral within a defined pH range. Such an NS; coordination can be achieved by combination of, for
example, a dimercapto-succinic acid diethyl ester ligand (DMSEt;) or two monomercaptoacetic acid
ethyl ester ligands (MAEt) with cysteamine (CYSA), provided that the amine group of the cysteamine
moiety is not deprotonated in the resulting complex. The formation of such mlxed -ligand complexes is
described as well as the transformation of complexation to the n.c.a. level of *™Tc.

Experimental

The precursor compounds [ReO(giuc).] or [ReOCls] were prepared for the formation of mixed-ligand
rhenium complexes according to the well-known procedures.

In the case of complexes with monothiols and cysteamine, the mercaptocarboxylic acid or the ethyl
ester complex was at first formed as described in [3]. The desired mixed-ligand complex was
prepared in a following step by adding the stoichiometric quantity of cysteamine to the solution.

The preparation of rhenium complexes containing DMSEt, and cysteamine was carried out in a one-
pot reaction with equimolar quantities of the ligands in aqueous/ethanolic or ethanolic/acetonic
solutions by preparing at first the cysteine or cysteamine complex and then exchanging one CYS
ligand for DMSEt,.

The corresponding %mTc complexes were obtained by stannous chioride reduction of pertechnetate in
aqueous/acetonic ligand solutions. 1.2 mg CYSA and 0.05 mg DMSEt, were added to 1.0 ml pertech-
netate eluate containing 7.0 mg NaHCO;. The reduction proceeded with 0.01 m! of an ethanolic
stannous chloride solution (1.0 - 2.0 mg/10 ml).

It is also possible to prepare the mixed-ligand *™Tc complex via ligand exchange starting with *™Tc
gluconate and successively adding CYSA and DMSEY; in a similar way as described for the formation
of n.c.a. "3+1" complexes [4].

The complexes were analysed in solution by thin layer chromatography (TLC), paper electrophoresis

(PE), high performance liquid chromatography (HPLC) and some rhenium complexes also by mass

spectrometry (MS).

TLC: Silufol/acetone

PE: acetonitrile/water (1.0 % NaClQg4) at pH 7.0 and 2.0 adjusted with HCIO,4, 500 V

HPLC: PRP-1 (250 x4.1 mm, 10 ym, flow rate 2.0 mi/min), acetonitrile (A)/20 mM phosphate
buffer pH 7.4 (B), gradient 1.0, ({{min}/%A): (5/0), (10/50), (5/50), (1/75), (5/75)

MsS: MAT 95 spectrometer (Finnigan), fast atom bombardment (FAB-MS) and chemical
ionization (CI-MS)

Results and Discussion

Prior to the studies of mixed-ligand complexes involving the ligands cysteamine, cysteine and
cysteine methyl ester, complexes of each of the ligands were only synthesized and analysed by
HPLC. it was found that the rhenium cysteine methyl ester compiex (R; = 11.2 min) is immediately
hydrolysed to the monoester complex (R, = 6.7 min) and that in a following slower hydrolysis step the
cysteine complex (R; = 2.1 min) is formed. Considering this behaviour and the fact that no free
carboxylate groups should be in the desired mixed-ligand complexes, cysteine ester does not appear
to be suitable as a co-ligand. However, mono or dimercapto ligands containing one or two ester
groups are suitable for this purpose.

The reactions of the rhenium complexes [ReO(MAA),] and [ReO(MAEL),MAAJ (MAA = mercapto-
acetic acid) with cysteine show, that cysteine is able to substitute a bidentately bound MAA ligand
molecule and a mixed-ligand complex is formed according to the following route:

[ReO(MAA)] +CYS ——» [ReO(CYS/MAA)] + MAA



The same complex with a R; value of 4.1 min is detected after reaction of [ReO(MAA),] with cysteine
methyl ester and waiting for some hours while the ester complex hydrolyses to [ReO(CYS/MAA)]".
Initially cysteamine (CYSA) reacts with [ReO(MAA),] to form an anionic mixed-ligand compiex. An
excess of CYSA leads to complete substitution of MAA, and the Re-CYSA complex is formed
accordingly (R¢ = 9.2 min).

Using the ester complex [ReO(MAEt),MAA], ligand exchange with CYS or CYSA results in products
which are stable in a phosphate buffer of pH 7.4 but can be hydrolysed by pig liver esterase (PLE).
The hydrolysis products are the mixed-ligand mercapto acetic acid complexes [ReO(CYS/MAA)]" and
[ReO(CYSA/MAA)].

Electrophoresis studies show an anionic mobility at pH 7.0 for both ester complexes. The complex
containing cysteamine moves only a very short distance at pH 2.0, possibly indicating the existence
of a neutral compound in acidic solution.

Unfortunately, mass spectrometry failed for both ester complexes.

The mixed-ligand rhenium complexes containing DMSEt, and CYS or CYSA as ligands were
prepared either by a stoichiometric ligand exchange in a one-pot reaction starting with [ReOCL] or Re
gluconate or by adding one equivalent of DMSEtL, to the cysteine or cysteamine complex. The
reaction mixture consisting of the mixed-ligand complex and the anionic compiex [ReO(DMSEt,).]
can be separated by HPLC. As found by HPLC, the mixed-ligand complexes are unstable and
decompose mainly to the DMSEt, complex.
A neutral complex should be expected for the combination of a DMSEt, with a CYSA ligand. Actualiy,
HPLC separation yields an anionic first fraction (R; = 10.8 min) and a neutral second fraction (R; =
12.1 min) as found by electrophoresis of the separated fractions and the reaction mixture at pH 7.0
and 2.0.
The fractions 1 and 2 were analysed by FAB-MS and CI-MS. The molecule ion peaks of the mixed-
ligand complex [ReO(CYSA/DMSEL)] and the complex [ReO(DMSEtL;),]” were detected by both
methods.

(0]

Etooc~S~ I _s

TR

EtOOC~ NS~ SN

Hz
[ReO(CYSA/DMSEL,)] (m/z = 513/515)

The (M-1) value (m/z = 512/514) of the negative molecule ion was found with FAB-MS as well as CI-
MS.
The corresponding omre complex was prepared either by direct reduction of pertechnetate eluate in
the ligand solution or by ligand exchange, starting with *™Tc gluconate.
The formation of the mixed-ligand complex by direct reduction of pertechnetate was monitored by
TLC and HPLC. Three dominant peaks were detected in TLC:

peakl: R;=0-05 %™ cysteamine complex

peak Il  R¢=0.865 mixed-ligand complex

peak i R;=0.9 ®™TcO(DMSEL),]

The product distribution changes with time. The start aclivity decreases with time while peaks I and
Il increase. On the other hand, peak W increases faster than peak lli. Then the mixed-ligand complex
decomposes mainly fo the DMSEt, complex and other unknown species. The optimum quantities of
ligands for direct reduction were determined to be in the range of 0.8 - 1.5 mg CYSA and 0.04 - 0.06
mg DMSEL,. The maximum yield of the desired complex is obtained at different times, depending on
the quantity of cysteamine used for preparation. Fig. 1 shows the course of reaction for different
contents of cysteamine in the reaction mixture.
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Fig. 1: Formation of [gngcO(CYSA/DMSEtz)] with 0.05 mg DMSEY; and 0.8 mg,
1.2 mg or 1.5 mg cysteamine as monitored by TLC.

The diagrams show that the cysteamine complex is mainly formed in a first fast step and that the
DMSEt, attacks in a second step. It was observed that higher yields of cysteamine in the preparation
delgg:nthe formation of the mixed-ligand complex. Amounts lower than 0.8 mg promote the formation
of [ TcO(DMSEL),].

To examine the stability of the ®mre complex, the ligand excess was separated by HPLC. The
complex fraction was re-injected at different times and analysed by TLC. It was found that the *™Tc
complex decomposes within a few hours to [**"TcO(DMSEL,),] and to the *™Tc cysteamine complex.
Atfter only 1 h about 50 % of the mixed-ligand complex could still be determined in the solution.

Attempts were made to improve the yield of mixed-ligand complex, using other preparation routes.
For this reason the ligand exchange reaction starting with *™Tc gluconate was tested. This method
led to satisfactory resuits in the preparation of "3+1" *™T¢ complexes. Despite a variation of ligand
quantities and reaction temperature, only less than 50 % of the desired complex were obtained.

To sum up, we were able to prove the formation of mixed-ligand complexes containing two
mercaptocarboxylic ester ligands or a dimercaptocarboxylic ester or diester ligand in combination with
a cysteine or cysteamine ligand. In the case of the combination CYSA/DMSEt, a neutral complex
molecule is formed which might be of interest in the search for complexes which are able to cross the
blood-brain barrier.
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14. A Novel Amide Thioether Dithiolate Ligand Derived from Cysteine

B. Noll, S. C. Hilger', P. Leibnitz?, H. Spies, L. Dinkelborg', B. Johannsen
Schering AG Berlin, ’Bundesanstalt fiir Materialforschung und -priifung Berlin

Efforts in the search for new chelators that are able both to coordinate radicactive metals and to bind
the resulting complexes at biologically relevant anchor groups have been focused so far on
tetradentate N,S, ligands, N being an amide or amine functionality [1]. In the present paper we
describe the synthesis of an alternative, cysteine-derived S,N,S,S ligand in which a nitrogen
functionality in the above N,S; ligands is substituted by a thioether group, as well as the formation of
the corresponding oxorhenium(V) and oxotechnetium(V) complex.

Experimental

General

H NMR spectra were measured on a Bruker AC 400 (400 MHz), standard tetramethylsilane. IR
spectra were measured by a Nicolet 710 spectrometer. The mass spectrum was recorded by a ZAB-E
spectrometer, VG Analytical, Manchester (FAB Cs’ gun, 3-nitrobenzyl alcohol/glycerine/DMSO). The
X-ray crystallographic data were obtained at 294 K on an Enraf-Nonius CAD-4 diffractometer, using
graphite monochromated Mo-Ka radiation (A = 0.71069 A) in the "Bundesanstalt fir Material-
forschung, Berlin.

Synthesis

2.5-dithiacyclohexanone

was prepared according to Larson et al. [2] by reaction of 48 mi (0.6 mol) chloroacetyl chloride with
51 mi (0.6 mol) 1.2-dimercaptoethane in 900 ml dichloromethane and 169 ml (1.2 mol) triethylamine.
Yield: 52 g (65 %) of a yellow powder.

N-(5-mercapto-1-oxo-3-thia-pent-1-yl)-L-cysteine methylester (1)
6.7 g (50 mmol) 2.5-dithiacyclohexanone was added to a solution of 8.58 g (50 mmol) L-cysteine
methyl ester hydrochloride and 13.86 mi (100 mmol) triethylamine in 250 mi dichloromethane. The
mixture was stirred overight at room temperature under an argon atmosphere. For working-up the
mixture was treated with 300 mi 5 % aqueous citric acid solution, twice with 300 ml 1 % aqueous citric
acid solution and with 300 ml saturated sodium hydrocarbonate solution. After drying of the organic
phase with sodium sulphate, the solvent was removed in vacuo. The remaining yellow oil was purified
by column chromatography (silica gel KG 60, 0.04 x 0.063 mm, Merck; eluent dichloromethane/
methanol 99:1). Yield: 10.6 g (72 %) of a yellow powder. Melting point: 46 - 50 °C (from dichloro-
methane/methanol 99:1).
TLC (KG 60254 Merck, eluent dichloromethane/methanol 95:5): R; 0.75.
Elemental analysis: (Found: C, 35.90; H, 5.88, N, 5.11; S, 36.2; CgH1sNO3S; requires
C, 35.67; H, 5.61; N, 5.20; S, 35.70 %)
IR absorptions: vma/cm™ 3325 (NH), 2950 and 2940 (CH), 2580 and 2550 (SH), 1740 (COOMe), 1638
(amide-1), 1530 (amide-il).
'H NMR: 8 (400 MHz, solvent CDCls, standard SiMe) 1.42 (t, J = 10 Hz, 1H), 1.72 ¢, J = 8 Hz, 1H),
2.75-2.81 (m, 2H), 2.85-2.90 (m, 2H), 2.97-3.12 (m, 2H), 3.32 (s, 2H), 3.81 (s, 3H), 4.85-4.91
(m, 1H), 7.59 (d, J = 8 Hz), broad, 1H).
Mass spectrum: m/z = 270 (M"+H, 35 %), 157 (13), 136 (17), 93 (10), 78 (100).

Rhenium complex [ReO(SNSS)] (2)
268 mg (1 mmol) of 1 in 4 mi MeOH was dropped into a solution of 725 mg {1 mmol) PhsAs[ReOCl}
in 15 mi chloroform and 4 mi MeOH (kept under nitrogen) and the mixture was stirred for 30 min. The
brown precipitate formed was filiered off and washed with chioroform. Yield: 319 mg (0.7 mmol,
70 %). Recrystallization from isopropanol yields reddish-brown crystals. Melting point: 223 - 225 °C.
Elemental analysis: (Found: C, 20.80; H, 2,75; N, 3.16; S, 20.70; CsHzNO,S;Re requires

C, 20.51, H, 2.58; N, 2.99; 8, 20,53 %)
IR absorptions (KBr): vma/ocm™’ 964 (ReO), 1740 (COOMe);
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Labelling with technetium

Compound 1 was complexed with technetium-99 by ligand exchange with Tc gluconate. e 1
gluconate was prepared by addition of 100 pl 0.01 M stannous chloride solution (1 x 10° mol) in 0.1 M
HCI to 100 pl 0.01 M potassium pertechnetate (1 x 10° mol) in 1 ml 0.1 M sodium gluconate solution
and 100 ul ¢ generator eluate.

50 pi stock solution containing 2,17 mg 1 dissolved in 400 pl 0.05 M NaOH are given to the **™Tc
gluconate solution. After 30 min the exchange is complete.

Results and Discussion
The new ligand was obtained according to reaction scheme 1.

Reaction scheme 1: Synthesis of 1

o

$.__O H,N s HN
s CH ,Cl,

HS SH HS

Reaction of the ligand with [ReOCly]” (Scheme 2) resulted in an oxorhenium complex which is
uncharged because of the presence of the thioether group. The complex is stable on exposure to air
and soluble in common organic solvents.

Reaction scheme 2: Formation of the rhenium complex 2

O O

/ V: o
Cl Cl = s S

2

S(2)

C

Ci8}

Fig. 1: POWDER CELL diagram of the molecular structure of 2.
Selected bond lengths [A] and angles [°]: Re-O1 1.676(4), Re-N 1.991(4), Re-S1 2.355(2),
Re-S2 2.266(2), Re-S3 2.290(2), C4-02 1.201(7); O1-Re-N 117.8(2),
01-Re-81 100.7(2), O1-Re-S2 115.0(2), O1-Re-S3 107.0(2).



Analytical data of 2 confirm the composition as a mono-ligand complex and a strong band in the
infrared spectrum shows the presence of the ReO bond as expected for an oxorhenium(V) species.

A single-crystal structure analysis revealed that the thioether sulphur is involved in coordination,
possessing the equatorial plane together with the amide nitrogen and the two thiolate sulphur atoms
to form a square-pyramidal arrangement at the central atom. Re-Namiqe and Re-S distances are of the
order generally found for these groups.

The formation of complexes with the radioactive technetium was accomplished by ligand substitution
on Tc(V) gluconate at a concentration level of 1 mM and increasing molar ratios of ligand : Tc.
Inspection of the reaction mixture after 30 min by HPLC and TLC shows complete conversion of the
Tc(V) precursor into a complex component 3. Three components being a small portion of Tc
gluconate and two complexed species were observed in neutral media. The main product is
extractable from the mixture by methylene chloride. The R; value (14.0 min) of this radiochemically
pure product is practically identical with that of the rhenium complex 2.
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Fig. 2: Product pattern of the reaction of Tc gluconate with 1,
{a): reaction mixture, (b): methylene chloride extract

The second cqmponent (Rt = 9.8 min) is assumed to be the free acid of 3 as deduced from its
chromatographic properties and the non-extractability into organic solvents.
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15. Novel Oxorhenium(V) Complexes with Cysteinylglycine and Glycylglycylcysteine:
Preparation and Characterization in Solution

S. Kirsch, R. Jankowsky, B. Noll, H. Spies, B. Johannsen, D. Scheller’
"Institut fiir Analytische Chemie, Technische Universitit Dresden

introduction

%mT¢ peptide complexes have aroused increasing interest in recent years. Direct labelling of peptides
without a conjugated chelating moiety is possible because of the variety of potential donor groups
present in peptides. An outstanding role in ligating technetium or its surrogate rhenium plays the
sulphur atom of cysteine (Cys).

In the following work investigations were made into studying the complexation behaviour in solution of
the sulphur-containing di- and tripeptides cysteinyiglycine (CysGly) and glycylglycylcysteine
(Gly,Cys), (Fig. 1), with rhenium.

0
H
HS/\HLN/\COOH HZN\)J\ /\H/N\l/\
H ﬂ SH
NH, o COOH
cysteinylglycine glycylglycylcysteine

Fig. 1: Molecular formulas of the ligands CysGly and Gly,Cys

Besides the thiol group, the amine, the amide and the carboxyl group are present in these molecules
as potential ligating donors. In this report we are trying to answer the following questions:

- What kind of donating groups are involved in the complex formation?

- Does the complex formation depend on the pH?

- What is the structure of the complexes to be formed?
To determine the molecular structure of the complexes we carried out some EXAFS (extended
absorption fine structure) studies in solution (at pH 2 - 3) and examined the complexation behaviour
at various pH values (pH 2 - 12) by capillary electrophoresis.

Experimental

Methods

The influence of the molar ratio of the ligands on the occurence of products was studied by HPLC
(RP 18 column, Eurospher 100-C18, 25 cm, ID 4 mm, eluents: phosphate buffer pH 5.8, acetonitrile;
gradient 0 — 80 % acetonitrile, 15 min, 1 ml/min).

Capillary electrophoresis (CE) was carried out on a fused silica gel capillary (ID = 50 ym, Iz = 56 cm,
extended light path, non-coated) at a voltage of 30 kV with the foliowing buffer solutions pH 2.0 -
12.0:

pH 2.0 - 6.4: Citrate buffer SORENSEN (0.03 m)

pH 6.4 - 9.0: Borax-KH;PO, buffer KOLTHOFF (0.015 m)

pH 9.0 - 12.0: Glycine buffer SORENSEN (0.03 m)

Components were detected by UV absorption at 200, 254, 350 and 450 nm. Acetone was used as a
neutral marker and the tetraphenylarsonium cation as a +1 marker.

Synthesis of Re-CysGly and Re-Gly,Cys

The Re complexes were prepared by ligand exchange, starting from the gluconate precursor with a
molar ratio of 1 : 2 (Re : CysGly) and 1 : 1 (Re : Gly,Cys). Both complexes were purified by HPLC
(eluents: water acidified with 2 - 3 m! acetic acid/l = pH 2 - 3; acetonitrile; gradient: 5 min 100 %
water; 7 min 0 — 70 % acetonitrile, 5 min 70 % acetonitrile; 5 min 100 % water) and lyophilized 5
times.
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Results and Discussion

Re-CysGly

HPLC results show that only one Re-CysGly complex was formed irrespective of the additon of
ligand. At a molar ratio of Re : peptide = 1 : 2 all Re gluconate was used up. A solid complex was
obtained in a 40 % yield.

Analytical data for Re-CysGly:
Elemental analysis: (Found: C, 21.62; H, 3.08; N, 10.08; S, 11.54, ReCgH;0;N.S; requires
C,21.15;H, 3.10; N, 9.81; S, 11.21 %)
Mass spectrum (FAB, neg.): m/z 555 (100 %), 482 (80 %)
UV/VIS absorptions: Aqa/nm (water) 493, 340 with a shoulder at 298.
IR absorptions: (KBr) vma/cm™ 976 (Re=0) and several intensive overlapping absorptions from
1750 to 1550.
UV/VIS and IR data indicate a quite similar structure to that found for the Re cysteine compiex [1]
with two coordinating SH and amine groups.

Capillary electrophoresis

With the help of capillary electrophoresis it is possible to determine protonable groups in the Re-
CysGly complex at different pH to learn more about the complexation behaviour in solution. An
additional advantage of this method is that there is no need to isolate the received compiex(es).
Analytical data were collected in buffer solutions from pH 2.5 to 11.6 in 0.4 pH units. To exclude the
electroosmotic flow (EOF) a neutral marker was used (acetone). Furthermore we utilized a cationic +1
marker (PhsAs”) to determine the rel. mobility of the analyte, which consequently depends on its
absolute charge, as follows: The time distance between +1 marker and neutral marker, dT°, as well as
the distance between neutral marker and the analyte, dT°, were determined according to sheme 1 and
the ratio of dT° to dT" (rel. mobility of the analyte) was pointed against the pH (Fig. 3). A rel. mobility

< 0 indicates a cationic charge of the analyte, a rel. mobility = 0 a neutral complex and a rel. mobility
> 0 an anionic charge.

Scheme 1: Determination of the rel. mobility of the analyte

PhyAs* acetone analyte

dT2/dT* = rel. mobility of the analyte

[ | | time

att dTd

In Fig. 2 Re-CysGly was compared with the free ligand CysGly. it is shown that the ligand possesses
3 protonable groups, which belong to COOH, NH5" and SH but only 2 protonable groups exist in the
complex (pK; = 3.0, pKy = 5.9). The rel. mobility (which is correlated to the absolute charge of the
analyte) increases with the pH and seems to reach its maximum at pH > 12 (measurements above pH

12 were not possibie because of the instability of the complex), which indicates an alteration in charge
at the Re oxo core.
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Rel. mobility of the analyte
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Fig. 2: Rel. mobility of Re-CysGly and CysGly depending on pH

Upon a pH value of 8 the UV spectrum of the detected Re complex changes (Amax 345 nm at pH < 8,
Amax 2890 nm at pH > 8) and this change is reversible with the pH. In Fig. 3 the postulated 1 : 2 Re
complex is shown with its different forms depending on pH.
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Fig. 3: Postulated 1 : 2 complex of Re-CysGly in solution with its different forms depending on pH

Re-Gly,Cys

Capillary electrophoresis
Data from CE were collected as described above. HPLC results indicate a 1:1 compliex. The rel.
mobility of this Re-Gly,Cys complex and the free ligand Gly,Cys versus the pH is shown in Fig. 5. At
a pH range < 4.5 the rel. mobility of the complex is 0 (neutral). Then the rel. mobility increases
between pH 4.5 and 5.5 (anionic behaviour, deprotonation of COOH) and reaches a plateau. At a pH
range > 8.5 the rel. mobility of the complex (and its absolute charge) increases again which could be



the result of deproto-nation of the NH, group. No cationic complex is formed even at a low pH. In Fig.
4 the different forms depending on the pH of the postulated 1 : 1 complex are shown.
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Fig. 4: Solution behaviour of the postulated Re-Gly-Cys complex
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Fig. 5: Rel. mobility of Re-Gly,Cys and Gly,Cys depending on pH

XAS measurements on Re-Gly.Cys and Re-CysGly
Rhenium Ly edge data were collected as described elsewhere [2]. Measurements were taken in
aqueous solution, pH 2 - 3.

EXAFS investigations

In Fig. & and Table 1 EXAFS data for the two Re complexes are shown and the following
characteristic features were found:

Both complexes possess the characteristic short bound oxygen atom at 1.69 A.

In case of Re-Gly,Cys a SN coordination was proven. Detection of protonated amine atoms, usually
bound at a distance of 2.2 A, is not possible because no discrimination can be made between
coordination shells that differ in less than 0.15 A. This fact is due to a limited K-range. Thus, Re is
complexed by Gly,Cys in a 1:1 complex.

Re-CysGly has a S,N, coordination where the two amine nitrogen atoms are at a mean distance of
2.14 A from each other. This is an a typical short value for amine nitrogen atoms and therefore
perhaps an indication of the partial deprotonation of one amine group. Further measurements at
various pH values must be carried out to prove this postulation. However, for Re-CysGly a complex
stoichiometry of 1:2 could be demonstrated by the SN, coordination.
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Fig. 6: EXAFS best fit data for Re-Gly,Cys and Re-CysGly.

Table 1: EXAFS data for Re-Gly,Cys and Re-CysGly

Complex Backscattering Coordination Distance to Re central DEBYE-WELLER-
atom number atom (A) factor
Re-Gly.Cys JO (Re=0) 1 1.69 0.001
N (amide/amine) 3 2.01 0.004
S (mercapto) 1 2.27 0.002
Re-CysGly O (Re=0) 13 1.69 0.001
N (amine) 2 2.14 0.001
S (mercapto) 2 2.33 0.002

Conclusions

The results obtained by EXAFS and capillary electrophoresis show that the tripeptide Gly,Cys builds a
1 : 1 complex with Re (Fig. 4) and the dipeptide CysGly a 1:2 complex (Fig. 3) with a similar stucture
to that of Re-cysteine [1]. Furthermore, CE results prove that the carge changes with increasing pH,
indicating that at pH > 2.5 the carboxyl groups are deprotonated. At pH > 8 another increase in
charge is observed which could be caused by the deprotonation of an amine group. Thus, both types
of complexes seem to exist in different forms, depending on pH.
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16. Synthesis and Characterization of Technetium and Rhenium Oligoglycine
Complexes and Technetium Tartrate

R. Jankowsky, B. Noli, H. Spies, B. Johannsen

Introduction

Peptide molecules as technetium ligands have attracted increasing interest in nuclear medicine [1, 2].
To investigate the complexing properties of these ligators, systematic investigations into the complex
structure of simple peptide complexes are necessary. Studies of sulphur-containing amino acids were
therefore carried out by Kirsch [3]. More studies were required to find out about the complexing
behaviour of sulphur-free peptides. Several assumptions were put forward concerning the structure of
Tc oligoglycine complexes [4].

In the following study technetium and rhenium complexes of tri, tetra, penta and hexaglycine were
synthesized and characterized. Capillary electrophoresis (CE) was applied as well as classical
techniques like HPLC and elemental analysis.

Experimental
Synthesis of technetium tri, tetra, penta and hexaglycine o
The complexes were synthesized by direct labelling procedure starting from 0.01 M *TcO4 using

sodium tartrate and SncCl, in alkaline solutions. The complex-forming reactions resuited in dark yellow
solutions.

Synthesis of technetium tartrate .
The synthesis procedure corresponds to the synthesis of Tc oligoglycine complexes, with the
oligoglycine ligand omittted. The reaction yielded a dark red solution.

Synthesis of rhenium tetra-, penta- and hexaglycine ) )
The synthesis was performed according to the Tc oligoglycine complexes and resulted in a brownish
yellow solution.

HPLC separation of the Tc and Re Complexes ) )
HPLC separation was carried out using an RP 18 semiprep. column with an aqueous acetic acid-

acetonitrile gradient and radioactivity / UV 220 nm detection. Preparative separation was performed
by collection of the fractions.

Elemental analysis of the Tc and Re complexes
The collected HPLC fractions were united and lyophilized 3 times to evaporate the I:IPLC.eIuent
residues. The darkish powder obtained was analysed by a LECO CHNS elemental analysis device.

Infrared spectroscopy of Tc complexes

HPLC-isolated, lyophilized complexes were compressed into KBr pellets and measured on a CARL
ZEISS JENA infrared spectrometer against air.

UV spectroscopy of Tc complexes

Lyophilized Tc complex powder was dissolved in water and measured on a CARL ZEISS JENA
UV/VIS spectrometer against a water reference.

Capillary electrophoresis of Tc and Re complexes ) ‘
Capillary electrophoresis was performed using a HEWLETT PACKARD device equipped with a diode
array UV detection system. A non-coated fused silica capillary was used.

To study the Tc pentaglycine complex behaviour over the pH range, the following buffer systems
were used:

pH2.0-6.4 citrate buffer SORENSEN (0.03 M)

pHB6.4-9.0 borax-K,HPO, buffer KOLTHOFF (0.015 M)
pH 9.0 - 12.0 glycine buffer SORENSEN (0.03 M)
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Results and Discussion
Complexes of the following structures were assumed to be obtained:

Table 1: Proposed complex structures (M = Re, Tc¢)

Complex Proposed structure Complex Proposed structure

Q
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o N N o N/—O—<N
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Vel
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OH
o oL 1
o NH}//I °
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Technetium and rhenium show similar complexing properties to oligoglycine ligands. In both cases it
was not possible to synthesize the complexes by common ligand exchange procedure starting from
gluconate, glucoheptonate or citrate precursors because of only weak donor properties of the peptide
ligand atoms. Furthermore, triglycine was not able to form a stable complex with rhenium.

Table 2 shows the HPLC separation resuits.

Table 2: HPLC results

Complex Retention time Radiochemical yield
Te-CGlys 10.5 min 95 %
Tc-Glys 12.3 min 92 %
Te-Glys 11.6 min 91 %
Tc-Glys 9.8 min 96 %

Te-Tartrate 1.8 min 92 %
Re-Gly, 10.2 min -
Re-Glys 11.7 min -
Re-Glys 8.6 min -

Collected fractions of technetium complexes possessed a yellow colour, whereas rhenium complexes
turned red. Lyophilization of the HPLC-isolated technetium complexes produced brown powders,
which resulted in a yellow solution when dissolved in water. Rhenium complexes obviously decom-
posed, because only a black powder was obtained giving a black suspension when dissolved. it is
assumed that the rhenium compiexes are not stable under the acidic separation conditions used.

In the following elemental analysis results are given, with Re-Glys excluded from elemental analysis
because of its rapid decomposition after HPLC separation.
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Tc-Glys: Found: C, 23.46; H, 3.10; N, 13.14, TcCgHsN3Os requires
C,24.01; H, 2.69; N, 14.00 %.

Te-Glyy: Found: C, 27.21; H, 2.90; N, 16.54, TcCgH11N4+Os requires
C, 26.90; H, 3.10; N, 15.69 %.

Tc-Glys: Found: C, 25.30; H, 2.98; N, 13.99, TcC4oH14NsO7 requires
C,28.99;H,3.41;N,16.91 %

Te-Glys: Found: C, 27.92; H, 3.27; N, 15.71, TcCy,H47NgOs requires
C, 30.58; H, 3.64; N, 17.83 %

Re-Glys: Found: C, 19.99; H, 3.63; N, 12.99, ReCgH,1N4O¢ requires
C,21.57;H,2.49; N, 12.58 %

Re-Glys: Found: C, 21.71; H, 2.93; N, 11.61, TcC4oH1sNsO; requires
C, 23.90; H, 2.81; N, 13.94 5.

Roughly, all complexes show agreement as to the estimated atomic compositions. However, the
complex formulas could not be clearly determined by elemental analysis.

The IR spectra showed no Tc=O absorption, which was estimated at wave numbers of around 950
cm™. The Tc complexes obviously decomposed by being compressed into KBr pellets.

As it was not possible to properly isolate the Re complexes, UV/VIS spectra could only be recorded of
the Tc complexes. Fig. 1 shows the UV/VIS spectra of the Tc complexes.

6

Te-Gly
3

Te-Bly,

==~ Tc-Gl
c y5

e TeGly
N L]

absorption coefficient

T T
200 400 600
wavelenghts {nm)

Fig. 1: UV/VIS spectra of the Tc complexes

All complexes investigated show similar UV absorption pattern, thus indicating similar atomic environ-
ments of the central atom.

Capillary electrophoresis monitoring of the Tc and Re complex-forming reactions also indicates
similar relationships. At pH 2.5 all complexes are noncharged, at pH 7 and pH 9.3 they are negatively
charged. Tc tartrate could not be detected in CE, possibly due to its decomposition in the electric
field.

Except for Tc-Glys, these results support the structural assumptions shown in Table 1. In the case of
Te-Glys a neutral complex was expected. Because of the negative charge found at the neutral pH
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either a deprotonation of the coordinating amine group or an additional coordination of an OH™ group
to the Tc core must have taken place.

To obtain more information about the complex behaviour over the pH range, the Tc pentaglycine
complex was investigated, using a novel capillary electrophoresis method. A solution of Tc-Glys
containing tetraphenyl arsonium chloride and acetone was measured at buffer pH from 2.6 to 12.5.
The migration times of the free ligand (Glys), the complex (Tc-Glys), the tetraphenyl arsonium
chloride and acetone were detected. Identification of solution partics was performed, using the diode
array detector UV fingerprint. Fig. 2 shows a capillary electropherogram of the Tc-Glys sample at
buffer pH 7.78.

400 |-

tetraphenyle

£
S 300 L arsonium cation
I
~
®
c
S 200}
o
o
2
r Te-Gly,
> G
5 100} acetone Vs
4]
i
1} 5 10

migration time (min)

Fig. 2: Capillary electropherogram of Tc-Glys sample

To exclude the electro-osmotic flow (EOF), which equally influences all particles in the analyte
solution, the acetone migration time was set to 0. Assuming that the tetraphenyl arsonium cation’s
charge is +1 all over the pH range, the corrected migration time of this cation may serve as an
internal standard. Migration time differences between analyies (Glys and Tc-Glys) and acetone were
divided by the migration time difference between the cation standard and acetone to give relative
mobilities of the analytes. Relative mobilities of the analytes relate to the amount of protonable
groups in the complex, i.e. every step in the resulting graph corresponds to one protonable group. Fig.
3 shows the results of the investigated Tc-Glys complex.

The free Glys ligand has two protonable groups, although the second (amino) step could not be
properly detected because of its location at pH > 13. The first (carboxyl) group is detected at acidic
pH below pH 3.

In the case of Tc-Glys two significant steps were measured. The first step is situated at pH 5 and can
be considered to be the free carboxyl group. The increase in relative mobility at high pH values can
be explained both by a deprotonating amine group or a supplemental trans coordination of an OM"

group.
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Conclusions

Except for Tc-Glys, the obtained analytical data support the above-mentioned structural assumptions.
Tc-Glys seems to coordinate either via the carboxyiic group or via an OH group.

Re complexes of oligoglycine ligands are not stable at neutral and acidic conditions.
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17. XAS Investigations on Tc and Re Complexes of Oligoglycine Ligands and Tc
Tartrate

R. Jankowsky, B. Noll, H. Spies, B. Johannsen

Introduction

X-ray absorption measurements were employed to obtain more information about the Tc and Re
complexes of oligoglycine ligands and Tc tartrate in solution. XAS is a well established technique in
structural analysis of Tc complexes [1, 2] and has been shown to be a valuable tool in research on
both metal peptide complexes [3] and radiopharmaceutically relevant complexes [4].

Because we were unable to obtain crystals, XAS was the method of choice to investigate the complex
structures. Although XAS cannot provide structural parameters of the entire complex, important
information on metal oxidation states and the metal environment was obtained.

Experimental

XAS measurements of the Tc and Re complexes

Technetium complex samples for XAS measurements were prepared by upscaled synthesis of the
method described elsewhere [5] (60 pi of 0.291 M **TcO, in water were reacted) and lyophilization to
a volume of 2.2 ml. Samples were filled into 2.2 ml EPPENDOREF tubes under nitrogen heat sealed.
The tubes were contained in a tripie PE containment and immediately frozen at -10 °C.

Rhenium complexes were synthesized immediately before the measurements by mixing the reactants
(using 1.4 mg NaReO,) in 2.2 ml| EPPENDOREF tubes.

XAS data of the Tc complexes were collected at HASYLAB,Hamburg, at the bending magnet
beamline X1.1 (ROEMO Il monochromator). The DORIS Ill storage ring ran at 4.5 GeV with a
positron current of 30 to 80 mA during measurements. Tc measurements were taken in transmission
mode at room temperature, using ionization chambers against an aqueous KTcO, reference. An Si
(311) double crystal monochromator was used to monochromatize the X-ray beam to the Tc K edge
(21 044 eV). For energy calibration, the first maximum (pre-edge peak [2]) in reference spectra
derivatives was set to 21 044 eV.

Rhenium measurements were taken at the Stanford Synchrotron Radiation Laboratory at beamline 2-
3, which was equipped with a double crystal Si (220) monochromator. The SPEAR storage ring was
operated with an electron current of 30 to 70 mA. A four-channel solid-state fluorescence detector
was used to collect the Re Ly edge data. No reference sample data could be collected bacause the
Re concentration was obviously too high. The software package EXAFSPAK [6] was used to process
the data obtained. Energy calibration was performed using the first derivative method. In the case of
Tc complexes, the first maximum in the reference spectrum derivative was defined as 21 044 eV. For
Re complexes, the first maximum in the sample spectrum derivative was set at 10 535 eV. The
theoretical phase and amplitude scattering functions were calculated with the program FEFF 5.05 [7].
Measurements of Tc-Gly; failed because of decomposition of the sample during transport.

Resulits

XAS measurements provided valuable structural results. The Tc oxidation states can be derived from
the maximum of the specira derivatives, as listed in Table 1. Because Tc +5 complexes do not
possess the characteristic pre-edge peak as KTcO, complexes {2], edge energy determinations
yielded a higher absorption edge energy for Tc +5 compiexes than the KTcO4 reference.

Table 1: XANES data of the Tc complexes

complex position of derivative maximum (eV)
Tc-Glys 21053.8

Tc-Glys 21053.8

Te-Glys 21054.47

Te-Tartrate 21 053.44

Tc-N-methyl-MAG; |21 055.53
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A Tc-MAG;-derived complex (Tc-N-methyl-MAG; ) was used as a standard with a Tc oxidation state
of +5. XANES data indicate the same oxidation state as the standard for all Tc complexes. It could be
confirmed that tartrate is able to chelate Tc at an oxidation state of +5.

As there were no reference data for the Re measurement, no determinations of the Re oxidation
state in the complexes were possible.

EXAFS analysis showed very similar patterns for the Tc-Gly, complexes. Fig. 1 shows the Fourier
filtered EXAFS [8] of the Tc complexes and their Fourier transforms.
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Fig. 1: EXAFS and Fourier transforms of the Tc complexes

In Table 2 best EXAFS fit results for the Tc complexes are listed.

Table 2: EXAFS fit resulits

Complex Backscattering | Coordination | Distance to Tc central | DEBYE-WALLER-
atom number* atom [A]* factor
Tec-Gly, 6] 0.75 1.67 0.003
N 3.81 2.03 0.007
Tc 1.12 2.86 0.009
Tc-Glys o) 0.82 1.69 0.002
N 432 2.07 0.008
TC 0.87 2.85 0.008
Tc-Glys O 0.66 1.68 0.002
N 3.55 2.06 0.008
Tc 1.07 2.82 0.009
Tc-artrate*™* C (Tc=0) 1 1.64 0.005
0 5 1.99 0.006
c 4 2.50 0.01

* Estimated uncertainty: 30 % ** Estimated uncertainty: 0.02 A *** N were held constant during fit.

These data confirm the Tc oxidation state of +5 for all complexes. The Tc=0 bond can be proved in
all complexes. Furthermore, in all Gly, complexes four nitrogen atoms with averaged bond lenghts of
around 2.05 A could be detected. This averaged values are believed to represent 3 amide and 1
amine nitrogen atoms. This gives rise to the assumption, that the peptide N termini are involved in
the metal complexation. Astonishingly, a distant technetium atom is detected at distances of around
2.85 A at all complexes. A further coordination shell is visible at distances of around 4 A, being
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probably represented by the peptide backbone carbonyl oxygen atoms, which are detectable due to
focussing multiple-scattering effects. These phenomena have to be further analyzed.

Tc tartrate was determined to have a short-bound oxygen atom at the Tc central atom and an
additional Os coordination. Thus, a 1:2 complex stoichiometry and a frans coordination of a tartrate
carboxylic oxygen can be assumed. The bridging carbons are located significantly closer to the Tc
than in the Tc peptide complexes.

The two rhenium samples, Re-Gly; and Re-Glys, also showed very similar EXAFS and Fourier
transforms, they are shown in Fig. 2.
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Fig. 2: EXAFS and Fourier transforms of Re-Gly, and Re-Glys

Table 3 shows the EXAFS best fit results for the Re complexes.

Table 3: EXAFS fit results for Re-Gly, and Re-Glys

Complex Backscattering Coordination |Distance to Re DEBYE-WALLER-
atom number central atom [A] factor
Re-Gly, o 1 1.70 0.002
N 4 1.96 0.004
Re 1 2.91 0.008
Re-Glys 0o 1 1.70 0.002
N 4 1.98 0.005
Re 1 2.92 0.009

The Re complxes show very similar fit results compared to the Tc fit results. Again, the +5 Re
oxidation state could be proven by the detection of a short-bound oxygen atom. Four nitrogens are
bound at averaged values of around 1.97 A. Obviously, a deprotonation of the coordinating amine
nitrogen atom takes place. A distant Re atom is detected at around 2.9 A as well as a more distant
coordination shell, again probably detectable due to muitiple sattering effects.
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Conclusions

Technetium an Rhenium are obviously complexated by sulphur-free oligopeptides in a complicated
way. An involvement of the N termini in case of the Tc complexes could be shown. In case of Re, this
unique evidence could not be obtained. The detected metal atoms at distances of under 3 A give rise
to the assumption, that the peptides cause a forming of dinuclear complexes. All complex EXAFS
data have to be analyzed with regard to the detection of the distant metal atoms and possible multiple
scattering effects in the future.
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18. X-Ray Absorption Spectroscopy: a Valuable Tool for Structural Analysis of Tc and
Re Complexes

R. Jankowsky, B. Nolil, H. Spies, T. Reich, H. Nitsche

introduction

X-ray absorption spectroscopy is a well-established tool in structural analysis of transition metals
[1, 2]. Despite its unique ability to provide structural data of complexes in solution, only a few studies
have so far been made on radiopharmaceutically interesting complexes containing Tc or Re [3, 4]. To
emphasize the usefulness of the method, particularly for the third generation of *"Tc radiopharma-
ceuticals, a short evaluation of the XAS method will be given in the following.

Experimental
Data of Tc and Re complexes were collected at Stanford Synchrotron Radiation Laboratory, Stanford,
CA, and at HASYLAB, Hamburg, as elsewhere described {5].

Results and Discussion

Several aspects of X-ray absorption spectroscopy should be discussed. First, there are some unique
advantages provided by XAS.

Unlike XRD analysis, it is possible to determine the atomic environment of the central atom without
availability of crystals. Thus, an in situ structural analysis can be performed. Complexes can be
measured in reaction mixtures without any further purification, if a single metal species can be
ensured. Amorphous and solid samples can be investigated as well, the latter prepared as a sample-
Teflon or a sample-BN; pellet.

Conceming the data obtained, a lot of information is provided. it is possible to determine the central
atom oxidation state by XANES (X-ray absorption near edge structure) measurements. For this a
reference to a well known oxidation state is required. The energy absorption edge position correlates
with the central atom oxidation state, thus the absorption spectra derivatives of both the reference
and the samples have to be calculated and plotted as shown in Fig. 1 (Tc samples).

A MAGs-derived complex with a known oxidation state of +5 was used as a reference. As can be
seen, the absorption edge positions are the same, thus a +5 Tc oxidation state was concluded for all
samples.
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Fig. 1: XANES data processing (Ref.: Tc-N'-methyl-MAG5)

EXAFS measurements provide structural data about the atomic environment of the central atom,
which are the atomic numbers of the backscattering atom, the coordination numbers and the DEBYE-
WELLER factors as an expression of the thermic mobilities of the backscattering atoms. Furthermore,
it is possible to distinguish between protonated and deprotonated nitrogen atoms via their distances to
the central atom. Amine (protonated) nitrogen atoms usually are bonded at a distance of around
2.2 A, while amide (deprotonated) nitrogen atoms are bound at around 2 A. One of the most
important characteristics of EXAFS is the ability to find out the complex stoichiometry, Taking the
well-known ligand structure into consideration, the complex stoichiometry can be derived from the
metal complexation mode, such as SN or S;N,. Fig. 2 shows the EXAFS and the Fourier transform

of both an SN; and an S,N; coordination sphere.
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It can easily be seen that both the EXAFS and the Fourier transforms of the two peptide complexes
differ significantly. Another advantage is the ability to detect intermolecular metal-metal distances,
like Re-O-Re. Fig. 3 shows the EXAFS and the Fourier transform of a complex with an intermolecular
Re-O-Re bridge (Re cysteamine).
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Fig. 3: EXAFS and Fourier transform of a Re-O-Re bridged complex (Re-cysteamine)

The Re-Re distance at a distance of 3.6 A is indicated, which is also proved by X-ray powder
diffraction analysis.Quick EXAFS measurements enable us to monitor complex-forming reactions in a
time-resolved way. However, some drawbacks of XAS have to be mentioned.

The most important problem is that no distinction is possible between complexing atoms within the
same PSE period, like oxygen and nitrogen or sulphur and phosphorus. The error in coordination
numbers is up to 30 % for first and second coordination shells and up to 50 % for third and higher
coordination shells. Thus, a proper identification of third and higher coordination shells- except distant
metal-metal distances- will not be possible.

Depending on the recorded energy scan range and the data statistics, a resolution in distances of 0.1-
0.17 A will be obtained.

Conclusions

XAS has proved to be a very useful tool in structural analysis of Tc and Re complexes with
insufficient crystallization properties. Though a good identification of the atomic environment of the
central atom is possible, XAS resuits will not reach the possibilities in structural analysis that are
provided by XRD analysis.

XAS results always have to be complemented by supplemental analytical techniques, such as
electrophoresis or elemental analysis.

However, in the radiopharmaceutical chemistry of technetium and rhenium XAS measurements are
believed to be an increasingly widely applied analytical method. In the future XAS measurements will
be performed on a lot of Tc and Re complexes to obtain structural data regardless of the complex
crystallization properties.
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19. Technetium and Rhenium Complexes with Thioether Ligands
8. X-Ray Structures of Mononuclear Oxorhenium(V) Complexes with Bidentate
Thioether and Dithiaalcohol Ligands

M Reisgys, H.-J. Pietzsch, H. Spies, P. Leibnitz'
'Bundesanstalt fiir Materialforschung Berlin

Introduction

We recently found a new simple way of synthesizing neutral rhenium complexes with S,S
coordinating thioether ligands [1]. By reduction of ammonium perrhenate with concentrated hydrohalic
acid followed by addition of the ligand in glacial acetic acid, the expected complexes (Fig. 1) were
obtained in a onepot reaction in a nearly quantitative yield.

s\ II /X
[ AR | \
R
Fig. 1: General structure of the trihalo("SS")rhenium(V) complex (X = Cl, Br)

In this report we describe the X-ray structure of the tribromo("SS")rhenium(V) complex 1. For the
synthesis of this complex see ref. [1]. Further the thioether complex 2 with the $,0,S coordinating
sequence was synthesized and characterized by X-ray analysis [2].

o}
nBu-S/——\S-nBu L \s\“
— S.———"Re:ﬁsr
HBI/AcOH
1 Br
INH4I[ReO 4] ——
—— ﬁ
cl., Cl
nBu-S OH S-nBli '
HCUACOH \\.L_J "\*”\
Experimental

Preparation of dichloro[5,9-dithiatridecan-7-olato-(S, 0, S)Joxorhenium(V) 2
To 40.2 mg (150 pmol) of NHsReQ,, dissolved in 1.5 ml of concentrated HCI, 47.3 mg (200 umol) of
5,9-dithiatridecan-7-ol [3], dissolved in 1 mi of glacial acetic acid, was added. After 20 min a violet
precipitate was filtered off and washed three times with glacial acetic acid and foliowing three times
with diethy! ether.
Crystals for X-ray analysis could be obtained by recrystallization from CHCly/diethy! ether.
Yield: (53 mg, 69 %).
M.p.: 128 - 129 °C.
Elemental analysis: (Found: C 25.44; H 4.44; S 12.31; CI 13.81, C1H23Cl,0;ReS: requires
C 25.98, H 4.56, S 12.61, Cl 13.94 %)
IR absorptions: vpadom™ (KBr) 1040 {C-0), 960 {Re=0), 532 {Re-0O).
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Results and Discussion

Ammonium perrhenate, dissolved in concentrated hydrobromic acid, was added to a solution of 5,8-
dithiadodecane in glacial acetic acid [1, 4]. 1 precipitates immediately as a yellowish green powder.

Green crystals suitable for X-ray analysus were obtained by slow evaporation of the reaction solution.

A strong vibration band at 976 cm™ in the infrared spectrum of 1 can be assigned to the [Re-O]

core [5]. The X-ray structure shows a distorted octahedral coordination sphere of the rhenium centre.
The sulphurs of the ligand and two bromines form the equatorial plane, the oxygen and the third
bromine are cis coordinated to the thioether ligand. In the crystal there is a statistical disorder of the
n-butyl groups. This affects various positions of the carbons C(4), C(5), C(6), and C(10) of structure A
(darker balls in Fig. 2) and C(4'), C(53'), C(6'), and C(10") of structure B (lighter balls). The mean
probability for structure A and B lies at 49 and 51 %. Selected bond lengths and angles are

summarized in Table 1.

Fig. 2: The overlayed X-ray structures A (darker balls) and B (lighter balls) of complex 1.

Table1: Selected bond lengths and angles for compound 1 and 2.

1

Re-O 1667 (5)  Re-S(1) 2.421 (2) Re-S(2) 2.453 (3)
Re-Br(1) 2.4860 (14) Re-Br(2) 2.490 (3) Re-Br(3) 2.5969 (13)
Br(1)-Re-Br(2)  89.10(6)  Br(1)-Re-S(2) 92.35 (7) Br(3)-Re-S(1)  80.97 (7)
Br(1-Re-Br(3)  87.93(5  Br(2-Re-O 102.8 (2) Br(3)-Re-S(2)  76.94 (8)
Br(2-Re-Br(3)  90.83(7)  Br(2-Re-S(1) 90.11 (7) O-Re-S(1) 90.2 2)
Br(1)-Re-O 100.8 (2)  Br(2-Re-S(2) 167.61(6) O-Re-S(2) 89.0 (2)
Br(1)-Re-S(1) 168.86 (7)  Br(3)-Re-O 163.8 (2) S(1)-Re-S(2)  86.09 (7)
2

Re-CI(1) 23704  Re-S(1) 2.482 (3) Re-O(1) 1.692 (9)
Re-Cli(2) 2.363(4) Re-S(2) 2.462 (3) Re-0(2) 1.953 (8)
Cl(1)-Re-Ci(2) 858 (2 Ci(2-Re-S(1) 170.26 (13) S(1)-Re-O(1)  86.3 (3)
Cl(1)-Re-S(1) 93.04 (13) Cl(2-Re-S(2) 93.34(13) S()-Re-0(2) 77.7(3)
Cl(1)-Re-S(2) 170.49 (13) Cl2)-Re-O(1) 92.7 (3) S(2)-Re-O(1) 86.4 (3)
Cl(1)-Re-O(1) 93.3 (3) Cl(2)-Re-0(2) 103.4 (4) S(@-Re-0@2) 77.3 (3)
Ci(1)-Re-0(2) 103.0(3)  S()-Re-S@)  86.21(11) O@1)Re-O() 157.8 (4)




Reaction of nBu-S-CH,-CH(OH)-CH,-S-nBu in glacial acetic acid with ammoniumperrhenate in
concentrated hydrochloric acid leads to the violet complex 2. Violet crystals suitable for X-ray analysis
could be obtained by slow evaporation of the reaction solution. A strong vibration band at 960 cm” in
the infrared spectrum is characteristic for the O=Re-O moiety [6]. The main structure (Fig. 3) is
defined by the bicyclo-[2,2,1]-ReC;3S,0 unit. Because of the ring strain of this bicyclic compound the
octahedral coordination sphere of the rhenium atom is distorted.

All bond lengths and angles (Table 1) are in the normal range [7].

0(1)
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Fig. 3: X-ray structure of compound 2
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20. Rhenium and Technetium Carbonyl Complexes for the Labeliing of Bioactive
Molecules
2. Tricarbonylrhenium(l) Complexes with Mono-, Bi- and Tridentate Thioether
Ligands

H.-J. Pietzsch, M. Reisgys, H. Spies, R. Alberto1, U. Abram?
"Paul-Scherrer-Institut Villigen (Switzerland), Anstitut fir Anorganische Chemie Tiibingen

Introduction

A new way for the synthesis of technetium and rhenium carbonyl complexes of the oxidation state +1
has recently been developed by Alberto et al. [1]. Starting from TcO4 or ReQy tricarbonyl complexes
of the main formula [MX3(00)3]2' (M = Tc, Re; X = Cl, Br) can be synthesized by reduction with
borane under normal pressure of carbon monoxide and tetraalkylammonium halogenide in
tetrahydrofuran. The characteristics of these carbonyl precursors for the design of radiopharma-
ceuticals are simple synthesis, easy complex formation with n-donor ligands, high stability of the
complexes and the small volume of the coordination sphere.

In this report we introduce the synthesis and characterization of tricarbonyl complexes with mono-, bi-
and tridentate thioether ligands. The structure of a dinuclear rhenium complex and a cationic complex
with a tridentate thioether ligand could be obtained by X-ray analysis.

Experimental
Preparation of complex 1
A solution of 38 mg (260 umol) di-n-butylsulphide in 1 ml methanol was added to 100 mg (130 pmol)
(NE1,),[ReBry(CO)s} in 1 ml methanotl under an inert atmosphere. After stirring for 1 h the solvent was
removed by vacuum. The residue was taken up in dry THF and filtered. The solvent of the filtrate was
reduced, and white microcrystals precipitated from the oil.
Yield: (83 mg, 91 %).
M.p.: 89 °C.
Elemental analysis: (Found: C, 32.23; H, 5.14; N, 1.98; S, 5.72, C15H3sBr,NO3ReS requires
C,32.30; H, 5.42; N, 1.98; S, 4.54 %).
IR absorptions: vmax/c:rr11'11 (KBr) 2960 (C-H), 2872 (C-H), 2008s (C-0), 1908s (C-0), 1872s (C-0),
1464, 1184.

Preparation of complex 2
A solution of 24 mg (130 ymol) 1,8-dihydroxy-3,6-dithiaoctane in 1 ml methanol was added to 100 mg
(130 gmol) (NEL)-[ReBrs(CO):] in 1 ml methanol under an inert atmosphere. After stirring for 1 h the
solvent was removed by vacuum. The residue was taken up in dry THF and filtered. The solvent of
the filtrate was reduced, and the remaining oil was washed with water and diethy! ether to obtain white
microcrystals.
Yield: (55 mg, 80 %).
M.p.:72-75°C.
Elemental analysis: (Found: C, 20.47; H, 2.64; S, 11.99; Br, 14.98, CgH14BrOsReS, requires
C, 20.30; H, 2.65; S, 12.04; Br, 15.01 %).

IR abscrptions: Vi O | (KBr) 3406 (O-H), 2926 (C-H), 2032s (C-0), 1942s (C-0), 1912s (C-0),

1508, 1410, 1208.

Preparation of complex 3
A solution of 51.3 mg (130 pmol) (p-MeOPhCH,SCH,CH,),S in 1 ml methanol was added to 100 mg
(130 umol) (NEL;),[ReBrs(CO)s] in 1 ml methanol under an inert atmosphere. After stirring for 1 h the
solvent was removed by vacuum. The residue was taken up in dry THF and filtered. The solvent of
the filtrate was reduced, and the oil was washed with water and diethyl ether to obtain a white powder.
Yield: (64 mg, 67 %).
M.p.: 65 - 68 °C.
Elemental analysis: (Found: C, 37.36; H, 3.53; S, 13.03; Br, 10.08, C,3H2:BrOsReS; requires
C, 37.09; H, 3.52; S, 12.91; Br, 10.73 %).

IR absorptions: vma/cm™ (KBr) 2926 (C-H), 2030s (C-O), 1938s (C-O), 1898s (C-0), 1608, 1512,

1250.
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Preparation of complex 4
A solution of 66 mg (390 umol) AgNO; in water was added to a solution of 100 mg (130 pmol)
(NEL,),;[ReBrs(CO)s] in 2 ml water. The immediately precipitating AgBr was filtered off, the solvent of
the filtrate was removed by vacuum. The crystalline (NEts);[Re(NO3)3(CO);] was dissolved in 5mi
tetrahydrofuran and a solution of 51 mg (130 ymol) (p-MeOPhCH,SCH,CH,),S in 2ml tetrahydrofuran
was added. After 3 h the precipitate was filtered off and the filtrate was evaporated. The oil obtained
was washed with diethyl ether and dried in vacuum. The beige powder was recrystallized in
chloroform/n-hexane.
Yield: (56 mg, 59 %).
M.p.: 120 - 122 °C.
Elemental analysis: (Found: C, 37.51; H, 3.68; N, 1.96; S, 13.25, C3H26NOsReS; requires

C, 38.06; H, 3.47; N, 1.93; S, 13.25 %).
IR absorptions: vma/om™ (KBr) 2928 (C-H), 2040s (C-0), 1948s (C-0), 1612, 1512, 1252.

Preparation of complex 6
A solution of 19 mg (130 pmol) 3-thia-1-heptanthiol in 1 mi methanol was added to 100 mg (130
pmol) (NEts),[ReBrs(CO)s] in 1 ml methanol under an inert atmosphere. After stirring for 1 h the
solvent was removed by vacuum. The residue was taken up in dry THF and filtered. The solvent of
the filtrate was reduced, and the oil was washed with diethyl ether to obtain a nearly white powder.
Recrystallization in chloroform/n-hexane produced crystals suitable for X-ray analysis.
Yieid: (10 mg, 9 %).
M.p.: 123 - 125 °C.
Elemental analysis: (Found: C, 25.56; H, 3.00; S, 14.60, C1sH2s0sRe>S, requires

C, 25.28; H, 3.12; S, 15.28 %).
IR absorptions: vmad/cm™ (KBr) 2960 (C-H), 2016s (C-O), 1984s (C-0), 1920s (C-O), 1464, 1424.

Results and Discussion
Reaction of (NEt,),[ReBrs(CO);] with thioether ligands in methanol leads to different complexes.

Scheme 1:
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Monothioether, such as di-n-butylsulphide, produces the anion compiex 1, in which only one bromide
is substituted by a iigand. Tetraethylammonium is the counterion.

Starting from a bidentate thioether two coordination positions of the rhenium will be occupied by
sulphurs. The neutral complex 2 can be synthesised and characterized by infrared spectroscopy
(2032 cm™, 1942 cm™, 1912 cm™) and elemental analysis. There are no signs of coordination of one
of the hydroxyl groups. The tridentate ligand {p-MeOPhCH,SCH,CH,)»S reacts in the same way. In
comparison with 2 the infrared spectrum of 3 shows analogous bands in the CO stretching region
(2030 cm™, 1938 cm™, 1898 cm™). This leads to the conclusion that only two sulphur atoms are
coordinating, while one sulphur remains uncoordinated. The third coordination position is occupied by
a bromide. In contrast, the reaction of (NEts),[Re(NO3)3(CO)s] with the same ligand in tetrahydrofuran
leads to complex 4 (Scheme 2). The X-ray structure {Fig. 1) shows an [S3(CO)s] coordination sphere
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of the rhenium centre. The infrared data (2040 cm™, 1996 cm™) confirm the high symmetrical
structure of 4.

Scheme 2;
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Fig. 1: X-ray structure of compiex 4.

While the reaction of (NEt,),[MX3(CO)s] (M = Re, Tc; X = Cl, Br) with thiols leads to anionic dirhenium
complexes with three y-S units (5, Scheme 3, [2, 3]), 3-thia-1-heptanthiol leads to a neutral dirhenium
complex 6 with two p-S atoms. Coordination of one thioether sulphur per rhenium forms a

[ReS(CH,),SReS(CH,),S] tricyclic compound in staircase conformation. The X-ray structure of &
obtained is represented in Fig. 2.



Scheme 3:
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Fig. 2: Molecular structure of 6.

The rhenium(l) tricarbonyl complexes presented demonstrate manifold ways of complex bonding
starting from (NEt,),[ReBrs(CO)s] with different thioether compounds. All complexes are stable in air
and moisture as well as in organic solvents. We are now planning to assign the obtained results to the
corresponding Tc-99 or Tc-99m tricarbonyi precursors.
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21. Technetium and Rhenium Labelled Steroids
1. First Synthesis of "3+1" Mixed-Ligand Oxorhenium(V) Complexes Bearing a
Pendant Estradiol Moiety

F. Wiist, H. Spies, D. Scheller’, S. Machill’
' TU Dresden, Institut fiir Analytische Chemie

Introduction

The introduction of technetium into steroid hormones by coupling it to the complete molecule or by
the construction of Tc-steroid mimics open a promising route to receptor-binding technetium-98m
radiotracers which are potentially able to image hormone-depending tumors {1, 2].

In order to investigate the possibilities for labelling steroids with the readily available radionuclide
technetium-99m, a number of attempts have been made to combine steroids with metal cores.
Especially the Katzenellenbogen group [3, 4, 5] developed various metal-labelled steroids with a high
receptor-binding affinity.

In extension of our current research which aims for at technetium tracers reactive in vivo, efforts are
being made to explore results in the coordination chemistry of mixed-ligand "3+1“-complexes for the
design of steroid complexes of both technetium and rhenium. The latter element is involved in our
investigations as an inactive surrogate for the radioactive technetium. The principle of preparing
mixed-ligand complexes in which small-sized chelate units are bound to steroids has been applied to
thiocholesterol as a substituent in an earlier work [6].

The present article describes some first investigations of the chemistry of estradiol-rhenium
complexes, starting from easily available 2-substituted estradiol derivatives.

¥C NMR spectroscopy was used to elucidate the structure of the synthesized steroid compounds.

Experimental

1. General

Solvents and reagenis were purchased from the following commercial sources: Sigma, Fluka and
Aldrich. THF and DMF were dried and distilled prior to use. The reagents were used as received.

3C NMR spectra were recorded at 75 MHz with an MSL Bruker spectrometer using BB decoupling
and APT method for assignment. 30° pulses and a repetition time of 2 s were applied. The digital
resolution was 1 Hz (0.013 ppm). All spectra were indirectly calibrated using the solvent peak of
CDCl; at 77.0 ppm.

2. Synthesis

2-thiomethyl-estra-1,3,5(10)-triene-3, 17 p-diol 7 (Fig. 1)

The synthesis commenced by protecting 3,17p-estradiol 1 with MOMCI by a modification of the
general procedure of Stork and Takahashi [7] to give MOM ether 2. Deprotonation of 2 with s-Buli
and quenching the intermediate carbanion with DMF gave exclusively the 2-formyl product 3 in a
87 % yield. Reduction of 3 with NaBH, in MeOH led to the aicohol 4 which was converted with
thioacetic acid under Mitsunobu conditions [8] to the thioester 5. Cleavage of the MOM-protecting
groups with dilute HCI and subsequent saponification of the thioester 6 by sodium methoxide gave
the desired thiol 7 in a total yield of 25 % related to 3,17p-estradio!l 1.

(3-thiapentane-1,5-dithiolato)(3, 17 p-estradiol-2-thiomethylato)oxorhenium(V) 9 (Fig. 2)
36.5 mg (84 ymol) chloro(3-thiapentane-1,5-dithiolato)oxorhenium(V) 8 [9] were dissolved in 4 mi hot
acetonitrile while stirring. At 80 °C 61 mg (182 umol) of the thiol 7 dissoived in 4 ml acetonitrile were
added siowly, followed by addition of one drop of triethylamine. The colour of the mixture changed
immediately from dark blue to red. The red mixture was stirred at 80 °C for 30 min. Afierwards it was
evaporated to dryness. The residue was purified by passing througth a silica gel column with
chioroform : methanol (5:1) as eluent. After evaporation of the eluate 28 mg (35 %) of a light brown
solid were obtained.
Melting point: 186 - 188 °C (decomposition)
IR absorption vaad/cm™ (KBr) 960 cm™ (Re=0)
MS (FAB positive): 693(68.1), 694(16.2), 695(100) M+1+Na”, 696(21.9), 697(20.9) 698(4.8)
Elemental analysis: (Found C, 39.99; H, 5.14; S, 19.00; Cx3H3303ReS, requires

C,41.11; H, 4.95; S, 19.08 %)



(3-oxapentane-1,5-dithiolato)(3, 17 -estradiol-2-thiomethylato)oxorhenium(V} 12 (Fig. 3)
103 mg (175 uymol) tetra-n-butylammonium-tetrachlorooxorhenate(V) 10 [10] were dissolved in 2 ml
EtOH and cooled to 0 °C. At this temperature 61 mg (191 pmol) thiol 7 and 21 pl (175 pmol) 3-oxa-
pentane-1,5-dithiol 11 in 2 ml chloroform were added while stirring. Stirring the mixture at 0 °C was
continued for two hours. During this time a light brown solid was formed. The solid was separated and
washed with chloroform. After drying 56 mg (42 %) of complex 12 were obtained.
Melting point: 170 - 171 °C (decomposition)
IR absorption v,,,ax/cm'1 (KBr) 952 cm’ (Re=0)
MS (FAB positive): 677(69.5), 678(14.3), 679(100) M+1+Na", 680(20), 681(15,3)
Elemental analysis: (Found C, 40.69; H, 5.10; S, 14.33; CxHi304ReS; requires
C,42.12; H, 5.07; S, 14.66 %)

Remark: The elemental analysis was performed on a LECO CHNS 932 elemental analyser.The differ-

ences in the carbon value are caused by technical problems.

Results and Discussion

Binding of metals at the steroid moiety requires the presence of a suitable donor group. For techne-
tium and rhenium at the oxidation state (V) a mercaptide sulphur is the preferred group to provide
stable binding of the metal.

Introduction of a thiol group into the steroid molecule is therefore the key step in the reaction
sequence (Fig. 1) and succeeded via forming a thiolacetate using the Mitsunobu reaction starting
from the corresponding alcohol. This reaction appeared to be an ideal method for introducing a
sulphur moiety in a high yield under mild conditions into primary hydroxyl groups containing
molecules.

OMOM

MOMCI, i-Pr;NEt, 1. s-Buli, THF, -78°C
THF reflix 2. DMF, -78°C tor.t.
-
94% 87%

MOMO

OMOM OMOM

NaBH,, MeOH, DEAD, PPhy, HSAq, THF
_ @Cwnt 0°Ctort.
———y
MOMO MOMO 93%

65%

OMOM OH

0 2N HCl, THF, rt. NaOMe, MeOH

)k —_—
64% 76%
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Fig. 1: Reaction sequence for the synthesis of monothiol 7
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3C NMR spectroscopy as a suitable tool for structure elucidation of steroids [11] was used for
characterizing synthesized steroid compounds (Fig. 1). The chemical shifts of the carbon atoms of
steroids 2 - 7 are listed in Table 1. The spectra confirm the structure of all prepared estradiol
derivatives. The chemical modifications in position 2 of the steroid skeleton could be proved by
observation of the new signals of the infroduced substituents and the characteristic changes of the
chemical shifts of the aromatic carbon atoms due to the substituent effects. Successful introduction
and cleavage of the MOM-protecting group in positions 3 and 178 could be observed in the same
way.

Table 1: Chemical shifts (in ppm) of the carbon atoms of steroids 2 - 7

1w OR,
Steroid R4 Rz Rs
2 CH;OCH, CH.OCH, H
3 CH;OCH, CHsOCH, CHO
4 CH;OCH, CH3;OCH, CH,OH
5 CHsOCH, CH;OCH, CH,SCOCH;
6 H H CH,SCOCH;
7 H H CH.SH
Carbon atom 2 3 4 5 6 7
1 126,3 125,3 126,3 128.4 1276 126,3
2 113,7 123,2 127,2 123,6 1211 123.9
3 155.0 157,4 153,0 152,7 151,9 151,7
4 116,2 114,9 114,6 114,0 117,2 116,6
5 138,0 146,4 137,7 137,5 132,9 132,9
6 29,7 30,4 29,7 29,7 2937 29,3
7 27,2 26,8 27,2 27,1 27,1 271
8 38,5 38,2 38,5 38,5 38,7 38,7
9 44,0 439 44,0 43,9 43,8 438
10 134,0 134,4 134,0 133,9 138,3 137,7
11 26,2 26,1 26,3 26,2 26,3 26,3
12 37,2 37,0 37,2 37,2 36,6 36,6
13 43,0 42,9 43,0 43,0 432 432
14 50,0 49,9 49,9 49,9 50,0 50,0
15 23,0 23,0 23,1 23,0 23,1 23,1
16 28,0 28,0 28,1 28,1 30,6 30,6
17 86,6 86,4 86,5 86,6 81,9 81,9
18 11,7 11,7 11,7 11,7 11,0 11,0
CHO 189,6
CH,OH 62,0
CH,SCOCH; 28,6 29,27
CH,SCOCH; 195.8 200,3
CH,SCOCH; 30,4 30,2
CH,SH 25,08

CH,OCH,? 559/551 56,4/552 56,2/552 56,1/55,1
CH:OCH,” 94,4/96,0 94,5/960 947/960 94,2/96,0

7 1% yalye position 3/ 2™ value position 17
™ probable assignment



Starting from the monothiol 7, two new rhenium "3+1" complexes bearing a receptor binding molecule
were synthesized.

The complex formation occurs according to the "3+1" concept [12] with two different rhenium
precursors in a 35 % and 49 % yield (Fig. 2 and Fig. 3). The complexes differ with respect to the
neutral donor atom in the tridentate ligand part, which is S for 9 and O for 12.

o)
s ﬁ al sCs
OH ~ Re - A4 Re - OH
’ N / \
S S 3 s S
HS >
HO 35% HO
7 9
Fig. 2: Reaction of monothiol 7 with rhenium precursor 8
6]
B ol || s
OH [B\ilal (o™ Ape” OH
. , e “ HS SH s 7/ \
10 11 S
HS >
HO 49% HO
7 12

Fig. 3: Reaction of monothiol 7 with rhenium precursor 10

The resulting complexes are light brown solids soluble in DMSO of a reddish-brown colour. In general
the one-pot method of forming complexes like 12 starting from the tetrachlorooxorhenate(V) 10 as a
precursor should produce lower yields compared with the two-pot method (Fig. 2) [9]. The lower yield
of complex 9 is due to its chromatographic purification. The experiments show that the mixed-ligand
concept can be applied to biologically important steroid compounds, such as 3,17p-estradiol 1. In
further investigations we want to study the influence of the chelating group on various positions of the
steroid molecule of biological interest, like 17a, 7o or 11B. Furthermore, efforts in the construction of
steroid mimic chelating groups according to the mixed-ligand concept should be a beneficial route for
designing potential estrogen receptor-binding technetium-based radiotracers.
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22. Technetium and Rhenium Labelled Steroids
2. Oxorhenium(V) Complexes of 1-Mercapto-4-methylestra-1,3,5(10)-trien-17-one

F. Wiist, H. Spies, R. Beckert', S. Méller’
Friedrich-Schiller-Universitit Jena, Institut fiir Organische und Makromolekulare Chemie

Introduction

The rearrangement of 3-thioxo-A"*-steroids offers a new approach to mercapto functionalized
steroids [1]. The dienthion-thiophenol rearrangement (Fig. 1) of 3-thioxoandrosta-1,4-dien-17-one 1 in
an aprotic solvent in the presence of an acid catalyst results in 1-mercapto-4-methylestra-1,3,5(10)-
trien-17-one 2 suitable for forming mixed-ligand “3+1“-complexes. The mercapto functionalized
steroid compound 2 was synthesized by the group of Prof. Beckert at Jena university.

o] o]

HS
toluene, TsOH

e 3O

1 2
Fig. 1 Dienthion-thiophenol rearrangement

Experimental
(3-thiapentane-1,5-dithiolato)(1-mercapto-4-methylestra-1,3,5(10)-trien-17-one)oxorhenium(V) 3
39 mg (100 pmol) chloro(3-thiapentane-1,5-dithiolato)oxorhenium(V) 5 [2] were dissolved in 4 mi hot
acetonitrile while stirring. At 80 °C 61 mg (200 pmol) of the thiol 2 dissolved in 4 m! acetonitrile were
added.The colour of the mixture changed from dark blue to red while stirring and heating at 80 °C for
2 h. Afterwards it was evaporated to dryness and the residue was redissolved in chloroform. The red
solution was worked up by chromatography on a silica gel column with chioroform/methanol (5:1) as
an eluent. Slow evaporation of the eluate yielded 29 mg (44 %) of reddish brown crystals.
Melting point: 244 - 246 °C
IR absorption vmadcm™ (KBr) 960 (Re=0)
Elemental analysis: (Found C, 41.78; H, 4.58; S, 18.94; C,3H310,ReS, requires

C,42.24; H,4.78; S, 19.61 %).

(3-oxapentane-1,5-dithiolato(1-mercapto-4-methylestra-1,3,5(10)-trien-17-onejoxorhenium(V) 4
66.8 mg (114 pmol) tetra-n-butylammonium-tetrachlorooxorhenate(V) 6 [3] were dissolved in 2 mi
EtOH and cooled to 0 °C. At this temperature 37.6 mg (125 pmol) thiol 2 and 13.6 @ (114 umol)
3-oxapentane-1,5-dithiol 7 in 2 ml chloroform were added while stirring. The colour of the mixture
changed to red. The mixture was stirred at 0 °C for another two hours. During this time a solid was
formed. Evaporation of the solution and redissolving of the residue in chioroform yielded a red
solution, which was purified by being passed through a silica gel column with chloroform / methanol
(5:1). Slow evaporation of the eluate yielded 26 mg (36 %) of brown crystals.
Melting point: 211 - 215°C
IR absorptions: vma/em™ (KBr) 952, 968 (Re=0)
Elemental analysis: (Found C, 42.97; H, 5.09; S, 13.94; Cx3H3:0:ReS; requires

C,43.31; H, 4.90; S, 15.08 %).

Results and Discussion

The steroid thiol 2 is readily available by rearrangement of the corresponding 3-thioxo-A"“-steroids.
These steroid compounds were obtained by a method developed by Beckert ef al. [4]. This method
involves the regioselective thionation of 3-oxo-1,4-dien steroids using Lawesson’s reagent. With
steroid thiol 2 two rhenium "3+1" complexes were synthesized with the appropriate rhenium
precursors 5 and 6. The complexes 3 and 4 were obtained in 44 % and 36 % yield (Fig. 2).

ot



[P
; se 8 s (> Re\ ;
SH A~ S S
7 a
5
44%
2 3
o\ﬁ /‘s
o n-Bu,ReOCl, 6 E RS 0
SH e S S
O
HS SH
36%
2 4

Fig. 2: Complex formation of monothiol 2

Complex formation by exchange of the Re-Cl bond in 5§ with thiol 2 requires heating for 2 hours due to
the sterical requirements of thiol steroid 2. Using the more reactive rhenium precursor 6, the complex
formation according to the "3+1"-concept occurs immediately at 0 °C.

The complexes 3 and 4 were characterized by elemental analysis and ir-spectroscopy. In the ir-
spectrum of complex 4 two strong bands of the same intensity in the range of the Re=0 absorption at
952 cm™ and 960 cm™ were unexpectedly observed. Complex 3 only shows one strong band at 960
cm™. The reasons for giving two strong absorption bands for complex 4 with S-O-S coordination in
the tridentate ligand part instead of the expected single one as in complex 3 with S-S-S coordination
are not yet known. Further characterization of the well crystallized compounds 3 and 4 by X-ray
crystal structure determination is intended.

Recently we reported two new oxorhenium(V) complexes with functionalized estradiol [5]. In the
complexes the chelate unit was bound via a mercaptomethyl group to the steroid molecule. The
present work describes labelling of the chelate directly to the steroid without any carbon spacer.
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23. Structure and Reactivity of a "3+1" Mixed-Ligand Rhenium Complex Containing
Thiobenzoate as a Monodentate Ligand [ReO(SSS)(SC(O)Ph)]

B. Noli, P. Leibnitz', St. Noll, R. M. Mahfouz?, H. Spies
'Bundesanstalt fir Materialforschung, 2Assiut University, Egypt

introduction

"3+1" rhenium complexes with aliphatic or aromatic thiols as monodentate ligands are well known as
compounds having a relatively stable S; coordination sphere [1] and subsequent reactions at
pendent-substituted groups may be successfully carried out without any alteration of the coordination
sphere. In this article we report on the synthesis and molecular structure of a rhenium complex with
thiobenzoic acid as a co-ligand [ReO(SSS)(SBz)]. This compound is expected to have some potential
as a synthon for the complexes [ReO(SSS)SR], provided hydrolysis of the benzoylic group will lead to
a [ReO(SSS)S1intermediate. Preliminary experiments were carried out to cleave the S - CO bond.

Experimental

Polarographic measurements were carried out under an argon atmospere with a DC/AC polarograph
(GWP 673, tastpolarography 5 mV steps, droptime 1 s, potential range from 0.0 mV to -1600 mV).
X-ray data were collected at room temperature (296 K) with an ENRAF NONIUS CAD 4
diffractometer, graphite monochromatized Mo Ko radiation (A = 0.71073).

Synthesis of [(S-thiobenzoylato)(3-thiapentanedithiolato-1.5)Joxorhenium(V) [ReO(SSS)(SBz)] 1
96 mg [ReO(SSS)CI] complex (0.25 mmol) is dissolved in 10 mi acetonitrile while stirring and
warming. 60 pl thiobenzoic acid (0.50 mmol) is dissolved in 2 mi methanol and then neutralized by
adding about 400 ul 1.25 M NaOCH; solution. This solution is added to the Re precursor while
stirrring. All manipulations were performed under argon or nitrogen. The colour of the reaction
solution changed from blue to dark red. After 2 hours the solution is gently heated (40 - 50 °C) and
the volume is halved in a stream of nitrogen (argon). The grey precipitate is separated by filtration.
The filtrate is evaporated to dryness and the residue is exiracted with ether.
After evaporation of the ether the residue is dissolved in acetonitrile. Reddish-brown crystals are
received. Yield: (87 mg, 71 %).
M.p.: 203 - 203 °C (from ethanol)
Elemental analysis: (Found: C, 26.94; H, 2.67; S, 26.08, C4,H130,S8, requires

C, 26.59; H, 2.62; S, 25.93 %)
IR absorptions: vma/cm™ 1648 (CO) and 976 (ReO)

Synthesis of [(methoxy){3-thiapentanedithiolato-1.5)Joxorhenium(V) [ReO(SSS)(OMe)] 2
73.8 mg 1 (0.15 mmol) are dissolved in 10 mi acetonitrile while warming (about 50 °C) and stirring.
200 pl 1.13 M NaOCHj; (0.23 mmol) are dropped into the solution, the colour changes from purple to
brown, and after two hours a brown precipitate is separated, extracted with ether and dried in vacuum.
Yield: (29 mg, 67 %).
M.p.: 168 - 173 °C (from acetonitrile)
Elemental analysis: (Found: C, 16.14; H, 2.76; S, 25.16, CsH,10,S;Re requires

C, 15.58; H, 2.88; S, 24.95 %)
IR absorptions: vma/cm™ 960 (ReO)

Saponification studies of 1

7.1mg 1 (15 pmol) are dissoived in 8.0 ml supporting electrolyte. A 0.1 M BusN[PFg] solution in
acetonitrile was used as supporting electrolyte. 1.13 M sodium methylate was added step by step
(5 pmol at a time) and polarograms were recorded.
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Results and Discussion
The complex [ReO(SSS)(SBz)] 1 was obtained as a pure, crystalline compound by reaction of
thiobenzoic acid with (ReO(SSS)Cl] according to Fig. 1.
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The structure of 1 was determined by X-ray crystalliography and is shown in Fig. 2.

C(9) c8)

Fig.2: Molecular structure of 1

The crystal system was found to be orthorhombic, with a space group: P2(1)2(1)2(1), Z = 4,
R = 2.9%. Selected bond lengths and angles are listed in Table 1. The structure of the
tridentate/monodentate complex is related to [ReO(S3)(SR)], where R = ~-CH,CgHs [1].



Table 1: Selected bond lengths and angles of 1

Bond lengths[X]

Re-O (1) 1.682(4) Re-S (3) 2.351(2)
Re-S (1) 2.348(2) Re-S (4) 2.276(2)
Re-S (2) 2.293(2)

Bond angles [°]

O(1)-Re-S(4) 115.9(2) O(1)-Re-S(3) 103.8(2)
O(1)-Re-5(2) 114.9(2) O(1)-Re-S(1) 102.0(2)
S(4)-Re-S(2) 129.17(7) S(2)-Re-S(1) 84.36(6)
S(2)-Re-S(3) 80.36(6) S(4)-Re-S(1) 83.65(6)
S(4)-Re-S(3) 89.59(6)

The saponification of the monodentate benzoic mercapto ester bound to the ReOSSS core by
stepwise addition of sodium methylate was polarographically controlled. The increase in the anodic
step with a half wave potential at -480 mV indicates the presence of the free mercapto group located
at the Re core. The cathodic step at -1030 mV assigned to the redox step of the carboxylic group
decreases at the same time. From these results the existence of the [ReO(SSS)S7 intermediate can
be assumed.

Using a molar excess of sodium methylate a brown precipitate 2 was separated by filiration. There is
some evidence that substitution of the negatively charged sulphur by methylate occurred and the
complex 2 has the composition [ReO(SSS)(OMe)] (elemental analysis and infrared spectra).
However, this assumption has to be confirmed by further analytical investigations, and studies of
nucleophilic substitution reactions at a postulated S centre will be carried out.
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24. Nicotinamide-Substituted Rhenium(V) Mixéd-Ligand Complexes

T. Kniess, H. Spies

Introduction

The radiopharmaceutical research aims at present at tracers whose ultimate distribution is determined
by specific biochemical or receptor-binding interactions [1]. One of the challenging tasks is the
development of radiotracers able to indicate and to image certain redox processes.

Bodor and co-workers used the NAD'/NADH equilibrium as a model to develop a redox delivery
system to move polar drugs through the blood-brain barrier [2 - 5]. Prompted by this work, we looked
for potentialities of this principle for the design of new rhenium and technetium compounds. To our
knowledge such types of chelates suitable for coupling to a pyridinium salt or a dihydropyridine moiety
- both of wich are constituents of the NAD*/NADH redox pair - are so far unknown.

in this paper we report the synthesis of rhenium chelates bearing either a pyridinium or a
dihydropyridine functionality as potential metal-based redox-active tracers. Nicotinamide was
converted into the N-(2-mercaptoethyl) derivative which directly or after quaternization to the 3(2-
mercaptoethyl-carbamoyl)-1-methylpyridinium as a monodentate ligand binds to an oxometal core.
The remaining coordination sites were occupied by the tridentate bis(2-mercaptoethyl)-sulphide
(HSSSH) resulting in neutral "3+1" mixed-ligand complexes [6].

Experimental

General

Melting points were obtained on a Boetius apparatus and were uncorrected. Infrared spectra were
determined on a Specord M 80 spectrophotometer and UV-VIS spectra provided by a Specord M 40
spectrometer (Carl Zeiss Jena). The NMR spectra were recorded on an FT-Spectrometer DC 300
(Bruker) in deuterated chloroform or dimethyl sulphoxide with tetramethyl silane as the internal
standard. Elemental analyses were performed on a LECO CHNS932 Elemental Analyser.

Materials and methods

Methyl nicotinate, ethanolamine, thionyl chloride, bis(mercaptoethyl)sulphide and sodium dithionite
were obtained from FLUKA. Na;PO3S x 12H,0 was synthesized according to a literature procedure
[7]. Methyl iodide was obtained from RIEDEL de HAEN. The precursor chloro(3-thiapentane-1,5-
dithiolato)oxo-rhenium(V) was prepared according to the literature [8].

Preparation of 3(2-hydroxyethyl-carbamoyl)pyridine (2). 41.1 g (0.3 mol) methyl nicotinate 1 were
heated with 18.3 g (0.3 mol) ethanolamine to a temperature of 150 - 160 °C and the resulting
methanol was collected by distillation. After 3 hours the heating was removed and the product
solidified as a yellowish mass. Recrystallization from 1,2-dichlorethane gave the pure substance but
the crude product was used for the next step.
Yield: 49.8 g (98 %); melting point: 82 - 86 °C.
Elemental analysis: (Found: C, 57.79; H, 5.97; N, 16.49, CgH1oN,O, requires
C, 57.83; H, 6.02; N, 16.86 %).

'H NMR data: 3y (200.13 MHz; solvent CDCls) 3.62 (2H, q), 3.82 (1H, s), 3.83 (2H, 1), 7.25 (1H, s),

7.38 (1H, m), 8.13 (1H, d), 8.66 (1H, d), 8.99 (1H, s).

Preparation of 3(2-chlor-ethyl-carbamoyl)pyridine (3). 49 g (0.295 mol) 2 were dissolved in 200 ml
chioroform and cooled to 0 °C. 42.8 g (0.36 mol) thiony! chloride were dropped into the solution, while
stirring vigorously (glass stirrer), the mixture was warmed up to room temperature and than refluxed
four hours until the oily product solidified. 200 mi water and 45 g NaHCO; were added in portions
after cooling. The organic layer was separated and the residue exiracted two times with 200 ml
chloroform. The unified organic solutions were dried over MgSO, and evaporated. The resulting
product was purified by column chromatography on aluminium oxide with chioroform/acetone (1:1) as
the eluent to yield 3 as white needles.
Yield: 25 g (45 %); melting point: 89 - 91 °C.
Elemental analysis: (Found: C, 51.82; H, 4.92; N, 14.91; Cl, 18.61, CgHsCIN,O requires
C,52.03; H, 4.87; N, 15.17; Cl, 19.24 %)

'H NMR data: & (200.13 MHz; solvent CDCl;) 3.66 (2H, g), 3.77 (2H, 1), 7.02 (1H, s), 7.33 (1H, m),

8.08 (1H, d), 8.66 (1H, d), 8.95 (1H, s).



Preparation of 3(2-mercaptoethyl-carbamoyl)pyridine (4): 3.7 g (20 mmol) 3 were dissolved in 20 ml
water and stirred with a solution of 15.8 g (40 mmol) Na;PO3S x 12 H,O in 150 ml water for 7 hours at
40 - 50 °C. After cooling to room temperature the pH was adjusted to 4.0 by adding 3.5 % HCI. The
mixture was allowed to stand overnight and then extracted with CH,Cl, (4 x 100 ml). The organic
layer was dried over MgSO, and evaporated. Purification by column chromatography on silica gel
with acetone/chloroform (6:1) yielded 4 as white crystals .
Yield: 1.8 g (48 %); melting point: 96 - 98 °C.
Elemental analysis: (Found: C, 52.57; H, 5.58; N, 15.12; S, 16.93, CgH1oNOS requires
C,52.74; H, 5.49; N, 15.38; S, 17.58 %)

3C NMR data: 8c.15 (75.475 Mhz; solvent DMSO-dg) 23.32 (CH,), 42.80 (CHy), 123.60 (C.), 129.89

(Can), 135.10 (C,), 148.38 (Cyp), 151.95 (Cy), 165.00 (CO).

Preparation of 3(2-mercaptoethyl-carbamoyl)-1-methyl-pyridiniumiodide (5): 370 mg (2.03 mmol) 4 in
35 mi p.a. acetone were refluxed with 6.0 g (40 mmol) methy! iodide for 20 minutes. After cooling the
mixture was concentrated by evaporation up to 5 ml and stored overnight at -18 °C. The resulting
yellow needles were separated. The product § was pure enough to be used without further
purification.
Yield: 490 mg (74 %); melting point: 102 - 104 °C.
Elemental analysis: (Found: C, 33.46; H. 3.83; N, 8,52; |, 38.37; S, 9.59, CgH13N21OS requires
C, 33.33; H, 4.01; N, 8.64; |, 39.19; S, 9.87 %)

3C NMR data: 5¢.43 (125.70 MHz; solvent DMSO-dg) 23.07 (CHy), 42.91 (CHy), 48.24 (CHa), 127.34

(Cap), 133.19 (Cy), 142.66 (Cyy), 145.43 (C,y), 147.16 (C4), 161.39 (CO).

Preparation of (3-pyridinyl-ethylcarbamoyl-thiolato)-(3-thiapentane-1,5-dithiolato)oxorhenium(V) (6):
1.06 g (2.7 mmol) chloro(3-thiapentane-1,5-dithiolato)oxorhenium(V) were dissolved in 60 mi boiling
acetonitrile. 0.975 g (5.4 mmol) 4 in 20 mi acetonitrile was dropped to this solution and the mixture
was refluxed for one hour. The solid product was separated, dried and purified by column
chromatography (ALOs, methanol). The eluate was concentrated to half its original volume and
allowed to stand overnight at -18 °C. The product 6 crystailized as fine red needles.
Yield: 1.03 g (71 %); melting point: 186 - 188 °C.
Elemental analysis: (Found: C, 26.43; H, 3.02; N, 5.13; S, 23.40, C,H,7N,0O,S4Re requires
" C, 26.91; H, 3.17; N, 5.23; S, 23.92 %)

C NMR data: 8c.43 (75.475 MHz; solvent DMSO-dg) 35.41 (CH,), 42.42 (CH,), 43.13 (2xCH,), 45.61

(2xCHy), 123.56 (Cp), 129.95 (C.p), 135.08 (Ca), 148.44 (Ca), 151.69 (Cap), 164.62 (CO).

IR absorptions: vma/cm™ (KBr) 960 (Re=0); 1664 (C=0).

Preparation of (1-methyl-3-pyridinyl-ethylcarbamoyl-thiolato)-(3-thiapentane-1,5-dithiolato)-oxorhe-
nium(V)iodide (7):

Route A: 535 mg (1Immol) 6 were refluxed with 1.42 g (10 mmol) methyl iodide in 150 ml p.a.
acetone. After 4 hours the solution was nearly discoloured and a light red product had separated. It
was filtered and recrystallized from methanol to yield 7 .

Yield: 336 mg (50 %); melting point: 197 - 198 °C.

Route B: 83 mg (211pmol) chloro(3-thiapentane-1,5-dithiolato)oxorhenium(V) were refluxed in 5 ml
acetonitrile. 137 mg (422 pmol) 5 in 2 ml acetonitrile were added and the mixture was refluxed for 30
minutes. The solution was concentrated to 3 ml and after cooling 3 ml diethy! ether were added o the
mixture. The solid product was separated and recrystaliized.
Yield: 86 mg (60 %); melting point: 198 - 200 °C.
Elemental analysis: (Found: C, 22.86; H, 2.81; N, 4.08; |, 16.84; S, 18.65, C13H20N210,84Re requires
; C: 23.04, H: 2.95, N: 4.13, |: 18.75, S: 18.90 %).

H NMR data: 34 (500.13 Mhz, solvent DMSO-dg) 2.26 (2H, m), 3.04 (2H, t), 3.68 (2H, q). 3.87 (2H, D),

4.08 (2H, q), 4.32 (2H, d), 4.39 (3H, s), 8.24 (1H, 1), 8.89 (1H, d), 9.10 (1H, d), 9.34
(1H, v, 9,41 (1H, s).

IR absorptions: vma/em™ (KBr) 960 (Re=0); 1668 (C=0).
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Resuits and Discussion

The synthesis of 3(2-mercaptoethyl-carbamoyl)-1-methylpyridine 4 is associated, as the literature
shows, with some difficulties and by-products [9, 10]. We decided to start from the methyl nicotinate 1
which was heated with ethanolamine at 150 °C to relieve methanol and form 3(2-hydroxyethyl-
carbamoyl)pyridine 2 (Fig. 1).

Treatment of the hydroxyl group with thionyl chloride leads to the 3(2-chlor-ethyl-carbamoyl)pyridine
3. The introduction of the thiol group resulied in reacting 3 with sodium thiophosphate dodecahydrate
in aqueous solution by modification of a literature procedure [11]. Acid hydrolysis of the phosphoric
acid thioester supplied the free thiol 4 in high purity.

Thiol 4 was methylated with excess methyl iodide. Alkylation of sulphur could be prevented by
application of an inert solvent.

Both thiolates 4 and 5 were reacted with the precursor chloro(3-thiapentane-1,5-dithiolato)oxo-
rhenium(V) according to the "3+1" principle [6]. In this way the new rhenium mixed-ligand complexes
6 and 7 were obtained. Complex 7 can also be obtained by direct methylation of the complex 6 with
excess methyl iodide in acetone (route A).
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Fig. 1: Reaction pathway for preparation of nicotinamide-substituted Re-complexes 6 and 7

The most convenient method of generating dihydropyridines from pyridinium salts is reduction with
sodium dithionite in alkaline solution [12, 13]. in this way it should be possible to reduce the
pyridinium salt "3+1" complex 7 with Na,S,0, to the 1,4-dihydropyridine derivative. Because of the
oxidation sensitivity of the dihydropyridines it is difficult to detect them analytically. Nevertheless, a
significant identifying mark is the characteristic absorption in UV-VIS spectrometry at about 360 nm
[2, 14]. By sliming 7 in alkaline agueous medium with Na,S,0, a brick-red solid was separated
{decomposition 105 - 115 °C). Attempts at purification resulted in a viscous red substance. Fig. 2
shows the UV-VIS spectrum of complex 7 and the alteration of the spectrum after reduction to the
dihydropyridine. A new band at 299.3 nm appeared and the absorption at 366 nm increased. The
latter may serve as an indication for the existence of a dihydropyridine complex.



Further investigations on the preparation and stability of dihydropyridines have been carried out with
the technetium complexes and will be published in a subsequent paper.
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Fig. 2. UV-VIS spectrum of complex 7 in water and after reduction with Na,S,0,
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25. Dihydropyridine-Substituted Technetium(V) Mixed-Ligand Complexes
T. Kniess, H. Spies

Introduction

In researching redox-active Tc-99m radiotracers based on the pyridinium salt/dihydropyridine system
we described the synthesis of 3(2-mercaptoethyl-carbamoyl)-1-methyl-pyridinium-iodide 1 and the
preparation of corresponding rhenium(V) mixed-ligand complexes [1]. In this paper the formation of
the analogous technetium complexes starting from **°™T¢ giuconate is reported. The reduction of
pyridinium to the dihydropyridine group with sodium dithionite is documented for the free ligand and
for the complex. UV-VIS spectrometric investigations were carried out concering the characterization
and the stability of the dihydropyridines.

Experimental

General

UV-VIS spectra were determined on a Specord M 40 spectrometer (Carl Zeiss Jena). The
radioscanner was a TRACEMASTER 20 (Berthold).

NaHCO3;, Na»S20,, sodium gluconate and bis{mercaptoethyl)sulphide were obtained from FLUKA.
3(2-mercaptoethyl-carbamoyl)-1-methyl-pyridiniumiodide 1 was synthesized according to the prece-
ding report [1]. Stannous chioride dihydrate was obtained from ALDRICH. Sodium pertechnetate in
saline solution was eluted from a **Mo/*™Tc generator purchased from MALLINCKRODT.

Thin-layer chromatography (TLC) was performed on silufol plates (KAVALIER). The RP-18 glass-
backed plates were obtained from MERCK.

Preparation of 3(2-mercaptoethyl-carbamoyl)-1-methyl-1,4-dihydropyridine (4): 9.75 mg (30 pmol) 1
and 15 mg (180 pmol) NaHCOs were dissolved in 2 mi water. The mixture was cooled to almost 0°C
and 10.5 mg (60 umol) Na,S,04 were added so that the solution turned light orange. When the
reduction was finished after 15 minutes, the nearly colouriess dihydropyridine solution was used for
further reactions.

UV-VIS data: Amax 361.8 nm

Radiolabelling with ****"Tc

( 1-methyl-3-pyridinylethylcarbamogyg'lr;thiolato)-(3-thiapentane-1, 5-dithiolato)oxotechnetium(V)iodide (3):
1 umol %TcO, and (5-10 MBq)™ 'TcO4 in 1 mi 0.1 M sodium gluconate was diluted with 1 ml
0.9 % NaCl and then reduced with 100 ul freshly prepared 0.01 M stannous chloride dihydrate in
0.1 M HCI. 1.95 mg (6 pmol) 1 in 200 ul water were added to this ***™T¢(V) giuconate solution.
1.0 mi acetone was given to the yellow complex and then 0.3 mg (2 pmol) bis(mercaptoethyl)sulphide
in 300 pl acetone. The reaction process was controlled by TLC (RP18 plates, butanol/acetic
acid/water = 2:1:1). 3 was determined as a peak with R; = 0.54 in 73 % radiochemical purity.

[1-methyi-3-(1,4)dihydropyridinyl-ethylcarbamoyi-thiolato]-(3-thiapentane-1, 5-dithiolato)oxo-
technetium(V) (6):

1umol (5-10 MBa) ****"Tc(V)gluconate prepared as above was reacted with 1 mi of dihydropyridine
solution (containing 15 umol 4). After 5 minutes 1 ml acetone and 0.3 mg (2 pmol) bis(mer-
captoethyl)sulphide in 300 upl acetone were added. The reaction was observed by UV-VIS
spectroscopy.
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Results and Discussion

The reaction pattern for the synthesis of the nicotinamide-substituted e T mixed-ligand complexes
is visible in Fig. 1. The pyridinium salt 1 was reacted with ***™Tc gluconate to the supposed
intermediate 2. In a second step the fridentate ligand bis(2-mercaptoethyl)sulphide (HSSSH) was
added. Three monodentate ligands were thereby replaced and the complex 3 was formed.
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Fig. 1: Reaction pathway for preparation of pyridinium salt and dihydropyridine-substituted
Te complexes 3 and 4

The progress of the reaction was observed by TLC. Fig. 2 shows typical thin layer chromatograms. In
the first step after reaction of 1 with ®**™T¢ gluconate the intermediate 2 is detectable with unreacted
sodium gluconate near the start. When the tridentate HSSSH was added, the peak of complex 2
disappeared and the new ‘3+1’ complex 3 was found as the major product. An investigation of 3 by
capillary electrophoresis proved that 3 is a cationic complex.
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Fig. 2. TLC of the reaction of ®**™T¢ gluconate with 1 before and after addition of HSSSH

The most convenient way of generating 1,4-dihydropyridines from pyridinium salts is reduction with
sodium dithionite in alkaline solution [2, 3]. In this way we tried to reduce the complex 3 to the
dihydropyridine 6. After addition of the reducing agent a brown discoloration of the yellow complex
was observed and within three hours a brown precipitate appeared. TLC showed that after 15 minutes
part of complex 3 was already decomposed and insoluble material was found at the start that did not
run on the TLC mobile soivent (Fig. 3). Three hours later only the insoluble precipitate at the start was
visible. It can be assumed that the brown insoluble compound is reduced hydrolyzed technetium. A
reduction of the metal has obviously occurred. This competitive reaction is not surprising because the
ligand 1 as well as the sodium dithionite have been used in great excess over the technetium.
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Fig. 3: TLC of 3 with Na;$,0, after 15 min and 180 min

To avoid reduction of the metal, the free dihydropyridine ligand 4 was prepared starting from 1
followed by complexation as an additional step. 1 was reduced with sodium dithionite within 15
minutes. Because of the sensitivity of 4 to air oxidation, the product was not isolated in substance.
The solution containing freshly reduced 4 was analysed by UV-VIS spectrometry. A strong absorption
at 361.8 nm was observed that disappeared within 45 minutes (Fig. 4). As the literature shows, a
significant identifying mark of 1,4-dihydropyridines is their characteristic absorption in UV-VIS
spectrometry at about 360 mn {4, 5].
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Fig. 4: UV-VIS spectrum of 4 and of § in water over 45 minutes

If a solution of freshly reduced dihydropyridine 4 is given {o 9ememr¢ gluconate, a complex of structure
5 is expected. The UV-VIS spectrum of 5 again showed a significant dihydropyridine absorption at
360.4 nm that disappeared over 45 minutes (Fig. 4). By immediate addition of tridentate ligand
HSSSH to 5, the desired dihydropyridine ‘3+1’ complex 6 becomes available. in the UV-VIS spectrum
of 8 a strong absorption at 3656 nm was observed that did not change over two hours
(Fig. 5). This band overlaid the dihydropyridine absorption so that no detailed statements can be

made about the stability of 6. By analogy with 4 and 5 we assume that complex 6 is also stable for
approximate 45 minutes.
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Fig. 5: UV-VIS spectrum of 6 in water over 120 minutes

investigation of the stability of the dihydropyridines by UV-VIS spectromeiry shows that decom-
position occurs whithin a short time. Further efforts are needed to obtain complexes of a higher
stability, suitable for in vivo tests. improvements in the stability of the dihydropyridine complexes may
be achieved by introduction of various substituents on the pyridinium ring and modification of the

tridentate figand. In addition the search for other ways of reduction by chemical, biochemical or
electrochemical methods should be continued.
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26. Note on the Fast Hydrolysis of the Methyl Ester of MAG, during Complexation with
Tc/Re(V) gluconate

St. Noll, B. Noll, H. Spies

Introduction
We report on the ligand exchange of Tc gluconate with the methyl ester of mercaptoacetyl diglycine
(MAG,) in alkaline solution. The reaction involves an unexpectedly fast saponification of the ester

group resulting in formation of the known 1:1 complexes of both Re and Tc with MAG, as the
tetradentate ligand.

Experimental

Preparation of [ReO(MAG,)] from Re gluconate and MAG, methyl ester

22 mg MAG; methyl ester (0.1 mmol) was dissolved in 2.0 ml water and added to 2.0 mi 0.05 M Re
giuconate (0.1 mmol) solution under an inert gas (nitrogen) atmosphere while stirring. After adding
200 pl 1 N NaOH the reaction mixture was stirred for 30 minutes and then neutralized with 200 ul 1 N
HCI. After addition of 48 mg Ph,AsCI the solution was extracted with methylene chloride. The reddish-
brown organic phase was dried over sodium sulphate, evaporated to dryness and the residue
crystallized from ethanol. 49 mg (64 %) brown crystals, m.p. 201 - 202 °C.

Preparation of the *™Tc complex

1.0 mg MAG; methyl ester was dissolved in 120 ul methanol and added to 2.0 ml e 1 gluconate
solution containing 400 pl 0.1 M NaOH. After 20 minutes the mixture was neutralized with 380 pl
0.1 N HCI and analysed by HPLC on an RP 18 column (Eurosphere), eluent A: 0.05M phosphate
buffer pH 5.8, eluent B: methanol; 3 min 100% A, 15 min from 100% A to 20% A / 80% B.
Ry 14.3 min;

The resulting preparation was compared with a reference ©™**Tc-MAG, complex prepared with MAG,
as the ligand according to the above procedure.

Results and Discussion

Hydrolysis of the MAG, methy! ester under these conditions is nearly quantitative and the MAG;
formed reacts immediately with Re gluconate to form the complex [ReO(MAG,)]. The identity of the
isolated complex (as Ph,As salf) with the previously described Ph,As[ReO(MAG,)] [1] is confirmed by
the identical retention time in HPLC, melting point and elemental composition.

Analogously to the studies with rhenium, MAG, methyl ester forms [TCO(MAG,)]" [2] when allowed to
react with Tc gluconate as a precursor. It could also be proved that the saponification also takes place
at the n.c.a. level so that attempts to label the MAG, methyl ester with *™Tc result in the *™Tc(V)
MAG;, complex. The R; value in HPLC is the same both for the *™Tc labelled MAG; ester and MAG..
A mixture of both reaction products shows only one peak at R; 14.3 min in the HPLC analysis.

The resuits supply the evidence for hydrolysis of the MAG, ester both for the c.a. and the n.c.a. level
under conditions normally used for complexation reaction. This behaviour enables us to use the ester
as a proctecting group in the ligand synthesis, when required. In complexation reactions, there is no

need to split the protecting group prior to the reaction, a fact that could could be benefit in sensitive
labelling procedures at the n.c.a. level of *™Tc.
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27. Synthesis of '*Re Gluconate by Stannous Chloride Reduction of "*ReO,

B. Noll, T. Kniess, H. Spies

introduction

The radioactive isotopes of rhenium, '®Re and '®Re, are of interest in nuclear medicine for
therapeutical use because of their nuclear properties and the chemical analogy with technetium-99m
[1, 2]. The labelling of molecules with Mg is often advantageously done by means of precursors
such as Tc(V) tartrate or Tc(V) gluconate. Such starting materials are also required for rhenium
complexes. The ability to form Re(V) giuconate in depending on the rhenium concentration up to a
molar concentration of 10° by stannous chioride reduction of perrhenate has already been described
in [2]. Because of the different redox potentials of pertechnetate and perrhenate, the formation of Re
gluconate requires an excess of stannous chloride and sufficient reaction time. The lower the rhenium
concentration, the longer is the reaction time with a constant amount of stannous chloride. To
establish the conditions at the '®Re concentration level necessary for complete conversion of
perrhenate into Re gluconate, experiments were carried out including variation of the amounts of the
reactands and the reaction time.

Experimental

The samples are analysed by TLC on silica gel sheets (Kieselgel 60/Merck) and acetone as the
eluent. The distribution of radioactivity is measured with a linear analyzer (Berthold). Polarographic
measurements were carried out with a DC/AC polarograph (GWP 673).

'8Re activity was obtained from Mallinckrodt Medical as sodium perrhenate with a specific activity
>29.6 GBg/mg and a radioactive concentration >8.5 GBg/ml. For better handling the stock solution
was diluted with water 1:10, the total Re concentration amounts to 1.7-10™ mol/l. Depending on the
age of the '®Re stock solution, 5- 10 pl are taken from this stock solution for the labelling
experiments carried out in a volume of about 2 ml, the Re concentration amounted to 4.25 107 -
8.5 107 mol/.

Preparation of '**Re gluconate

5 pl of the '®Re perrhenate stock solution are added to a mixture of 2.0 ml 0.5 M sodium gluconate
and 0.5 M hydrochloric acid or 0.5 M sodium hydroxide. "®ReO, is reduced with 0.1 M stannous
chloride at neutral pH, using stannous tartrate. The content of perrhenate was determined by thin
layer chromatography. (R:.perrhenate 0.7; R; Re guconate 0.0 - 0.1)

Resulis and Discussion

The formation of Re gluconate depending on the stannous chioride content is shown in Figure 1. The
yield of the Re gluconate has a maximum at about 60 min, after this time the complex decomposes
into perthenate at lower stannous chloride concentrations. In our investigations an amount of 200 pi
0.1 M stannous chloride was necessary to obtain an yield of nearly 100 %. The 18Re gluconate
prepared in this way is stable for up to two hours without cooling.

100
S 80
2 60
2 40
& 20

0,

Tirne {min)

Fig.1: The formation of Re gluconate depending on the stannous chloride content and time by
reduction of perthenate at pH 4. The total Re concentration is about 4.3 - 107 Mol/l.

Within the pH range from 4 to 7 there are no differences in the yield of Re gluconate. At low pH (<2)
and high pH (>9) the yield of Re gluconate decreases drastically, only 20 - 30 % are found besides
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unreacted perrhenate. The tin(ll) content in the alkaline reaction mixture (pH 10) was controlled by
means of dc polarographic measurements. A steady decrease in the cathodic wave of the stannous
chloride as a function of time was observed after addition of the [186Re04], even though the molar
excess of stannous chloride is about 1000 times greater than the total content of rhenium. So, the
decrease in the cathodic wave cannot have been caused by the presence of rhenium species.
Instead, radiolytic processes should be taken into consideration. The corresponding measurement
without addition of rhenium activity resulted in no decrease the cathodic wave and no stannous
chloride was consumed. This behaviour may also be the reason for the instability of the '®Re
gluconate in time, and a slight excess of stannous chloride is obviously necessary to prevent a rapid
oxidation to perrhenate. Optimum conditions for labelling gluconate with '®Re at the concentration
level from 4.25- 107 to 8.5 107 mol/l were the pH range from 4 - 7, concentration of stannous
chloride of 2.0 mg/ ml and a reaction time of 45 - 60 min. The "*Re gluconate solution prepared
under this conditions is at least stable for two hours and can be successfully used for ligand exchange
reactions with various ligands. A procedure that can be modified within the above defined conditions
is given in the experimentai part.
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8. Determination of Partition Coefficients for Coordination Compounds by Using the
HPLC Column Nucleogel RP C;; 80-10

R. Berger, T. Fietz, M. Glaser, H. Spies

Introduction

The transport and distribution processes within biological systems are to a large extent controlled by
the lipophilicity of the system components. It is therefore not astonishing that the lipophilicity also
plays a dominating role both during penetration of potential brain agents through the blood-brain
barrier (BBB) and in the binding of potential ligand-like substances to certain receptors.

Lipophilicity is usually expressed by the partition coefficient (P or log P), a molecular parameter which
describes the partitioning equilibrium of a solute molecule between a water-immiscible lipid-like
organic solvent (e.g. octanol) and an aqueous phase [1 - 4]. As the determination of log P by the
"shaking flask" procedure has some drawbacks, other simpler methods have been tested for their
suitability. A promising method for assessing the lipophilicity of numerous interesting substances is
the reversed-phase high-performance liquid chromatography (RP-HPLC). it represents a very
comfiortable and reliable method for determining partition coefficients [4, 5 - 8].

In order to obtain more insight into lipophilicity-dependent proceedings which play an important role
during the passage of substances through membranes {e.g. BBB) as well as in binding to receptors,
lipophilic numerical data of some rhenium complexes with the structures 1 and 2 (Fig. 1) synthesized
by the (3+1) or (4+1) mixed-ligand procedure [9, 10] have been determined by using RP-HPLC

Fig. 1: General structure of the rhenium complexes 1 and 2
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columns with different stationary phases. Previous experiments made use of columns filled with
octadecyl silica and poly(styrene-divinylbenzene) copolymer (RP 18 and PRP-1). For a better
understanding of the behaviour of certain complexes with aliphatic and especiaily arylic residues on
the aromatic PRP-1 column, an additional column based on a poly(styrene-divinylbenzene)
copolymer modified by matrix-linked octadecyl chains is included in the studies. (Because of possible
specific n-n interactions in the case of a pure arylic stationary phase, an influence on the retention of
arylic solutes is expected [11, 12]).

Experimental

Before starting an HPLC run, a small quantity of the compounds selected was dissolved in a mixture
of methanol and acetonitrile or dimethyl suiphoxide (about 2 mg/ml). (All reference chemicals were
commercial products, and they were used without further purification.) Sample volumes of 5 - 10 pl
were injected into the Rheodyne valve 7125 connected with the Perkin Elmer Model 1020. A Perkin
Elmer UV/VIS spectrophotometric detector LC 290 with an operating wavelength of mostly 254 nm
and the recorder Kodak Diconix 150 Plus were used throughout the study. The experiments were
carried out with the column NUCLEOGELRP C4g 80-10 (150 x 4.6 mm; PS/DVB/C4, 10 um;
MACHEREY-NAGEL) under isocratic elution conditions at room temperature and with a flow rate of
1.5 mi/min. For the buffer preparation reageni-grade chemicals were used. Water was prepared with
an ion exchange unit. Acetonitrile from Baker, Roth, or Merck served as an eluent. For the mobile
phase acetonitrile and 0.01 M KHPO4/Na,HPO, buffer in a volume ratio of 3:1 (pH 7.4) were used.
(The experimental conditions for the RP 18 and PRP-1 columns are summarized in the last Annual
Report [4]).

The capacity factors (K) were evaluated from the chromatograms by k' = (i - to)/ty, where 1z and 13
are the retention times of a retained and an unretained solute. Methanol was applied as the non-
retained reference compound.

The capacity factors of the complexes of interest were changed to the corresponding log P values
with the aid of the equation log P = a log k' + b. For a linear trend function the substances aniline
(0.9), benzene (2.13), bromobenzene (2.99), and biphenyl (4.09) served as the log P references.
Because these log P values depend on various unknown factors caused and influenced by the RP-
HPLC system, the designation Pyp ¢ for an apparent constant was employed throughout this work.

Results and Discussion

PupLc values of Re complexes containing the structure form 41 are listed in Table 1. The preliminary
Pupic values by using the NUCLEOGEL RP Cis column (C) are compared with the corresponding
values obtained by means of the RP 18 (A) and PRP-1 column (B) [4]. Quotients formed by Pupc
value pairs (A/C) and (B/C) of the corresponding columns are demonstrated in addition.

Tab. 1: Partition coefficients (Pup.c, l0g Pupic) of various rhenium complexes 1 by using different
chomatography columns [RP 18, PRP-1, NUCLEOGEL RP C;g] and their quotients formed
by dividing the corresponding RP 18 and PRP-1 by NUCLEOGEL RP Cyg values

R' RP 18 PRP-1 NUCLEOGEL RP C4g
A) (B) © PupLc
log log log

Pupic | Puric | Puric | Pueic Pupic Puprc | AIC | B/IC
-CH,-CO-OCH3 16 1.20 32 1.51 72109 0.86 | 2.2 44
-CH,;-CO-0OC,Hs 39 1.59 74 1.87 13+1.5 1.11 3.0 5.7
-CH;-CO-0-n-C3H7 132 | 212 | 173 | 2.24 26 1.5 1.41 5.1 6.6
~CH,-CO-0-n-C4Hg 455 | 266 } 398 | 2.60 55 13 1.74 8.3 7.2
-CHs 25 140 | 146 | 2.16 5142 1.71 0.5 29
~C,Hs 62 179 | 244 | 2.39 157 21 220 | 04 16
~n-C3Hy 222 | 235 } 598 | 2.78 354 72 2.55 0.6 1.7
-1-CyHgy 763 | 2.88 | 1452 | 3.16 11740 £5390 407 | 006 | 0.1
-n-CgHyz 4754 | 3.68 } 4535 | 3.66 463886 £307000 5.67 | 0.01 ] 0.01
~CgHs 224 | 235 ] 993 | 3.00 152 +20 218 1.5 6.5
~CH;-CsHs 610 | 2.79 | 1898 | 3.28 261 +46 242 | 23 7.3
~CH,-CH»-CelHs 1784 | 3.256 | 4260 | 3.63 525 123 272 | 34 8.1
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For Re complexes with the structure form 2 preliminary Pypic values obtained by using the
NUCLEOGEL RP Cy4 column are summarized in Table 2. These values are compared with
corresponding values obtained by using a PRP-1 column [4].

Tab. 2: Partition coefficients (PupLc) Of various rhenium complexes 2 by using the columns PRP-1
and NUCLEOGEL RP C;g and their quotients formed by dividing the corresponding PRP-1
by NUCLEOGEL RP Cs values (eluent: acetonitrile/buffer = 3/1, pH 7.4)

PRP-1 NUCLEOGEL RP Css
(B) (C) PupLc
R? Puric log Pupic log
Pupic_ Purc | BIC
-CN-CH,-CO-OCHj; 741 1.87 18 +1 126 | 41
-CN-CH,-CO-OC,H5 148 | 2.17 36 +1 156 | 4.1
-CN-(CH,)1-CO-OC,Hs 177000 | 5.25 |[37200+19000 | 457 | 4.8
-CN-CgHs 4340 | 364 | 1100+300 304 | 40
~CN-(CH,)>-N[CH3]-(CH2)»-CeHs 2830 | 3.45 540 +120 273 | 52
~CN-(CH,)s-CO-[p-F-CeHa] 3340 | 3.52 540 +120 273 | 6.2
~CN-(CH,)s-C[O-(CH,)»-O]-[p-F-CeHs] | 5700 | 3.76 | 10154270 3.01 5.6
“CN-(CH,)2-N[(CH,).-O-(CH,),] 115 | 2.06 21 +1 132 | 55
-P[(CH3)7)-CeHs 12000 | 4.08 | 4600 +1800 3.66 26

Considering the Pyp ¢ values determined by the NUCLEOGEL RP C4g column in Tables 1 and 2, the
rather high mean errors between about 2 and 60 per cent are remarkable. It can easily be recognized
that with increasing Pyp,c values the mean errors also grow. This depends on the non-linear trend of
the calibration substances aniline, benzene, bromobenzene, and biphenyl on NUCLEOGEL RP Cjs.
The retention behaviour expressed as capacity factors of these calibration substances on the columns
NUCLEOGEL RP C43 and PRP-1 is shown in Fig. 2. In comparison with the nearly linear trend on
PRP-1 the curve for NUCLEOGEL RP Ci3 is better described by a polynominal regression function.

1.2 o PRP-1
] Linear Regression
1,0 A y=-0.37125 + 0.34961x
: R = 0.99565; n = 12
0,8 1 Bromobenze
0,6
< ]
o 0,44
2 ] ® NUCLEOGEL RP-C,,
0,2 ~ Polynomial Regression
; y = - 051922 + 0.50253x - 0.03076x°
0,0 4 R=0.99975;n=8
0,2 -
1 T 1 M I W 3 M 1 M 1 v 1] i 1
1.0 15 20 25 3,0 35 4,0 45
log P,

Fig. 2: Capacity factors (log k*) in dependence on the octanol/water partition coefficients
(log Pow) of some benzene derivatives as calibration substances by using the
columns PRP-1 and NUCLEOGEL RP Cyg
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Using the NUCLEOGEL RP C,g column, the resulting Pyp c values of several Re chelates correlate
well with both the values of the PRP-1 and the RP 18 column. This includes such chelates which
have either an ester group or a ring-like structure as benzene or morpholine in their monodentate
ligand. That means that only log Pupic values of chelates with the Pyp ¢ ratio B/C of more than three
are used for a linear correlation.

The corresponding value pairs obtained by using the PRP-1 and NUCLEOGEL RP C,5 column are
plotted in Fig. 3. For better information an additional reference straight line (y = x) is outlined as well
as the resulting linear regression function (y = 1.00417 x + 0.73691; R = 0.99499; n = 15).

It is not quite clear why the log Puric values of the residual complexes investigated are outside this
correlation. In case of the Re complexes bearing monodentate ligands with more or less long
hydrocarbon chains, hydrophobic (non-specific) interactions and surface effects between aliphatic
residues of the Re complexes and octadecyl carbon chains of the stationary phase can probably be
taken into account [11]. This is the case particularly when the carbon chain has more than three
carbon atoms.

Using an RP 18 column consisting of silica-based reversed-phase packing bonded with n-octadecyl

hydrocarbon chains a similar but not so pronounced appearance can be observed. In those cases,
monodentate ligands with an aliphatic chain longer than C, result in much higher log Pyp c values [4].

y=1.00417 x + 0.73691

3 4 5

o
- -
N

NUCLEOGHE. RPC,

Fig. 3: Plot of log Pyp ¢ values of various rhenium complexes 1 and 2
by using both a PRP-1 and NUCLEOGEL RP Cz column

Among the Re complexes with the structure form 2 only the substituted dimethyl-phenylphosphane
shows a relative log Pupic value which is presumably too high by using the NUCLEOGEL RP Cig
column. In this example a more intensive interaction is supposed between the aliphatic column
packing material and the two methyl residues linked to phosphorus.

A NUCLEOGEL RP C43 column may also be used for assessment of the lipophilicity of coordination
compounds. However, in this connection the restrictions conceming chelates with aliphatic ligand
parts should be kept in mind. Analogous to the other columns tested, the lipophilic properties of
substances are reflected by this column as relative partition coefficients. They are not expected to
correlate closely with the octanoliwater partition coefficients. For assessing the lipophilicity in a
general way, an exclusive application of capacity factors without conversion into the apparent
partition coefficients is recommended because by using the NUCLEOGEL RP C,s column a linear
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trend relating to the above mentioned aromatic calibration compounds is not described well.
Otherwise, it should be tried to replace the aromatic compounds used until now by more aliphatic
calibration compounds with known octanol/water partition coefficients.
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29. Investigations into Serotonin Receptor Subtypes on the Blood-Brain Barrier
J. Wober, S. Matys, P. Brust

Introduction

Serotonin (5-HT) is a neurotransmitter involved in regulation processes of the cardiovascular,
gastrointestinal, and central nervous systems, such as contraction [1] or relaxation [2] of vascular
smooth muscle cells or contraction of the stomach fundus [3].

In the brain 5-HT is an mediator of important physiological processes, such as thermoregulation [4],
sleep [5] or modulation of associative learning [6]. Dysfunction of the serotonergic system is involved
in certain neurological and psychiatric diseases and mental abnormalities, for instance depression [7,
8], schizophrenia [9, 10], suicide [11], anxiety [12], and aiso Alzheimer’s disease [13].

The diverse effects of 5-HT are mediated by several distinct 5-HT receptor subtypes [14, 15]. The 5-
HT receptors have been classified into seven different families, from 5-HT; to 5-HT>. All but the 5-HT3
receptor are members of the superfamily of G protein-coupled receptors and transduce extracellular
signals by activating GTP binding protein. Furthermore, 5-HT; receptors are subdivided into five
subtypes, namely 5-HT:a, 5-HT4, 5-HT4p, 5-HTyg, and 5-HT4. The 5-HT, receptor subclass is
comprised of 5-HT,s, 5-HTos, and 5-HT.c. Al 5-HT; receptors are linked to the adenylate
cyclase/cAMP system, while 5-HT, receptors are linked to the phosphoinositide signalling system
[16].

There is evidence that serotonin receptors may also exist at the BBB. The blood-brain barrier (BBB)
forms an important part in brain physiology. It has three major functions: protection of the brain from
the blood milieu, selective transport and metabolism or modification of blood- or brain-borne
substances [13]. Neuropeptides like vasopressin and atriopeptin regulate the transport of substances
through the BBB, possibly by receptor-mediated processes [17]. 5-HT may be involved in certain
aspects of BBB dysfunction, like brain oedema and cerebral blood flow disturbances [18, 19].
However, the mechanism of the action of 5-HT on BBB permeability and endothelium-mediated
changes of is unclear.

In this study we try to identify the type of 5-HT receptor(s) mediating the effects on the brain
endothelium by different models of the BBB and various radioligands with selectivity for various 5-HT
receptor subtypes.

Experimental

Preparation of rat cortex and hippocampus

Samples of the rat brain cortex and the hippocampus were homogenized in 10fold volumes of ice-
cold Tris/HCI buffer (50 mM, pH 7.6) with an Ultra-Turrax T25. The homogenate was centrifuged at
20,000 g for 10 min. The resulting pellet was resuspended and centrifuged at 20,000 g for another 10
min. After repeating the same procedure, the pellet was resuspended in 10 volumes of buffer and
stored at -70 °C until used in the binding studies.

Preparation of microvessels from porcine brain nucleus caudatus

Samples of the Nc. caudatus were isolated from porcine brains in a local slaughterhouse and were
kept in ice-cold Tris/HCI buffer (50 mM, pH 7.4 with 120 mM NaCl and 5 mM KCI). After removing of
the big blocd vessels and the white matter, the tissue samples were macerated and filirated through
different nets of defined pore size (243 uym, 125 ym, 50 pm dia). The isolated microvessels were
sampled in 30 ml ice-cold 0.25 M saccharose solution and washed twice in buffer (first centrifugation:
10 min, 800 g, 4 °C; second centrifugation: 10 min, 1000 g, 4 °C). The pellet was removed in 20 ml
buffer and stored at -70 °C until used in the binding studies.

Preparation of choroid plexus from porcine and rat brain [method of Johnson et al., 1993 (20)]
Choroid plexus was isolated from porcine and rat brains and kept in ice-cold Tris/HCI buffer (50 mM,
pH 7.4). After homogenization by sonification the homogenate was centrifuged (15 min, 40,000 g,
4 °C). The pellet was resuspended in buffer and incubated at 37 °C for 15 min. After incubation the
homogenate was twice washed in buffer and stored at -70 °C until used in the binding studies.

Culture of porcine brain endothelial cells

Cryoconserved cells, isolated from porcine brain were used (21). Endothelial cells were grown on
collagen-coated petri dishes in medium 199 containing 10 % FCS, 100 U/ml penicillin, 100 pg/mi
streptomycin and 2.5 pg/mi amphotericin. The cells were incubated at 37 °C, with 95 % air and 5 %
CO,. On the fourth day in culiure the cells formed monolayers. For experiments the cells were
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removed by scraping, kept in Tris/HCI buffer of the appropriate binding assay and homogenized by
short sonification.

Culture of RBE4 cells (immortalized rat brain endothelial cells)

Cells were grown on collagen-coated petri dishes in Alpha MEM/ Ham’s F10 (1:1) containing 10 mM
HEPES, 2 mM glutamine, 100 ul/mi gentamycin, 300 pyg/ml geneticin, 10 % FCS and 10 ng/ml bFGF
[22]. The cells were incubated at 37 °C, with 95 % air and 5 % CO,. On the fourth day in culture the
cells formed monolayers. For experiments the cells were removed by scraping, kept in Tris/HCI buifer
of the appropriate binding assay and homogenized by short sonification.

Binding assays

The various binding assays followed the protocol outlined in Table 1. The binding assays were
terminated by rapid filtration through GF/B glass fibre filters (Whatman). The filters were rapidly
washed with four 4 mi portions of ice-cold buffer, transferred into 5 mi of scintillation fluid (Uliima-
Gold, Packard) and analysed for radioactivity. The protein content of the membrane and cell
suspensions was estimated according to the method of Lowry et al. [23].

Table 1: Protocols of the binding assays of the 5-HT5s, 5-HToc, and 5-HT 4 receptors

Receptor 5-HT,s 5-HT¢ 5-HT 15
Ligand (conc. in | [PHlketanserin PHjmesulergin [PH]8-OH-DPAT
displacer exp.) (0.12 nM) (1 nM) (0.13 nM)

Unspecific 1 pM mianserin 10 uM mianserin 10 yM serotonin
binding
Tris/HCl-buffer 50 mM, pH 7.6 50 mM, pH 7.4 50 mM, pH 7.4
0.1 % ascorbic acid
2 mM CaCl,
Duration of incub. |60 min 40 min 120 min
Incubation temp. |25 °C 25°C 25 °C
incubation vol. 5ml 1mi 5ml

Tissue - microvessels of porcine |- microvessels of porcine |- microvessels of porcine
preparation brain nucleus caudatus | brain nucleus caudatus | brain nucleus caudatus

- porcine brain - porcine brain - RBE4 cells

endothelial cells endothelial cells - rat brain hippocampus
- RBE4 celis - RBE4 cells
- rat brain frontal cortex |- rat and porcine brain
choroid plexus

Reference [24] [25] [26]

Resuits and Discussion

Up to now there has been no direct evidence that 5-HT,, receptors are expressed on the BBB. But it
is highly probable that the effects of 5-HT could be receptor-mediated processes. in this study we
want o try to identify 5-HT receptors on the brain endothelium.

At present a great variety of selective agonists and antagonists of the several serotonin receptor
subtypes are known. They are used in radioligand binding assays [see for review, 16]. Depending on
the subtype studied, the type of radioligand had to be chosen and the tissue preparation used as
standard or BBB model.

Sharma et al. [18] found, that 5-HT given by intravenous infusion markedly affect the cerebral
circulation and the BBB permeability in rats. They established the hypothesis that 5-HT, when
introduced into the circulation, binds on 5-HT, receptors and stimulates the prostaglandin synthesis in
the cerebral vessels. These prostaglandins stimulate cAMP in the vessel causing an increased
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vesicular transport in the endothelial cells resulting in extravasation of substances across the cerebral
vessels. Following this hypothesis it is possible that 5-HT, receptor subtypes exist on the luminal side
of the BBB.

From these facts and hypotheses we try to demonstrate the existence of receptors of this class on the
BBB. Homogenate of porcine brain choroid plexus and homogenate of rat brain frontal cortex were
used as standards for 5-HTza and 5-HT,c receptors [24, 28].

Table 2 shows the resulis of our saturatlon experiments with [ Hjketanserin, a selective 5-HT,
receptor ligand [24], on rat frontal cortex and { Himesulergine, a selective 5-HT,¢ receptor ligand [25],
on porcine choroid plexus. In both cases analysis of the binding data by a non-linear fitting routine
(Fig. P, Biosoft, Cambridge, UK) revealed a significant fit for a model with one binding site. This is
confirmed by the linear type of the Rosenthal-Scatchard plot.

Table 2. Results of the saturation analysis of the specific binding of radioligands on the 5-HTs,,
5-HT,c and 5-HT4a receptor.

Non-linear plot Linear piot
Receptor Radioligand Brain region Kp Bmax Kp Bmax
subtype species [nM] [fmol/mg [nM] [fmol/mg
protein] protein]

5-HTaa [3H]ketanserin frontal cortex (024 +0.03} 89045 | 0.24+0.02| 891 +48
rat

5-HTc [3H]mesulergine choroid plexus | 2.6 +0.3 306 x 21 2304 298 £ 23
pig

5-HT:a | [CHI8-OH-DPAT | hippocampus {0.32+0.04| 209+14 | 0.33+004 | 212+ 15
rat

The apparent dissociation constant Kp and the binding site density B, were analysed by a non-linear
fitting routine (Fig. P, Biosoft, Cambridge, UK) and by a linear Rosenthal-Scatchard plot. The binding
parameters for 5-HT2a and 5-HT;c receptors were obtained from the plots of the singie values of three
experiments with ten concentrations of the radioligand. The binding parameters for the 5-HT,
receptors were obtamed from the plot of the single values of only one experiment with nine
concentrations of the [ Hiligand.

In the frontal cortex 5-HT2a receptors were found in the greatest density [29]. This receptor subtype
was well characterized by radioligand binding studies, using [ H]ketansenn as the selective ligand [24,
30, 31]. The specific binding of ketanserin was measured at free [H]ketansenn concentrations
between 0.003 and 2 nM. The unspecific binding was estimated in the presence of 1 uM mianserin.
The apparent dissociation constant (Kp) and the binding site density (Bna) of the 5-HT., of the rat
frontal cortex, which we obtained by a non-linear plot, were 0.24 + 0.03 nM and 890 * 45 fmol/mg
protein. The same binding parameters were obtained by the linear plot. The Ky values are
comparable o data reported by others [24, 32]. However, the reported B, values differ between 300
and 1000 fmol/mg protein [32, 24]. The values obtained by Mayeda ef al. [32] are Ky 0.32 nM and
Brax 10.3 pmol/g wet tissue. Leysen ef al. [24] found a Kp of 0.42 nM and a By of 30.9 fmol/mg
tissue.

But ketanserin has also an affinity to the 5-HT,¢ receptor. The 5-HT2A and the 5-HT,: receptors are
very similar in their structure and their pharmacological profile. [ H]mesulergine is also known to be
an antagonist for the 5-HT,x and 5-HT.c receptors however with a higher affinity to 5-HT-c than to
5-HT2a [28]. 1t is known that only one binding site for this radioligand exists on human, rat and porcine
choroid plexus, the 5-HT,¢ receptor. The tight junctions of the choroid plexus epithelium represent the
consmutlve element of the blood-liquor barrier and could be used as a standard for the specific
[H]mesulergme binding on the 5-HTzc receptor. For determination of the binding properties the
specific binding was measured at free [ H]mesu!ergme concentrations between 0.05 and 6 nM. The
unspecific binding was estimated in the presence of 10 uM mianserin. The Ko and B values
obtained were 2.6 * 0.3 nM and 306 t 21 fmol/mg protein. These are also confirmed by the linear
type of the Rosenthal-Scatchard plot with similar values. Kp was 2.3 £ 0.4 nM and B, was 298 + 23
fmol/mg protein . Pazos et al [25] also found similar values, a Kp of 1.1 nM and a Bg. of 300
fmol/mg protein.
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in addition to 5-HT.s and 5-HT,c receptors we also studied 5-HT4s. Two principal localizations of
5-HT.4 in the brain were described [27]. They are found on the cell bodies of the 5-HT neurones, in
the midbrain raphe nuclei, where they function as autoreceptors to modulate the activity of these
neurons, and also on postsynaptic membranes in many forebrain areas notably in the hippocampus.
The classical radioligand binding assays for 5-HT4, receptors use [ H]8-OH-DPAT and homogenized
preparations of cortex or hippocampus from rat, pig, or other species [33]. Other radioligands have
been described for 5-HT,, sites, but none has surpassed [H]8-OH-DPAT in its overall usefuiness
(16). We determined the binding parameters of the specn‘” ic 8-OH-DPAT binding on rat hippocampal
homogenate (see Table 2). It was measured at free [ H]8-OH-DPAT concentrations between 0.05 and
1.5 nM. The unspecific binding was estimated in the presence of 10 yM serotonin. We found a Ky of
0.32 £ 0.04 nM and a By of 209 £ 14 fmol/mg protein by a non-linear plot of a one site model. The
Scatchard transformation shows a linear regression. The values obtained were Slmllal‘ Kpwas 0.33 £
0.04 nM and B Was 212 + 15 fmol/mg protein. It is, however, described that [ H]8-OH-DPAT labels
two binding sites. On rat hippocampus Mongeau ef al. [34] found a Ky of 0.51 £ 0.09 nM and a By, of
182 + 33 fmol/mg protein for the high-affinity binding site, and a Ky of 8.5 £+ 2.4 nM and a Bpa, of 225
+ 34 fmol/mg protein for the low-affinity bmdmg site. The second binding site was detectable because
the free [’H]8-OH-DPAT concentratlons used in the binding experiment were beiween 0.05 and 60
nM. In our experiments we used free [ H]8-OH-DPAT concentrations only up to 1.5 nM. That is to say,
we determined only the high-affinity binding site representing the 5-HT14 receptor [33]. The identity of
the low-affinity binding site remains unknown {35]. We used the specific high-affinity [ H]8-OH-DPAT
binding on rat hippocampus as the standard of the 5-HT1a receptor binding under our experimental
conditions.

After performing the standard hinding assays we tried to determine the 5-HT receptor subtypes on the
brain endothelial celis which form the BBB. We used different preparations of these cells: a) isolated
microvessels from porcine brain caudate nucleus, b) cultured porcine brain endothelial cells, and c)
an immortalized rat brain endothelial cell line (RBE4 cells). Isolated microvessels are still a relative
complex system because the vessel preparations do not only contain endothelial cells but also some
impurities of other cell types. There are astrocyte feed, pericytes, microglia and neuronal endings.
Cultured endothelial cells are more homogeneous. They form monolayers and contain less than 5 %
other cells. However, they already tend to dedifferentiate.

[ Hlketanserin (0.12 nM) was used for determination of 5-HT,, binding sites. Total and unspecific

binding to porcine brain microvessels, porcine brain endothelial cells and RBE4 cells is shown in
Fig.1.
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Fig. 1. [3H]ketansenn binding on porcine brain microvessels and endothelial cells and on RBE4 cells.
Unspegcific binding was determined with 1 uM mianserin. The [*H]ketanserin concentration was 0.12
nM. (% p < 0.05; % %% p < 0.001)

The total [*H]ketanserin binding was inhibited by 1uM mianserin, an antagonist of the 5-HT2a receplor.
Binding in the presence of this specific inhibitor is defined as unspecific binding. Specific binding of
[Hlketanserin, i.. the difference between total and unspecific binding, was detectable on micro-
vessels (27 fmol/mg protein; p < 0.001) and endothelial cells after 6 days in culture (0.6 fmol/mg
protein; p < 0.05)., but not on RBE4 cells.
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It is known that ketanserin does not only bind on 5-HT,, but also on 5-HT,c receptors. The binding of
mesulergine on microvessels and RBE4 cells was therefore determined because this ligand has a
hlgher affinity to the 5-HT,¢ than to the 5-HT,a receptor. Fig. 2 shows the total and the unspecific
[H]mesulergme binding on homogenate of porcine caudate nucleus, on microvessels isolated from
this brain region and on RBE4 cells, at a tracer concentration of 1 nM.
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Fig. 2. [PHlmesulergine binding on microvessels and homogenate of porcine nucleus caudatus
and on RBE4 cells. Unspecific binding was determined with 10 yM mianserin.
The [°H]mesulergine concentration was 1 nM. (% p < 0.05; * % % p < 0.001)

The unspecific binding was defined by addition of 10 pM mianserin. Specific binding of [°Hjmesul-
ergine was detectable on microvessels (1.85 fmol/mg protein; p < 0.05) and on homogenate (0.74
fmol/mg protein; p < 0.001). The increase in the specific binding on microvessels (about 2.5fold)
supports the presumed endothelial localization of the receptors.

Again, no significant difference between total and unspecific binding was found on RBE4 cells,
indicating that no 5-HT2 receptors are expressed on these immortalized cells. On the other hand,
specific binding of [*Himesulergine was also determined on cultured primary endothelial cells of the
porcine brain (61 + 47 fmol/mg protein) (Fig. 3), indicating the existence of 5-HT,c receptors on the
BBB. The binding was about 30 times as high as on microvessels under the same experimental
conditions. The reason for this discrepancy is unclear. It seems that the blndmg site densities
estimated on microvessels and on endothelial cells using [’Hjketanserin and PHimesulergine as
ligands are different. This could be explained by different affinity states of a 5-HT.-like receptor on the
two preparations.

To further characterize the [H]mesulergine binding on endothelial cells, it was compared with the
specific binding on the choroid plexus. In addition, 50 nM ketanserin and 20 nM serotonin were used
as lnhlbitors. At the given concentrations these drugs were able to displace about 50 % of the specific
binding of ["H]mesulergine on the choroid plexus [25]. In our study ketanserin inhibits the specific
mesulergine binding on choroid plexus by 62 % (p < 0.05) and on endothelial cells by 30 %. Serotonin
inhibits this binding by 80 % (p < 0.01) on plexus and by 45 % on endothelial cells (Fig. 3).
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These results show that the inhibition profiles of the chosen inhibitors are similar. In both cases
serotonin inhibits the mesulergine binding more than ketanserin. It is known that ketanserin has a
higher affinity to 5-HT,, than to 5-HT,c, and serotonin has a higher affinity to the 5-HT,c than to the 5-
HT.s receptor [16]. Therefore our data support the existence of the 5-HT.c receptor subtype on
porcine brain endothelial cells.

It is known that 5-HT-like receptors are present on the smooth muscle cells of cerebral blood vessels
[16]. Considering the fact that the microvessel preparations from brain homogenate may contain
some impurities denvmg from these cells, we measured the total and the unspecific binding of the
5-HT4a receptor ligand ["H]8-OH-DPAT (0.13 nM) on homogenate of rat hippocampus, porcine brain
microvessels and RBE4 cells (Fig. 4).
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Fig. 4. [3H]8-OH-DPAT binding on rat hippocampal homogenate, on porcine brain microvessels
and on RBE4 cells. Unspecific binding was determined with 10 uM serotonin.
The [PH]8-OH-DPAT concentration was 0.13 nM. (k%% p < 0.001)

The unspecific bmdmg was defined by the presence of 10 uM serotonin in the binding assay. The

specific binding of [’H]8-OH-DPAT on rat hippocampal homogenate. a 5-HT., receptor-rich region,
was 62 % 10 fmol/mg protein {p < 0.001). No specific 5-HT:s receptor binding was found on
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microvessels and RBE4 cells, which indicates that no 5-HT,s receptors are present on brain
endothelial cells. Furthermore, we expect from these data that impurities by smooth muscle cells are
low or absent in these preparations.

Summarizing, it can be said that there is clear evidence from our studies that serotonin receptors
exist on the BBB. The significant [H]ketansenn binding and [H]mesulergme binding on isolated
microvessels and cultured endothelial cells from porcine brain indicate that the receptor could belong
to the 5-HT, subclass. A comparison of the inhibition profiles of some specific inhibitors on choroid
plexus and on endothelial cells suggests that it may be the 5-HT,c receptor subtype. However, the
presence of 5-HT,a receptors and of other subtypes of serotonin receptors, which we have not yet
investigated, cannot be excluded.

The evidence of the existence of 5-HT receptors on the BBB, their localization and characterization,
should make a contribution to a better understanding of the function of the BBB. It is known that 5-HT
is involved in many physiological processes and neurological diseases in the brain. The effects of
5-HT could partly be mediated by 5-HT receptors on endothelial cells by activation or inhibition of
second messenger systems, followed by changes in the cerebral blood flow and the permeability of
the BBB. This may also be related to the function of the 5-HT. receptors on the choroid plexus where
they are expected to regulate the composition and volume of the cerebrospinal fluid [36]. Knowing
more about the 5-HT mediated processes on the luminal and/or abluminal side of the BBB may be of
importance for a better understanding and perhaps treatment of certain brain diseases.
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30. Comparison of a Microplate Assay with Conventional Binding Assay for the
Screening of the Potential Receptor Ligands

J. Wober, P. Brust

Introduction

In the search of potential receptor-binding ligands the parameters, such as ICs; or K; value, are
conventionally used for selection [1, 2]. These parameters are usually determined with filtration
manifolds combined with an analysis of the radioactive samples by conventional liquid scintillation
counting (LSC). Recently it became possible to increase the efficiency of binding experiments by the
use of a combination of a microplate cell harvester with a microplate scintillation counter (MSC),
which allowed the analysis of the radioactive samples on microfilter plates to take place in a shorter
time.

For evaluation of the potential receptor ligands the binding parameters obtained by both methods
need to be comparable. Such a comparison of the two methods had not yet been performed. The
inhibition of the binding of the specific 5-HT, receptor ligand [ H}ketanserm to homogenate of rat brain
cortex by a potential serotonin (5-HT) receptor-binding ligand is used as an example. It will be
demonstrated that the K; values obtained by both methods are similar.

Experimental

Preparation of rat brain cortex

Samples of the rat brain cortex were homogenized in 10fold volumes of ice-cold Tris/HCI buffer (50
mM, pH 7.6) with an Ultra-Turrax T 25. The homogenate was centrifuged at 20,000 g for 10 min. The
resulting pellet was resuspended and centrifuged at 20,000 g for another 10 min. After repeating the
same procedure the pellet was resuspended in 10 volumes of buffer and stored at -70 °C until used in
the binding studies.

Binding assay using a 30-port cell harvester combined with a conventional liquid scintillation counter
(LSC) (conventional assay)

The incubation test contains 0.12 nM [ Hlketanserin, homogenate of membrane preparation (0.012 -
0.02 mg/ml protein), various concentrations of the displacer in Tris/HCI buffer (50 mM, pH 7.6) in a
final volume of 5 ml. The unspecific binding was defined in the presence of 1 yM mianserin. A 30-port
cell harvester (from Brandel) contains places for 30 single samples. Three samples were used to
define the unspecific binding and three samples for each of seven concentrations of displacers and
for noninhibited binding. The samples were incubated at 25 °C for 60 min in 8 ml test tubes. The
GF/B glass fibre filter (Whatman) was incubated in 0.3 % polyethylene imine for 90 min before use.
The binding assays were terminated by rapid filtration through this filter at 4 °C. The filter was rapidly
washed with four 4 mL portions of ice-cold buffer, transferred into 5 ml scintillation fluid (Ultima-Goid,
Packard) and analysed for radioactivity in a conventionai LSC (Tricarb; Packard Instrument
Company). Aliquots of mcubatlon fluid were also measured in scintillation fluid for determination of
the real concentration of [ Hlketanserin in the incubation tests. The protein content of the membrane
suspension was estimated according to the method of Lowry et al. [3].

Binding assay using a microplate cell harvester combined with a microplate scintillation counter (MSC)
(microplate assay)

The incubation test contains 0.36 nM [ Hiketanserin, homogenate of the membrane preparation (0.03-
0.04 mg/mL. protein, estimated according to the method of Lowry ef al. [3]), various concentrations of
the dispiacer in tris/HCI buffer (580 mM, pH 7.6) in a final volume of 1 mi. The unspecific binding was
defined in the presence of 1 pyM mianserin. A microplate cell harvester (Packard Instrument
Company) has plates for 96 single samples. Thus 8 wells each were used to determine the unspecific
and the noninhibited binding, and 4 wells for each of 18 concentrations of displacers. Eight places
were reserved for standards (2 wells each for 4 radioligand concenirations with the same protein
content as in the samples). The samples were incubated at 25 °C for 60 min in 1.5 ml-microtest
tubes. The GF/B glass fibre filter plate (UniFilter, Packard) was incubated in 0.3 % polyethylene imine
for 80 min before using. The binding assays were terminated by rapid filtration through this filter at
4 °C. The filter was washed rapidly with 400 ml ice-cold buffer. After drying, 50 ul scintillation fluid
(Ultima-Gold, Packard) were added to each filter well and the plate was analysed for radioactivity by a
microplate scintillation counter {Packard Instrument Company). Aliquots of incubation fluid and the
standards were measured as well in 96-well plates in 200 ul of sciniillation fluid to determine of the
real concentration of [ Hiketanserin in the incubation tests.
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Aliquots of the standards were also counted in 4 ml of scintillation fluid in a conventional LSC
(Tricarb; Packard Instrument Company) to prepare a standard curve for converting cpm into dpm.
Fig. 1 (A) shows that both relationships between the radioactivity concentration and the measured
cpm values (MSC), on the one hand, and the measured dpm values (LSC), on the other, are
described by linear regression. It is shown in Fig. 1 (B) that the relationship between the measured
cpm and dpm is also described by linear regression. The dpm values necessary for quantitative
evaluation are calculated from such a calibration curve for each filter plate.
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Fig. 1. Relationship of (A) measured cpm (circles) by Microplate Scintillation Counter (MSC 2 C) and dpm
(squares) by conventional Liquid Scintillation Counter (LSC) at various concentrations of ["H]ketan-
serin and (B) between the measured cpm and dpm values. Aliquots of incubation fluid were
measured in the same scintillation fluid. All points are means % SD, n = 16.

The total binding of [3H]ketansenn on homogenate of porcine Nc. caudatus was measured at various
protein contents (0.02 - 0.18 mg/mL) and various radioligand concentrations (0.03 - 0 36 nM). As
expected, in both cases the binding was increased with increasing protein content or [ H]ketansenn
concentration, described by linear regression (data not shown). This applies to all of binding assays of
which the experimental conditions will also be ranged in these linear areas.

Results and Discussion

In the search for potential receptor-binding compounds the equilibrium inhibition constant (Kj) is one
of the parameters that will be used for selection. The K; value indicates the molar concentration of the
compound, which inhibits 50 % of the specific binding of the common radioligand, irrespective of the
radioligand concentration in the incubation assay. In displacement experiments 1Cs; values of various
compounds are obtained. The ICs; value represents the molar concentration of the tested compound,
which under the particular experimental conditions can displace 50 % of the radioligand binding. The
relation between ICxo and the K;value is described by the following equation: K;= [ICs}/[1+ C/Kyp], with
C the concentration and Kp the equilibrium dissociation constant of the radiolabelled ligand [4].

It is necessary to use a highly efficient screening method to select the potential receptor-binding
compounds and determine their binding parameters. Up to now it has been usual to use filiration
manifolds for 24, 30, or 40 samples [5 - 7] (conventional method). The radioactivity was counted in
conventional LSC. Recently a microplate assay has been developed based on a cell harvester
combined with a microplate scintillation counter (MSC). The new equipment allows more binding
experiments to be carried out in minimized incubation volumes in a shorter time. The aim of the
present study is to find out whether the same K; will be obtained by both methods. The dlsplacement
of the specific [H]ketanserm binding on rat brain cortex by a potential receptor-binding ligand is
shown as an example.

In order t0 estimate K; values, the Kp value of the radioligand has to be known (see above). it is
obtained by saturation experiments. The specific [ Hiketanserin binding, the dlfference between the
total and the unspecific binding, was estimated on rat brain cortex by various { H]ketansenn
concentrations ranging from 0.003 to 2 nM. The unspecific binding was determined by inhibition of the
total binding with 1 uM mianserin. The saturation curves and the Rosenthal-Scatchard plots, obtained
by evaluation of the two methods, are shown in Fig. 2. The single values of all experiments were
plotted in one curve.
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Fig. 2: Saturation curves and Rosenthal-Scatchard plots of specific [ Hjketanserin binding on rat brain
cortex taken by (A) conventlonal assay and (B) microplate assay. Unspecific binding was determined
with 1 gM mianserin. [PHiketanserin concentration was between 0.003 and 2 nM. Single values of all
experiments are shown. By conventional assay we found Ky = 0.23 + 0.02 nM and By, = 860 + 45
fmol/mg protein and by microplate assay Kp = 0.38 + 0.04 nM and B = 830 + 45 fimol/mg protein.

The maximum number of binding sites By estimated by both methods is similar (conventional
assay: Bmax = 860 + 45 fmol/mg protein; microplate assay: Bnx = 830 + 45 fmol/mg protein).
However, the Kp values are slightly higher for the microplate assay (conventional assay: Kp = 0.23 +
0.02 nM; microplate assay: Kp = 0.38 + 0.04 nM). The Scatchard piots of the binding curves confirm
these data (conventional assay: Kp = 0.24 nM; Bnax = 890 fmol/mg protein; microplate assay: Kp =
0.38 nM; Bnx = 860 fmol/mg protein). This difference between the Ky values is not significant, as
shown by student’s t-test.

The Kp values were used 1o calculate K; values from the IC5; values of a potential serotonin receptor
ligand (Table 1).

Table 1. Comparison of the binding parameters of [3H]ketansen'n and a potential serotonin receptor
ligand, using the conventional assay and the microplate assay

Conventional assay Microplate assay
Inhibition constant (ICsg) 52x09nM 7.2+06nM
Equilibrium inhibition constant (Kj) 3.1 nM 3.4 nM
Equilibrium dissociation constant (Kp) 0.23 nM 0.38 nM
[3H]Ligand concentration (C) 0.155 nM 0.418 nM
Number of single values (n) 3 4

As expected, the ICs values are different because of the different [°H]ketanserin concentrations in
the binding assays. The concentration of the X Hiligand had to be increased 3fold in the microplate
assay on account of the lower counting efficiency. The protein content was also raised by a factor of
3. Most important, the K; values obtained by both methods are the same, allowing the comparison of
binding data obtained with both methods.

The advantages of the new method are a higher time efficiency, a decrease in the consumption of
chemicals, such as buffer, washing agents, radioligand, scintillation fluid, and also biological material.
it follows that the amount of radioactive waste also decreases.

A disadvantage of the microplate assay is that the measured results obtained by MSC are given in
cpm. This means that a standard curve has to be plotted for each filter plate in order to convert cpm
into dpm for the following quantitative evaluation.

Summarizing, it can be said the microplate assay represents a new application method for carring out
binding experiments which produce more results in a shorter time. It is possible to compare the newly
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obtained data with the former resulis by use of K; values. The saving of materials and time and the
avoidance of waste is not only an important economic aspect in scientific work but also an ecological
one in view of the world around us.
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31. Functional Expression of P-Glycoprotein in an Inmortalized Rat Brain Endothelial
Cell Line (RBE4) in vitro

R. Bergmann, S. Matys, P. Brust

Introduction

In a previous study we used the reverse transcription-polymerase chain reaction (RT-PCR) to
examine an immortalized brain endothelial cell line (RBE4) [1] for expression of transport systems
that may be important as conduits for drug delivery to the brain. We demonstrate that the RBE4 cell
line [2] offers an in vifro system where the genes of multidrug resistance (mdria and mdrib) are
expressed. This gene family encodes an ~170 kDa integral membrane protein, the P-glycoprotein
(PGP). A member of the ATP-binding cassette (ABC) transporter family, PGP is expressed in the
plasma membrane and appears to function as an energy-dependent efflux pump for a broad
spectrum of natural and synthetic drugs. RBE4 cells may therefore be regarded as an in vitro
alternative for studying drug transport across the blood-brain barrier (BBB) [3 1. This is of particular
interest for our institute’s attempts to design diagnostic *™Tc radiopharmaceuticals for functional
imaging of the brain [4 ]. The uptake into the brain of such radioactive molecules requires that these
compounds are transported through the brain capillary endothelial wall, which makes up the blood-
brain barrier in vivo. However, the function of the PGP may restrict the blood-brain transfer. The
functional expression and the specific inhibition of the PGP in RBE4 cells is therefore studied in the
present paper. Using a multilabel tracer approach, we demonstrate that the inhibition of this
transporter does not influence basic metabolic parameters of the cells. Such conditions are important
for the future evaluation of new drugs with perhaps unknown cytotoxic properties.

Experimental

Reagents

L-glutamine, basic fibroblast growth factor (bFGF), rat tail collagen were from Boehringer Mannheim
GmbH (Germany) and media were obtained from GIBCO-BRL Life Technologies. 24-well cell culture
plates were from (Sarstedf). Fetal calf serum, sodium ortho-vanadate, dinitropheno! (DNP) and 2-
deoxy-D-glucose were obtained from (Sigma, Deisenhofen, Germany). Stock solutions of verapamil,
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vinblastine, colchicine (Sigma, Deisenhofen, Germany) were prepared with dimethyl sulphoxide
(DMSO).

Tracers and radioactivity measurements

Various tracers with different isotopic labels were used for the studies. [*H]vinblastine 670
GBg/mmol) as PGP substrate [5 ], [°H]leucine (5,77 TBa/mmol) as a measure of the function of the L-
type amino acid transporter and the protein synthesis [6 ], [3H]thymidine (962 GBa/mmol) as tracer of
the DNA synthesis [7, 8] were purchased from Amersham. [3H]co|chicine (2.73 TBg/mmol) from
DuPont de Nemours (Germany) GmbH was used as PGP substrate [9 ]. ["®*Ffluoride labels the OH"
and CI' space. 2-["°F]fluoro-2-deoxy-D-glucose is transported into the cells via the glucose transport
protein (GLUT). Then it can be phosphorylated by hexokinase(s). The 2-[*°F]fluoro-2-deoxy-D-
glucose-6-phosphate, however, is thought to be trapped intracellularly because it is a poor substrate
for further metabolism. It cannot be converted to fructose-6-phosphate and degraded to CO, and
H:O, and it has low affinity fo GLUT [10 ,11]. The [1BF]labelled tracers were prepared in the
Rossendoif PET-centre [12]. The actual concentrations of the [18F]-labelled compounds were
calculated from the absolute amount of tracer activity used and from the specific activities given by
the manufacturers and were lower than 10 nM in the tests. [°"Tc]sestamibi (Cardiolite, Du Pont
Pharma GmbH, Germany), as a PGP substrate [13 ], and [gngc]DTPA (ROTOP, VKTA Rossendorf,
Germany) an extracellular tracer without any noticeable protein binding [14 ] were prepared from
commercial kits according to the manufacturer's instructions and added to cell growlh medium with a
final concentration of 10 MBg/ml. Knowledge of the elution history of the **Mo/*™T¢ generator and of
the activity of stock solutions than made it possible to use generator equilibrium equations to
calculate the absolute concentration of total *"Tc in the incubation medium (<10 nM in all
experiments) [15, 16, 17 ]. All samples were assayed for gamma activity in a multichannel well-type
sodium iodine gamma counter (COBRA Ii, Packard). After a minimum of 10 half-lives of the short
living isotopes used (*°F, **™Tc) the count vials were assayed in a multichannel well-type beta counter
(TRICARB, Packard) to determine the contents of *H and *Tc in the samples. The resuits are
expressed as an accumulation ratio calculated by dividing the total specific cell uptake, after
subtracting the nonspecific binding (NSB), by the total radioactivity (supernatant and solubilized cells)
per mg cell protein (%D/mg protein). The radioactivity recovery was calculated using appropriate
incubation medium standards for control. The relation of the tracer content normalized to the protein
mass in the test samples to that in the control samples, expressed as a percentage, was calculated to
compare the influence of various drugs on the tracer accumulation in the cells. The remaining of
supernatant liquid in the solubilized cells was assayed with [gngc]DTPA. It was found to contribute
<0.4 pl supernatant/well at a mean value of 80 ug cell protein/well. As a check on the specificity of
drug accumulation under the conditions, control experiments were performed with ['®Flfluoride or
**"Tc]DTPA as additional labelled substances.

Cell culture

The RBE4 cells were a gift from F. Roux. The cells were seeded in a density of 10° - 10* cells/cm?,
either (a) in 24-well plates coated with either rat type 1 collagen or (b) in 24-well Cell’ plates ®. The
cells were grown in culture medium consisting of a a-minimal essential medium («-MEM)/Ham's : F10
(1:1 volivol), supplemented with 2 mM glutamine, 10 % heat-inactivated fetal calf serum, 1 ng/ml of
basic fibroblast growth factor (bFGF), and 300 pg/mi of geneticin (G418) in humidified 5 % CO,/95 %
air at 37 °C. In the multiwell plates the cells reached confluence after 3 - 4 days. The accumulation
studies with radioactiv labelled compounds were conducted at cell densities between 10° - 10° cells
per well (10° cells were equivalent to 130 ug protein).

Drug uptake studies

In the common procedure tracer uptake and retention experiments were initiated by incubation of the
confluent celis in 24-well plates with the complete growth medium supplemented by the appropriate
tracers and modulators. This incubation was conducted at 37 °C in a 5 % CO4/95 % air atmosphere or
at 4 °C in a normal atmosphere. In previous experiments that were performed without equilibration of
the cells with verapamil, a lag time of five minutes of the verapamil-induced enhanced ftracer
accumulation was detected. Hence, the experiments were started with a period of 60 min preincu-
bation of the samples in growth medium with added test substances. In the experiments the
appropriate amount of DMSO was added to the control samples, not exceeding 1 % (v/v) of the
volume. immediately after preincubation, the solution was aspirated from the wells and replaced by
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0.5 ml per well of the incubation medium to initiate transport. The media contained up to three tracers
(details are given in the figure and table legends) labelled with different isotopes (*"Tc, °F, *H) and
various drugs in concentrations ranging between 1 nM and 10 mM. At the end of incubation the well
plates were transferred onto a cooling plate (4 °C). 100 ul of the medium from each well was used to
assess the free tracer concentration in the supernatant. The remaining medium was then aspirated
and the cells were carefully rmsed four times wnth 1 ml of ice-cold (4 °C) isotope-free phosphate
buffered solution containing Mg™ (0.5 mM) and Ca™ (0.9 mM) for 8 s each column to clear the extra-
cellular spaces. The remaining cells were solubilized with modified 500 pl Lowry reagent (see protein
determination) during shaking of the plates for 30 min. Afterwards 350 yl aliquots were transferred
into 4 ml scintillation cocktail (Ultima Gold, Packard) in PONY vials (Packard). Aliquots of the loading
buffers and stock solutions were obtained for normalizing the cellular counts to the extracellular
concentration of the studied tracers. Additional plates were incubated at 4 °C to determine the non-
specific binding and accumulation (NSB) of the tracers in the cells. All data points were determined in
quadruplicate from preparations obtained from the same culture. Statistical evaluation of the data was
performed by Student’s f test. Values of p <0.05 were considered significant.

Protein determination

Aliquots of the solubilized cells were used to assay the protein by the method of Lowry et al. [18]
(Protein determination Kit, SIGMA DIAGNOSTICS, Procedure No. P5656), using bovine serum
albumin as the standard. The method was slightly modified to measure the samples in a 96-well plate.
50 pl of solubilized cells per sample were pipetted twice into the 96-well plate. 150 pl Lowry reagent
was added and the plate was shaken for 10 min. Then 70 l of Folin reagent was added to each well
and the plate was again shaken for 20 min. Now the plate was measured using a microplate reader

AT 1l (Anthos) at 605 nm. The calibration curve was fitted from 20 ug protein/ml up to 400 ug protein/
ml and was used for protein mass determination in the samples.

Results and Discussion

The aim of the present paper is to study the functional expression of PGP at RBE4 cells and to
demonstrate that the inhibition of this transporter does not influence basic metabolic parameters of
the cells. In future experiments with various newly synthesized drugs we intend to study the cell
transmembrane iransport and the interactions of these drugs with the PGP. The unchanged cell
metabolism is a prerequisite of such studies and should be used as a criterion for the selectivity of
drug PGP interactions. This is expected to be important because cytotoxic effects of the drugs cannot
be excluded at concentrations between 1 pM and 1 mM, which are normally involved in these studies.
The PGP activity is proportional to the measured difference between the accumulation of a PGP
substrate in the cells in the control experiment and the substrate amount in the cells by inhibition of
the PGP. This is only true if the influx of the substrate used remains constant under both conditions.
PGP has a broad substrate specificity. Drugs which may serve as substrates for the PGP include the
antltumour alkaloids vinblastine, colchicine, and also the lipophilic organotechnetium cation
iy "‘Tc]sestamlbl [19, 20, 21 ]. We used these substances 1o charactenze the PGP function in the
RBE4 cells. Fig. 1 shows the time dependency of the accumulation of [*Hjvinblastine, [Hicolchicine
and [®"Tc]sestamibi, which occurs after inhibition of PGP with verapamil. A plateau was reached
after about 60 min as had been previously shown with various tumour cell lines {22]. The
development of plateau accumulation in the continued presence of exiracellular [”mTc]sestamubl
implied that a steady state or equilibrium condition had been achieved. This includes the possibility of
saturation of the investigated system with the PGP substrates [23 ]. Therefore the incubation time of
60 min was chosen for further experiments.
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Accumulation of PGP substrates in RBE4 cells
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[®"Tc]sestamibi (Control)
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[*H]colchicine (Control)
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Fig. 1: Kinetics of [ Tc]sestamibi, [*H]vinblastine and [*H]colchicine accumulation in RBE4 cells.
Cells were incubated in medium for various times in the absence of a drug (control) or in the
presence of verapamil (10 yM). Each point represents the mean value of 4 determinations;
bars represent +SD.

The contribution of the extracellular radioactivity to the total accumulated activity of [*°"Tc]sestamibi

9

was estimated from experiments with [9 "TC]DTPA, a tracer with negligible protein binding known to

be excluded from uptake by various cell types during short periods [24]. The recovery of the
[®™Tc]DTPA from the solubilized cells and supemnatant normalized to the initial activity of each
sample was 95.3 £ 5.0 % of the initial activity. The accumulation of [®™Tc]JDTPA was unchanged by
inhibition of the PGP (the results with the highest inhibitor concentrations are shown in

Table 1). At a cell number of 6-10° per well an extracellular volume of 0.07 fl was calculated.
However, the remaining [gngc]DTPA in the cell fraction was temperature dependent and 4.5 times

lower at 4 °C.

Table 1: Extracellular volumes of [*™Tc]DTPA in %D/mg protein determined
by the common incubation procedure (60 min) at 37 °C and 4 °C.
Each point represents the mean value of 4 determinations + SD

uM 37°C 4°C
Control 0 0226 0.038 0050  0.060
Verapamil 50 0200 0.059 0.079% 0.125
Colchicine 50 0208+  0.141 0042%  0.033
Vinblastine 50 0199+  0.047 0055+  0.088
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Accumulation of '®F-fluoride and
9SmTc-DTPA in RBE4 cells
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Fig. 2: Kinetics of [*"Tc]DTPA and [**Ffluoride accumulation in the cell fraction. Each point
represents the mean value of 12 determinations; bars represent + SD; the linear
regression results + SEM and the dotted lines are the 95 % confidence intervals.

But the linear time dependence of the [*"Tc]DTPA accumulation (p <0.01). Fig. 2 may serve as an

indicator of nonspecific binding and transport (e.g. vesicular transport) processes. Despite these
considerations the following uptake data were calculated as the difference in tracer accumulation
between 37 °C and 4 °C volume and normalized to the total radioactivity and to the protein amount,
expressed as %D/mg protein, without correction for the extracellular compartment in each
experiment.

Changes in cell volume may also result in unspecific changes in tracer uptake. Cell swelling is
accompanied by an increased permeability for chloride [25, 26 ] thereby increasing the chioride
space which represents a measure of the total extracellular space under normal conditions. Fluoride
resembles OH™ and CI' in various physicochemical properties (Stokes radii, Pauling’s crystal radii,
binding orders to the carboxypeptidase or carbonic anhydrase) and may therefore imitate hydroxyl
ions and chloride in biological systems. Bromide has been able to replace chloride in the measure-
ment of chioride-dependent potassium transport [27 ].We therefore used [°Fifluoride to check
whether there are changes in cell volume during inhibition of PGP. The fluoride space (apparent cell
volume) after 60 min of incubation was 0.97 + 0.042 ul (mean * S.E.M.) for controls. There were no
significant differences to the samples in which the PGP was inhibited with verapamil, colchicine or
vinblastine (all concentrations 10 uM). Fig. 2 shows the kinetics of ["BF]ﬂuoride accumulation in the
cell fraction reaching a steady state after 50 min, probably because of specific transport mechanisms
[28] and / or of exchange with OH in the cells or by binding to the zinc center of the
carboxypeptidase [29 ].
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Temperature dependence of
[99mT c]sestamibi uptake
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Fig. 3: Kinetics of [®™Tc]sestamibi, accumulation in RBE4 cells at different incubation temperatures.

Cells were incubated in medium for various times in the absence of drug (control) or
in the presence of verapamil (10 yM). Each point represents the mean value
of 4 determinations; bars represent £ SD.

The *™Tc-sestamibi accumulation was temperature dependent (Fig. 3). The large negative trans-
membrane potentials at the plasma and mitochondrial membrane, controlled by energy-dependent
biochemical processes, are the driving force for the nonmediated [gngc]sestamibi diffusion to the
mitochondria [30 ]. The drastic decrease in fracer uptake at low temperature indicates the energy-
dependency of the [*™Tc]sestamibi accumulation process. A concentration-dependent increase in
[®™Tc]sestamibi accumulation was found when verapamil was added to in the incubation solution.
This increase was absent at low temperature. Therefore the data from the 4 °C experiments were
used to correct the uptake data at 37 °C for the nonspescific processes.

Furthermore, uptake experiments were simultaneously performed in the presence of other substrates
of PGP, such as [3H]colchicine (Fig. 4) and [*H]vinblastine.

The accumulation of PGP substrates at steady state conditions depends on the substrate influx and
on the activity of the PGP. it is therefore useful to measure the uptake of two PGP substrates with
different accumulation and retention mechanisms at the same time. In the cells [* Tc]sestamibi is
bound to the mitochondria [21], ["H]colchicine and [*Hjvinblastine bind to the tubulin skeleton. The
direct and linear correlation of the uptake of the two tracers at different levels of PGP inhibition may
be interpreted as a sign of the main influence of the PGP on the drug accumulation process in the
cells.
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Accumulation of [**™Tc]sestamibi,
[*H]colchicine and [*F]JFDG in RBE4

cells
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Fig. 4 Simultaneous measurement of the [**"Tc]sestamibi, [*H]colchicine and ["*FJFDG accumulation
in RBE4 cells depending on various amounts of verapamil added (incubation at 37 °C; 60 min). Data
expressed as a percentage of the accumulated activity in the control experiment without inhibitor.

Fig. 5 shows the linear correlation between [®™Tclsestamibi, [Hjvinblastine and [’Hcolchicine
accumulation under control conditions (= 0.9945, P value < 0.0001; r* 0.9110, P value < 0.0001)
and in the presence of 10 uM vinblastine (2: 0.9977, P value < 0.0001; r* 0.8005, P value < 0.0001).
The accumulation of [gngc]sestamibi during inhibition of the PGP with verapamil is relatively higher
than that of ["H]vinblastine or [’H]colchicine, corresponding to the slopes 1.367 + 0.026, 0.450 + 0.006
and 0.032 + 0.003, 0.017 £ 0.002.

Correlation between [ Tc]sestamibi and
PHlvinblastine, [PH]colchicine

B [PHjvinblastine (control)

) z

£ - 5

_1 _5 [+
% % O [PHpvinblastine (verapamil)
0 £ H
Ew —
W 1.0 &
28 § ® [*Hicolchicine {control)
= z
= o5 8 . .
= 5, A& PHicolchicine (verapamil)

0.0

50

™ Tclsestamibi [%D/mg protein]

Fig. 5: Correlation between [*™Tcsestamibi and [*H]vinblastine, ["H]colchicine uptake.
Each point represents one of four measurements at 5, 10, 20, 30, 60 min
without (control) and with 10 yM verapamil.
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Table 2: The influence of various drugs (10 yM) on the accumulation of the PGP substrate in RBE4
cells after 80 min incubation at 37 °C, expressed as a percentage of control  SD. Each point
represents the mean value of 8 determinations + SD.

Modulator T clsestamibi PHicolchicine [*Hjvinblastine
Control 100.00 ¢ 21.29 100.00+ 10.99
Verapamil 24675 ¢ 8.67 146.66 + 6.98 546,96+ 86.28
Amytal 104.86 + 7.1 96.01 % 3.43
DNP 88.27 £ 6.46 - 100.73 6.06 100.56 £ 34.52
Rotenon 59.00 + 12.69 113.85 % 7.33
Vinblastine 70936 + 166.25 23462+ 66.74
Colchicine 11212 ¢ 6.09 106.09+ 14.41 165.89 2.30
Chlorpromacine 21491 % 36.62 111.26 £ 7.93

The potential of various drugs to enhance the cellular accumulation of the PGP-substrate is shown in
Table 2. Vinblastine has the greatest ability to inhibit the PGP, followed by verapamil chlorpromacine
and colchicine. This is consistent with studies of the influence of the agents on the drug binding site of
PGP and the transport function of the protein [31 , 32, 33 .

The L-amino acid transport system is symmetrically distributed between the luminal and abluminal
membranes of brain endothelial cells [34 ]. It is therefore assumed that the distribution of the carrier
system is also homogeneous in the monolayer cultures of the RBE4 cells. The function of the Na*
independent neutral amino acid transport is a useful measure of the intact transport of leucine.
Verapamil, colchicine and vinblastine had no effect on the L-leucine accumulation in the cells,
indicating that the elevated accumulation of the PGP substrates is a specific inhibition of the PGP
[35]. In addition, the accumulation of the neutral amino acid L—[3H]Ieucin and the nucleoside
[3H]thymidine were measured under the same conditions. They provide information about possible
changes in the rates of protein and/or DNA synthesis. No significant changes were observed during
incubation with verapamil, colchicine, DMSO or DNP (Fig. 6).

Effects of various compound on the
accumulation of metabolic tracers

150
["®*FFDG

*H]leucine
[Hjthymidine

100

Accumulated tracer
[% of control]
(4]
o

DMSO

Control [

Fig. 6: Effect of various compounds on the [*FJFDG, [*HJleucine, [*H]jthymidine uptake by RBE4
celis. The cells were incubated according to a common procedure for 60 min at 37 °C in the
absence of drugs (control) and together with verapamil (10 uM), colchicine (10uM), DMSO

(1 % v/v) and DNP (10 uM). Each value represents the mean + SD of 4 measurements,
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Cordobes et al. [22] found a different uptake of [*™Tc]sestamibi in various tumour cells, which the
authors attributed to different levels of metabolic activity of the cells without having measured it. We
therefore used ['°FIFDG to measure the glucose uptake and metabolism of the cells. ["*FIFDG is a
glucose analogue which is expected to be transported into the cells by the glucose transporters
GLUT1 and GLUT3. We previously showed that these transporters are expressed in RBE4 cells [1].
After 60 minutes mainly the phosphorylated compound, the product of the hexoklnase reaction, is
mainly found intracellularly [36 ]. Under normal conditions the accumulation of ['®FIFDG is strongly
correlated with the cell number (r = 0.9377; p<0.001).

Simulitaneous measurement of
[**™Tc]sestamibi and ['®F]JFDG or
[3H]leucine or [*H]thymidine uptake
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Fig. 7: Simultaneous measurement of [ Tc]sestamibi and ["®FIFDG or [°H]leucine or PHithymidine
uptake in RBE4 cells. Each point represents one measurement in an uptake experiment with
various verapamil concentrations (0, 1, 2.5,5, 10, 25 uM; incubation time 60 min; 37 °C).

The uptake of [*™Tc]sestamibi is not correlated with the uptake of ["®*FIFDG (2 0.1204) nor with the
uptake of [*H]leucine (r2: 0.07211) nor with the uptake of [PHjthymidine (% 0.01071) in the RBE4 cells
under normal conditions in the absence and presence of verapamil up to 25 uyM (Fig. 4, Flg 7). Also,
the PGP inhibitors verapamil and colchlcme have no influence on the accumulation of **F-FDG, and
verapamil did not change the uptake of [° Hlleucine and [*Hjthymidine.

Taken together, our data show that the above system can be used to measure the functional
characteristics of the PGP in the RBE4 cells, to study the interaction of various tracers and drugs with
the PGP simultaneously with there influence on the cell metabolism. The system is therefore useful
for identifying agents which underlie PGP-mediated drug fransport or modulate it. The functional
interactions, which may lead to information about the potential of the drugs to reverse PGP-mediated
multidrug resistance and to freely pass cells expressing PGP, can be investigated. The system may
be valuable in the design of new and more potent tracers passing the various barriers in the
organism.
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32. Different Response of Cerebral and Non Cerebral Endothelial Cells to Cytotoxic
Hypoxia

B. Ahlemeyer, P. Brust, B. Johannsen

Introduction

The endothelial cells of cerebral capillaries play a crucial role in controlling the transfer of molecules
from blood to brain and vice versa and they constitute the so called blood-brain barrier (BBB). Under
normal conditions the integrity of the BBB is protected, which is essential for the correct function of
the brain. Hypoxic brain injury - which is known to damage neurons and astrocytes - also affects the
BBB e.g. leads to changes in the permeability [1 - 5] as well as to an increase in the expression of
intercellular adhesions molecules [6 - 8] preceding the migration of leukocytes across the BBB. It has
been shown that reactive oxygen species account for at least part of pathological damage [4, 5, 9].
Only a few data have been published conceming the effect of hypoxia on the BBB in vitro [4, 5, 10,
11]. In these studies, hypoxia was performed by exposure of cerebral endothelial cells to 95 %
nitrogen and 5 % carbogen. Although hypoxic response of endothelial cells of peripheral tissue has
already been studied [12 - 18] no direct comparison between cerebral and non cerebral endothelial
cells under the same hypoxic conditions has been done. Therefore, it was the aim of the present
study to find out whether the treatment with sodium cyanide is a suitable and practicable mode!l to
study hypoxic injury in cerebral endothelial cells, the major constituents of the blood-brain barrier, and
to compare the cellular response between cerebral and non cerebral endothelial cells under the same
hypoxic conditions.

Experimental

Materials

Medium 199, medium MCDB-131, fetal calf serum, collagen type I/lll, dextran, Percoll, antibiotics,
sodium fluorescein and the assay kits for the determination of lactate (735-10), lactate
dehydrogenase (DG1340k) and protein (P5656) were purchased from Sigma (Deisenhofen Germany).
L-glutamyl-a-methoxy-naphtylamide, dispase, collagenase/dispase, p-nitrophenylphosphate, IgG
fractions of mouse anti-human factor Vill and sheep anti-mouse 1g-G fluorescein antibodies were
from Boehringer Mannheim (Germany). Plastic cell culture dishes were from Becton Dickinson
(Heidelberg, Germany) and all other chemicals were of the purest grade available from Merck
(Darmstadt, Germany).

Cell cultures

Primary cultures of cerebral endothelial cells were prepared from adult porcine brain microvessels
[19]. The cells were maintained in medium M199, supplemented with 10 % fetal calf serum and
antibiotics, in a humidified atmosphere of 5 % CO, and 95 % air for 4 days before experiments.
Immunohistochemical staining of the cultures using a mouse antibody to human Factor Vlll-related
antigen and a secondary fluorescein-labeled sheep anti-mouse F(ab’)-fragment demonstrated that the
cultures consisted of 95 % endothelial cells up to 5 days (data not shown). Human umbilical vein
endothelial cells (non cerebral endothelial cells) were purchased from Promocell (Heidelberg,
Germany) and were cultivated in medium MCDB-131 with 5 % fetal calf serum. Cell cultures of
passage V were used for the experiments.

Hypoxia studies

Hypoxic injury was induced by adding sodium cyanide (NaCN) to the culture medium to give a final
concentration of 1 mM for periods of 10, 30, 60, 120 and 180 min. Control experiments (normoxia)
were performed by adding sodium chloride (NaCl) instead of NaCN. Hypoxia in the absence of
glucose was performed by incubation of the celis with Hanks” Balanced salt solution (HBSS, 145 mM
NacCl, 5.4 mM KCl, 0.4 mM KH,PO,, 3.2 mM NaHPO,, 0.5 mM MgCl,, 1 mM CaCl,, 0.4 mM MgSO,,
4.2 mM NaHCO;, pH 7.4) without glucose and with 1 mM NaCN. The effect of glucose deprivation
alone was also tested with HBSS without glucose and 1 mM NacCl.

Biochemical assays

We quantified cell damage by trypan blue exclusion method and we determined the protein content,
the release of lactate as well as of lactate dehydrogenase (LDH, EC 1.1.1.27) using assay kits. The
activities of alkaline phosphatase (ALP, EC 3.1.3.1) and y-L-glutamyltranspeptidase (-GT, EC
2.3.2.1) were measured kinetically by the formation of p-nitrophenol at 420 nm and of 4-carboxy-
anilide at 410 nm, respectively as already described by Meyer ef al. (1991).
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Statistical analysis
Values are given as means + standard deviation (SD) of n experiments. The one-way analysis of
variances (ANOVA-1) and Duncan-test were used for statistical analysis.

Results

The percentage of cell damage increased as a function of time during hypoxia in cerebral endothelial
cells (Fig. 1), whereas there was no damage in non cerebral endothelial cells under the same hypoxic
conditions (data not shown). The deprivation of giucose did not alter hypoxia induced changes in both
cell types (data not shown). Similar results were found by measuring the release of LDH (Fig. 2) as an
indication for membrane damage. In addition, we found an increase in the lactate release during
hypoxia compared to controls in cerebral (Fig. 3) as well as in non cerebral endothelial cells data not
shown). Additional glucose deprivation reduced the release of lactate in both cell types (data not
shown).

cell viability in %

time (min)

Fig. 1: The viability of cerebral endothelial cells after cytotoxic hypoxia with 1 mM NaCN
compared to normoxic controls (time 0). Values are means + SD, n = 10;
*** P< 0.001; ** P< 0.01; * P< 0.05 versus controls.

0.10

LDH [U/mg protein]

time {min)

Fig. 2: The release of LDH of cerebral endothelial cells after cytotoxic hypoxia with 1 mM NaCN
(open symbols) compared to normoxic controls (closed symbols). Values are means x SD,
n = 5; ** P< 0.001 versus controls.
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We also measured for the first time the activities of the marker enzymes of the BBB, ALP and y-GT,
during hypoxia in the presence and absence of glucose. The ALP activity of cerebral endothelial cells
was 0.522 +/- 0.017 U/mg protein after 4 days in culture with no change during hypoxia. In non
cerebral endothelial cells the ALP activity was 10 times lower which was also unaffected during

cytotoxic hypoxia.

3.5

3.0 4

lactate [mg/mg protein]

time (min)

Fig. 3: The release of lactate of cerebral endothelial cells after cytotoxic hypoxia with 1 mM NaCN
(open symbols) compared to normoxic controls (closed symbols). Values are means + SD,
n = 5; ** P< 0.001; * P< 0.05; versus controls.

By measuring y-GT activity in cerebral endothelial cells, we found a significant decrease from 3.8 +/-
1.3 to 1.09 +/- 0.3 after 3 hours of hypoxia in the presence and absence of glucose (Fig. 4), whereas
the y-GT activity in non cerebral endothelial cells was lower with 1.0 +/- 0.3 U/mg protein under
normoxic with no significant change under hypoxic conditions (data not shown).
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Fig. 4: The activity of y-GT of cerebral endothelial cells after cytotoxic hypoxia with 1 mM NaCN
(is given in min under the column) in the presence (left columns) and in the absence of glucose
(right columns) compared to normoxic controls (in the presence of glucose = C; in the absence of
glucose = (5). Values are means ¢ 8D, n = 5; ** P< 0.001; ** P< 0.01 versus controls (C,G).
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Discussion

The effect of hypoxia on cerebral endothelial cells

In our study, 2 hours of hypoxic injury to cerebral endothelial celis led to cell damage as revealed by
a decrease in viability by 24 % and a 2.7-fold increase in LDH release as an indication for membrane
damage. We found no significant differences in the response to hypoxia in the presence and in the
absence of glucose. Only few data have already been published concerning the effect of hypoxia on
the BBB in vifro {5, 9, 111 and the authors have used different cell cultures models (different culture
conditions, species, cultivation time) and different experimental designs of hypoxia. Our results are
comparable to those of Mertsch ef al. [9] who measured in porcine brain endothelial cells after 10
days in culture a reduction in cell viability to 84 % and an increase in the release of LDH by 91 %
after 2 hours of hypoxia in the absence of glucose compared to controls. Gobbel ef al. [11] and
Plateel ef al. [5] investigated the response of cerebral endothelial cells to longer periods of 24 and 48
hours of hypoxia in the presence of glucose. Plateel ef al. [5] have found in bovine brain endothelial
cells, cocultured with astrocytes and astrocyte-conditioned medium for 12 days, a 50 % decrease in
the ATP level and some apoptotic processes after 48 hours of hypoxia, but no increase in LDH
release. Gobbel ef al. [11] showed that rat brain endothelial cells after 5 - 9 days in culture remained
viable with no release of LDH up to 24 hours of hypoxia in the presence of glucose, but this
dramatically changed after 48 hours of hypoxia with 70 % non-viable of all the cells. The mentioned
studies were performed either in the presence [5, 11] or in the absence of glucose [9]. Therefore we
investigated both, the effect of hypoxia in the presence and in the absence of glucose and found no
difference in the response of cerebral endothelial cells. We suggest that hypoxia itself is mainly
responsible for the observed cell damage.

In addition, we found after 2 hours of hypoxia an increase in lactate release by 93 % in the presence
and by 51 % in the absence of glucose. Consistently, Merisch et al. [9] measured a 30 % increase in
lactate release in porcine brain endothelial celis after 2 hours of hypoxia in the absence of giucose.
By measuring the activities of the marker enzymes of the BBB, ALP and y-GT, only the y-GT showed
a significant decrease after 3 hours of hypoxia. In addition to our study, a decrease in the glutathione
level has already been shown in cerebral endothelial cells after 12 hours of hypoxia [5]. Because y-GT
mediate the transfer of the y-glutamyl residue from glutathione to amino acids, its activity may be
reduced during the first time of hypoxia to maintain a sufficient level of glutathione as a protective
mechanism. This would also explain why the two marker enzymes behave differently to hypoxia.
However, further study have to clarify the importance of this finding.

The effect of hypoxia on non cerebral endothelial cells

In the present study, non cerebral endothelial cells remained viable with no significant increase in
LDH release even after 3 hours of hypoxia in the presence and absence of glucose. Similarly, only a
2 - § % increase in LDH release was found in human umbilical vein endothelial cells [13] as well as in
bovine aortic endothelial cells [16] and in rat coronary endothelial cells [14] after 2 hours of hypoxia in
the presence and absence of glucose. It is suggested from these studies that endothelial cells of other
organs than brain are relatively resistant to hypoxia regardless of the species and tisssue origin of the
vessel.

The same increase in lactate release as we measured in non cerebral endothelial cells were also

found in rat coronary [14] and porcine aortic endothelial cells [12] after 2 hours of hypoxia in the
presence and absence of glucose compared to controls.

We used sodium cyanide, an inhibitor of the respiratory chain, to study the effect of hypoxia in
cerebral and non cerebral endothelial cells. Our results concemning the cellular damage are
comparable with in vitro studies of other authors which were performed under conditions of low Oz [9,
12 - 18]. We conclude that the incubation with sodium cyanide is a suitable and easy model to study
hypoxic injury in cerebral endothelial cells as the major constituent of the blood-brain barrier. In
addition, we found that cerebral endothelial cells are damaged during cytotoxic hypoxia as revealed
by a decrease in cell viability and an increase in the release of LDH and lactate into the incubation
medium. In contrast, non cerebral endothelial cells showed no significant changes in cell viability as
well as in the release of lactate and LDH during hypoxia compared to controls. We therefore conclude
that non cerebral endothelial are less sensitive to cytotoxic hypoxia than cerebral endothelial cells.
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33. Studies on an HPLC Method to Assay the Concentrations of Amines in Brain Micro-

dialysis Perfusates Based on Naphthalene-2,3-Dicarbaldehyde Derivatization and
Fluorescence Detection

G. Vorwieger, R. Bergmann, P. Brust, B. Johannsen

Introduction

The dopaminergic system in the immature brain is very sensitive to changes in tissue oxygen tension,
as they occur under neonatal asphyxia. The pathogenesis of the resulting brain injury remains un-
clear. However, it is accepted that extracellular neurotransmitter concentrations and their metabolism
change during asphyxia.

To study the dopamine metabolism under asphyxia we —together with the Institute of Patho-
physiology in Jena —started PET experiments and brain microdialysis in newborn piglets. Brain
microdialysis is expected to provide information about the changes in endogenous dopamine (DA), its
metabolites and in excitatory amino acids as well. As a prerequisite, an ultrasensitive and reliable

method for determination of these substances down to the subnanomolar range was to be established
(Table 1).

Table 1: Reported brain microdialysis perfusate concentrations — in various animal species — of
pertinent neurotransmitter candidates and some DA-metabolites, all accessible to naphtha
lene-2,3-dicarbaldehyde (NDA) derivatization (DA dopamine, NE norepinephrine, 5-HT
serotonin, DOPA 3,4-dihydroxyphenylalanine, 3-MT 3-methoxytyramine, Asp aspartic acid,
GABA y-aminobutyric acid, Glu glutamic acid, Asn asparagine, Tau taurine, Gly glycine)

Substance Brain region Microdialysis perfusate
(various animal species) | concentration range
DA striatum 1.5-13.6 nM
NE various regions 0.7-3.43 M
5-HT cortex 1.8 M
DOPA various regions 0.4-0.75nM
3-MT striatum 4.3 nM
Asp various regions 40 - 600 nM
GABA various regions 9-750 nM
Glu various regions 190 nM - 3 uM
Asn striatum 420 nM - 1 yM
Tau various regions 270 nM - 8.3 uM
Gly various regions 550 nM - 10 uM

In the literature HPLC-based methods were used for this purpose, combined with electrochemical

detection (ECD, for catechols, biogenic amines) or precolumn derivatization and subsequent fluores-
cence detection (for amino acids).

For precolumn derivatization, naphthalene-2,3-dicarbaldehyde (NDA) was developed as a rationally
designed reagent for the derivatization of primary amines including amino acids to allow ultrasensitive

fluorescence detection [1-3]. The reaction products are cyanobenzisoindole (CBI) derivatives
(Fig. 1).

CN
CHO >

+  RANH, + NaGN ~———ip OC iR
HO - H:Oa ‘

NaOH '

NDA CBl-derivative

Fig. 1: Reaction scheme of the NDA derivatization.
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Because of a number of advantages of this particular derivatization method, a procedure based on it
should be established and adapted to our analytical tasks.

Thus, the aim of this work was to study the performance of NDA precolumn derivatization / HPLC
analysis of primary amines at concentrations of 10 nM or less.

Experimental

All experiments were carried out with the Hewlett Packard HPLC system 1050 in the following
configuration: pump 79852A, automatic liquid sampler 709855A, fluorescence detector (FLD) 1046A
and variable wavelength detector (VWD) 79853C, the detectors coupled in the above-mentioned
series.

As analytical column a 250x3 mm cartridge LiChroCART with LiChrospher 100 RP-18 (5 ym) without
precolumn was chosen. Various binary and ternary gradients (low pressure mixing) were applied, with
a common phase A (20 nmol/l Na acetate, with acetic acid buffered to pH 7.2) and differing phases B
(and C), consisting of Na acetate buffered solvents (MeOH, MeCN, THF).

The applied autosampler programs controlied mixing and reaction in three different enclosures: in the
seat capillary (APS1), in the sample vial using sample transfer with the needle (APS2) and in the
sample vial with indirect fluid movement (APS3). All derivatization experiments were carried out in
Hewlett Packard 100 pl microvial inserts (polypropylene or glass, HP 5182-0549 or 5181-1270).
System control and chromatographic data analysis were accomplished with the software ChemStation
2D (Hewlett Packard).

For blank examinations, borate buffer (pH 9.3) was first mixed with cyanide and then with NDA
solution. Deproteinized plasma (using deproteinization methods [4 - 6], separate or in combination)
was vacuum-concentrated and dissolved in borate buffer. Stock standard solutions of amino acids
were prepared by dissolving amino acids in diluted NaOH or HCI, respectively. Serial dilution’s were
then prepared in borate buffer. For precolumn derivatization, dissolved plasma concentrate and
diluted standard solutions were treated as blanks.

Results and Discussion

Prior to HPLC separation and fluorescence detection amino acids were derivatized with naphthalene-
2,3-dicarbaldehyde. Wishing to automate the procedure, an autosampler was used. lts use proved,
however, to cause problems in the form of memory effects (peaks generated by contaminants) and
insufficient reproducibility.

The method will be characterized by its background pattern (A) and reproducibility (C) under routine
conditions. Calibration linearity will be verified and the detection limit will be estimated (B).

(A) Chromatographic background and memory effects under routine conditions

Practically, mixing in seat (APS1) and the two vial mixing programs (APS2 and APS3) were
compared. Considerable memory effects occurred with the programs APS1 and APS2 (Fig. 2).
Reasonable low background chromatograms were only achieved with the program APS3 (Fig. 2).
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However, even such fow background chromatograms exhibited characteristic peaks, which may result
from reagent contamination’s.
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The zoomed baseline in Fig. 3 shows such peaks, indicated by arrows, together with five double
peaks of five pairs of standard amino acids. Remarkably, the retention times of the background peaks
and - to a limited extent - their peak heights are reproducible, thus leaving a structured background
chromatogram. This structure pattern is most helpful in achieving a low detection limit, expressed as
3 o of the electronic noise. If they are subracted with the subfract chromatogram function of the
analysis software, these peaks can be at last ignored.

(B) Calibration curves and limit of detection

Calibration runs were performed with the autosampler program APS3 for most proteinogenic amino
acids and some related compounds. Linear calibration curves were obtained for the concentration
range from 1 - 70 yM (r > 0.9999).

FLGT A, EveddD, Emmail 5
4

106 1 pM cysteic acid —Jp

Fig. 4: Zoomed chromatogram detail for the
R ' e —— estimation of the electronic noise amplitude ¢ and
of the detection limit.

Fig. 4 was used for estimation of the electronic noise amplitude o, which was determined to be ¢ =
0.0036 % F. With the slope of the calibration curve being 1.2 % F /1 uM for most substances, the
detection limit (3 ¢) was found to be 9 nM.

The calculated detection limit is valid for a sample dilution factor of 1:4 in the derivatization mixture
and corresponds to a total injected amount of 22 fmol. By lowering the dilution factor a mass-based
detection limit of 10 fmol might be feasible.

(C) Method reproducibility with plasma samples

At this stage of the studies, amino acids (except proline and lysine) in the deproteinized plasma were
separated and detected photometric absorption (VWD) and fluorescence (FLD) detection, as
exempiified in Fig. 5. The reproducibility of the whole procedure, i.e. deproteinization, derivatization
with the autosampler program APS3 and chromatographic separation, was determined.

The large number of peaks makes time-programmed sensitivity switches of the FLD undesirable due
to baseline shifting. Nevertheless, analytes causing a signal overflow in the FLD may be integrated as
VWD signal, as can be clearly seen from a comparison of the two chromatograms in Fig. 5. However,
an upward extrapofation of the FLD calibration curves is impermissible because of the individual
fluorescence quantum efficiencies of each single analyte. Separate calibration curves are therefore
necessary for the VWD signals.
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The peak areas of the CBI derivatives of GIn, Gly, Val, Leu (VWD) and of Glu, Asn, Carnosine, Met
and lle (FLD) were integrated with the software in the percent area mode. Then the relative standard
deviations (RSD) of all runs were calculated (Table 2).
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Fig. 5: Representative VWD (variable wavelength detector) and FLD (fluorescence detector)
chromatograms of deproteinized plasma (NDA derivatization with autosampler
program APS3) obtained with a LiChrospher RP-18 (5 uM) 250x3 mm column.

Only amino acids used for reproducibility studies are assigned.

Table 2: Reproducibility data obtained for the variable wavelength detector (VWD) and the
fluorescence detector (FLD). VWD: n = 8; FLD: n = 11. RSD = relative standard deviation.

+LD signal ratios

Detector VWD signals FLD signals ("pseudo internal standard")
B ) Carno- Asn/ Carn/ Asn/ Camn/ e/

Amino acid Gin Gly Val Leu| Glu Asn sine Met e Glu Glu Carn Met Met

Peak area

mean 23.27 1421 1212 584|068 287 243 125 432} 422 361 1.18 1.97 3.51

[area percent]

RSD [%}

1.70 140 1.40 1.60

17.56 17.35 12.30 16.92 8.10

0.97 723 7.36 12.75 10.40

More highly concentrated substances, as can be seen from Table 2, were analyzed with good
reproducibility. Furthermore, this table shows the deterioration of reproducibility with decreasing
analyte concentration, mainly due to limited chromatographic resolution. Better resulis were obtained
by the use of internal standards within a given chromatogram region. This is also shown in Table 2 by
declaring peak area ratios (pseudo internal standard).
In conclusion it can be said that the combination of precolumn derivatization of amines with
naphthalene-2,3-dicarbaldehyde (NDA) in combination with HPLC separation and fluorescence
detection proved to be a promising method if specific background problems are solved as proposed in

this paper.
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34. High-Affinity Binding of [*H]Paroxetine to Caudate Nucleus and Microvessels from
Porcine Brain

P. Brust, R. Bergmann, B. Johannsen

Introduction

The indolamine serotonin (5-hydroxytryptamine, 5-HT) plays not only a role as neurotransmitter in the
brain, it represents a signal molecule also in various peripheral organs. A plasma membrane transport
system that is specific for this biogenic amine has been described in the brain as well as in a variety
of other cell types including platelets, lymphocytes, placental epithelium and astrocytes [1]. It was
also found on peripheral endothelial cells in particular in the lung [1]. Early evidence for the presence
of a 5-HT transporter also on endothelial cells of the brain was obtained by studies of Spatz and co-
workers who have demonstrated specific energy-dependent uptake of 5-HT into brain microvessels [2]
and cultured endothelial cells [3]. However, the mechanisms of the 5-HT accumuiation remained
unclear. Active accumulation of 5-HT may also be mediated by the sodium-coupled noradrenaline
transporter [1].

In a previous study, we have demonsirated that the tricyclic antidepressant [3H]imipramine binds
specifically to endothelial cells of the porcine brain [4] indicating the presence of a 5-HT transporter
with similarity to the neuronal transport system. However, binding studies in the brain have suggested
that this ligand interacts with additional binding sites apart from labeling 5-HT uptake sites [5].
Imipramine exhibits significant affinity towards a.4-adrenergic, histamine, and muscarinic receptors [6].
Recently, it was shown that the 5-HT transporter in brain membranes of humans, rats and mice can
be labeled with the nontricyclic antidepressant [3H]paroxetine [1, 7 - 9]. This tracer is a more potent
and more selective 5-HT uptake inhibitor which lacks the disadvantage of a complex binding
behavior. Only a single class of high-affinity binding sites was demonstrated in both platelets and
cerebral cortical membrane preparations from several mammalian species [1]. Recently, the kinetics
of [*H]paroxetine in the rat brain was measured after i.v. injection [10). From the data obtained it was
suggested that the presence of a 5-HT transporter in the cerebral microvessels have reduced the
effective permeability of [3H]paroxetine in vivo. In the present study, we have used [3H]paroxetine to
characterize in vifro a specific 5-HT transport system on endothelial cells of porcine brain. In order to
prove the similarity of the endothelial transport system with the neuronal transporter we have also
used membranes of the porcine caudate nucleus, a region in which a high density of 5-HT
transporters is expected.

Experimental

Radioligand binding assays were performed on brain membranes and microvessels from porcine
brain. Samples of the caudate nucleus were obtained from a locat slaughterhouse. Microvessels were
prepared from the samples as previously described [4]. They were stored at -20 °C until use in the
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binding studies. For membrane preparation the brain tissue was homogenized in 10 volumes of ice-
cold buffer (Tris-HCI buffer, pH 7.4, containing 120 mM NacCl, 5 mM KCI) with an Ultra-Turrax T25.
The homogenate was centrifuged at 20,000 g for 10 min. The resulting pellet was resuspended with
the Ultra-Turrax and centrifuged again at 20,000 g for 10 min. After repeating the same procedure the
pellet was resuspended in 10 volumes of buffer and stored at -20 ©C until use in the binding studies.
Al samples were re-homogenized before use.

Binding of [phenyl-6’->H]paroxetine (880.6 GBg/mmol, NEN) to the tissue preparations was performed
according to published methods [11 - 14]. To study the time dependency of specific binding the
samples (4 ml buffer, 0.5 ml isotope dilution, 0.5 mi microvessel suspension containing 0.05 mg
protem) were incubated at 22 °C for nine different times (between 1 min and 120 min) with 0.5 nM
e H]paroxetine. An incubation time of 60 minutes was chosen for saturation and competition studies.
Non-specific binding was determined in the presence of 1 pM fiuoxetine. The binding assays were
terminated by rapid filtration over GF/B glass fiber filters (Whatman, Maidstone, England) on the
Brandel cell harvester. The filters were presoaked in 0.3 % polyethylenimine. Following four washes
wnth 4-ml portions of ice-cold buffer (see above) the filter paper containing the membrane-bound
IPH]paroxetine was transferred into 10 ml of liquid scintillation cocktail (Ultima-Gold, Packard), and
the radioactivity on each filter was counted in a Canberra-Packard liquid scintillation counter. Aliquots
of the incubation fluid were measured as well. Corrections were made for binding of [*H]paroxetine to
the filters. Tracer concentrations between 0.07 and 1.6 nM were used to determine the binding
parameters. The Ky and By values were estimated directly from the binding data by non-linear
regression analysis using the program Fig. P (Biosoft, Cambridge, UK) and from the Rosenthal-
Scatchard plots by linear regression analysis. Increasing concentrations (between 0.01 nM and 1 uM)
of various unlabeled drugs (paroxetine, fluoxetine, citalopram, clomipramine, imipramine, nisoextine,
protriptylin, desipramine, serotonin) were competed against a fixed concentration of the radiolabeled
ligand (0.22 nM). From the competition curves ICs, values were calculated using the program Fig. P.
From these data K; values were calculated using the following equation: K; = ICsp/(1 + [LJ/K,), where
[L] is the free tracer concentration. Hill coefficients were calculated after appropriate linear
transformation of tha data by regression analysis. Each experiment was repeated at least three times.
The protein content of the membrane suspensions was measured according to Lowry. The
enrichment of the capillary fraction determined by measurement of alkaline phosphatase activity [15]
was about 100-fold.

500-

400+

brain tissue

300- microvessels

200

Specific Binding (fmol/mg)

0 02 04 06 08 10 12 14 16
Paroxetine (nM)

Fig. 1: Saturation analysis of [PH]paroxetine binding to membranes and microvessels prepared from
porcine caudate nucleus. Filled squares represent the specific binding of [3H]paroxetme to brain
microvessels at free paroxetine concentrations between 0.07 and 1.6 nM. Filled circles represent the
specific binding of{ Hiparoxetine on caudate nucleus membranes at free paroxetine concentrations
between 0.05 and 0.7 nM. Data are means + S.E.M. The curves were analyzed by a non-linear fitting
routine (Fig. P, Biosoft, Cambridge, UK). Graphic analysis of the membrane binding data according to
Rosenthal shows a linear plot (inset) in agreement with the existence of a single binding site. Linear
regression was used to determine the best fit for the Rosenthal plot.
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Results

Saturation studies

The equilibrium of specific [3H]paroxetine binding on porcine brain microvessels was reached after
about 60 minutes (data not shown). Therefore, an incubation time of 60 minutes was chosen for
saturation and competition studies of both preparations, i.e. membranes of the caudate nucleus and
microvessels. Fig. 1 describes the influence of increasing concentrations of B Hjparoxetine (0.07 - 1.6
nM) on the specific binding of the tracer. Kinetic analysis of these binding data, as computed by linear
regression analysis from Rosenthal-Scatchard plots, yielded a density of binding sites (Bna) of 392
fmol/mg and an equilibrium dissociation constant (Ky) of 0.11 nM in the caudate nucleus membranes
and a B, of 398 fmol/mg and a Ky of 0.53 nM in the microvessels. Moreover, the linearity of the
plots indicate the presence of only a single binding site. The values obtained are similar to the values
estimated from non-linear regression of the saturation curves (membranes: B, = 382 £ 12 fmol/mg,
Ky= 0.10 £ 0.01 nM; microvessel: B, = 392 £ 59 fmol/mg, Ky= 0.47 %+ 0.12 nM). Hence, the data
consistently show that the transporter density in both preparations was similar. However, the affinity
was about five-fold lower in the microvessels.

Drug inhibition studies

A wnde range of monoamine uptake inhibitors (Table 1) was used to compete with the specific binding
of[ H]paroxetine. In these experiments, the concentration of the drugs varied between 0.1 nM and 10
uM. Inhibition of [ H]paroxetine binding to caudate nucleus membranes by these drugs revealed
monophasic competition curves with Hill coefficients close to unity (Table 1), additionally indicating
the presence of a uniform set of binding sites with no cooperativity in this preparation. Paroxetine,
fluoxetine and clomipramine inhibited the binding with K; values in the subnanomolar range. All these
compounds are powerful inhibitors of the 5-HT transporter in brain, platelets and placenta.
Surprisingly, another substance with high selectivity for the 5-HT transporter, citalopram (K; = 6.61),
was less potent than imipramine (K; = 2 90). Nisoxetine, which is known to be a selective NE uptake
inhibitor, was still rather potent at the [*H]paroxetine binding site (K; = 57.9). This was also the case
for other NE uptake inhibitors such as desipramine (K; = 36.1) and protriptylin (K; = 35.9).

Table 1: Inhibition of ["H]paroxetine binding on membranes and microvessels prepared from porcine
caudate nucleus.

| Caudate Nucleus Microvessels
[Compound K; ny K; ny
|Paroxetine 0.19 + 0.05 1.09 2.48 + 0.89 0.71
[Clomipramine 0.19 + 0.04 0.62 n.d. n.d.
|Fluoxetine 0.89 +0.12 0.93 1.53 + 0.48 0.66
|imipramine 2.90 + 0.49 0.89 316+12.3 0.48
|Citalopram 6.61 + 0.64 0.95 nd. n.d.
|Protriptylin 35.9+7.1 1.04 n.d. n.d.
|Desipramine 36.1 + 3.1 1.16 205 + 145 0.81
[Nisoxetine 57.9+14.0 0.96 n.d. n.d.
|Serotonin 592 + 98 0.82 28.2+1.8 0.31

Concentration-dependent inhibition of [Hjparoxetine binding to membranes of porcine caudate
nucleus and microvessels was determined at a tracer concentration of 0.22 nM and competitor
concentrations between 0.01 nM and 10 uM. The concentration of drug required to inhibit binding of
the radiolabelled ligand by 50 % (ICsq) was calculated using Fig. P (Biosoff). K; values (means *
S.E.M. ) were subsequently calculated using the formula K; = ICs/(1+[LVKs) where [L] is the
concentration of the radioligand and Ky is the equilibrium dissociation constant constant for
[PHlparoxetine binding (0.10 nM).

A smaller range of compounds was used to characterize the specific binding of I3H}paroxetine to
isolated brain microvessels (Table 1). The data reveal obvious differences to those obtained on the
caudate nucleus membranes. The K; values of paroxetine (K; = 2.48) and imipramine (K; = 31.6) were
13-fold and 11-fold higher than those observed at the membrane preparation. However, the K; value
of fluoxetine (K; = 1.53) was only by factor 1.7 higher than in the membranes. Most surprisingly,
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despite the decrease of affinity towards all the selective uptake inhibitors the affinity for serotonin
(K; = 28.2) increased by a factor 21 in the microvessel preparation. The Hill coefficients are between
0.31 (serotonin) and 0.81 (desipramine) indicating negative cooperativity between the binding sites.

Discussion

This study has shown that the affinity, but not the density, of [*H]paroxetine binding is diminished in
bram microvessels as compared with membrane preparations from the porcine caudate nucleus.

[PHlparoxetine represents a highly selectlve 5-HT uptake inhibitor without the disadvantage of a
complex binding kinetics as observed using [ Hlimipramine as ligand {4, 11 - 14]. In consideration of
the 100-fold enrichment of the microvessel preparation the data clearly indicate the presence of a
distinct 5-HT transporter-like protein on the brain endothelial cells.

There are only a few data describing the 5-HT transporter in pigs. Recently, Erreboe ef al. have
investigated [ Hlparoxetine binding in the brain of four different species [8]. The authors found a K of
0.11 nM for the pig, which is identical to our value obtained for the caudate nucleus membranes and
close to the value calculated for the human brain, but about factor 10 higher than the values found for
rat and mouse. Also the binding capacities and dissociation rates measured with different labeled
5-HT uptake inhibitors support the suggestion that there is a greater homology between human and
pig than between rat and pig [9]. The human and rat transporter proteins are both 630-amino acid
polypeptides, with 92 % overall sequence homology [16] The sequence of the porcine transporter has
not been evaluated yet.

The Bpsx value measured by Erreboe ef al. was 108 fmol/mg. However, whole brain minus cerebellurn
was used for the binding studies. This explains the higher B, values found in our study, because
regional differences have to be considered. In human, B, values varied among the various brain
regions between 60 fmol/mg (cortical regions) and 250 fmol/mg (caudate nucleus) [7, 9].

There is a number of highly potent inhibitors of the 5-HT transporter such as paroxetine, fluoxetine,

citalopram, clomlpramme and imipramine [12 - 14, 17, 18]. The pharmacological profile of inhibition
of high-affinity [ H]paroxetine binding to platelets or brain membranes by these and other drugs was
reported to correlate significantly with the rank order of potency of the drugs to inhibit 5-HT uptake
[12]. Therefore, it is generally accepted that this binding site is associated with the sodium-dependent
5-HT transporter [11, 12, 20]. Only a single gene appears to encode 5-HT transporter proteins in brain
and the periphery [16]. In our study, the K; values obtained with the non-tricyclic antidepressants
paroxetine and fluoxetine as competitors of [*H]paroxetine binding were lower than the values of the
tricyclic antidepressants imipramine and desipramine. This finding is in agreement with studies of the
neuronal and placental 5-HT transporter [11 - 14, 19]. On the other hand, citalopram was less potent
than imipramin which may be due to species differences. In our membrane preparation of porcine
brain the rank order of potency found for various antagonists (clomipramine < fluoxetine < imipramine
< citalopram) closely resembles that observed by others in cloned human 5-HT transporters
(clomipramine < fluoxetine < citalopram = imipramine) [21] and is different from that found in cloned
rat 5-HT transporters (clomipramine = citalopram < fluoxetine < imipramine) [14, 21]. Therefore, the
pharmacological profile of various 5-HT uptake inhibitors supports the suggestion that the homology
between the human and porcine transporter protem is greater than between the rat and pig.

In the microvessels, the affinity measured for [ Hlparoxetine was factor 5 less than in the caudate
membranes In a previous study, we have measured only a small difference of high-affinity
Hlimipramine binding between brain tissue and microvessels (brain: Ky = 1.0 nM, microvessels:

Ky = 1.6 nM) [4]. The binding capacities in the mentloned study differed by about factor two, whereas
the present data reveal similar Bp.y values for [ H]paroxetine binding. This indicates that paroxetine
and imipramine bind, at least partly, to different protein domains as was already suggested by others
[5, 8]. Also, the pharmacological profile of various 5-HT uptake inhibitors is different in caudate
membranes and microvessels. All substances, with the notable exception of serotonin, expressed
jower affinity towards the microvessel preparation. The decrease of affinity was smallest for fluoxetine
{factor 1.7} and highest for paroxetine (factor 13). Although the Rosenthal-Scatchard plot was linear in
both preparations the Hill coefficients were different. In caudate membranes all ny values were close
to unity while they were considerably smaller in the microvessels suggesting the presence of an
additional aliosteric binding site as proposed also in other models [7, 8, 21].

Altogether these findings suggest that the { Hlparoxetine binding sites, expected to represent the
transport protein for 5-HT, are different or differently regulated in brain tissue and brain microvessels.

Interestingly, similar discrepancies were also found in humans. More than two-fold differences in the
affinity of paroxetine binding were observed between various brain regions [7, 9]. The affinities of
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fluoxetine and citalopram were much lower to brain tissue {7] than to HelLa cells transfected with
cloned human transporters [21] or to placental tissue [19].

The finding that a 5-HT transporter is present in the brain endothelial cells is interesting and important
for a number of reasons. The brain endothelial cells are the constitutive elements of the blood-brain
barrier. Because of the presence of tight junctions the cells are polarized with two distinct plasma
membrane regions, a luminal and a basolateral region. The only other polarized cell type in which a
5-HT transporter is present is the human placental syncytiotrophoblast [13]. The transporter has not
been found in intestinal and renal tubular cells [13]. We do not know at this time the physiologic role
of a 5-HT transport system in the endothelial cell membrane. Principally, brain endothelial cells may
be targets of serotonergic innervation. But 5-HT may reach the endothelium also from the blood side
where it is stored in platelets. Therefore, the important question arises whether the transporter is
located at the luminal and/or abluminal part of the endothelial plasma membrane. At present, there is
no data to support any of these possibilities. It has been suggested that the 5-HT uptake occurs on
both sides of the brain endothelium [2]. Interestingly, there is also evidence that 5-HT is synthesized
even by the endothelial cells themselves [3]. It may therefore act as a autocrine or endocrine
substance on the endothelium being involved in the regulation of the blood-brain barrier permeability
[22, 23] and/or the cerebral blood flow g24]

We conclude that in our preparation ["H]paroxetine labels 5-HT uptake sites localized on the brain
microvessels. The transport protein has a similar density as in brain tissue. However, the binding
affinities towards [°H]paroxetine and a number of other 5-HT uptake inhibitors are reduced while the
affinity to serotonin is increased on brain microvessels compared to the brain tissue. Therefore, it is

hypothesized that the 5-HT transporters in the brain and microvessels are different or differently
regulated proteins.
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35. Measurement of the Cerebral Uptake and Metabolism of L-6-['°F] Fluoro-3,4-
Dihydroxy phenylalanine in Newborn Piglets

P. Brust, R. Bauer’, R. Bergmann, B. Walter?, J. Steinbach, F. Fiichtner, E. Will, H. Linemann’,
M. Obert, U. Zwiener?, B. Johannsen

IClinic of Nuclear Medicine, University Hospital Dresden

ZInstitute of Pathophysiology, Friedrich-Schille~-University Jena

Introduction

Dopamine is a major striatal neurotransmitter. Therefore, it has been given special attention in early
brain disorders. Dopamine in immature brain plays an important role in the mechanisms of
irreversible disturbances in neuronal metabolism due to moderate to severe brain hypoxia [1]. Age-
related increases in the density of dopamine D, and dopamine D, receptors during human brain
development has been described [2, 3]. Because the in vivo dopamine synthesis appears to be
regulated by D- receptors [4] one may expect that changes of the rate of dopamine synthesis occur
during brain development. Knowledge of these processes may be of importance for the understanding
of the genesis of parkinsons disease and other brain disorders.

However, available information on the catecholamine metabolism in the immature brain is very
fragmentary. L-6-["°F] fluoro-3,4-dihydroxyphenylalanine (FDOPA) has been used as a tracer to
estimate the activity of the dopamine synthetizing enzyme DOPA-decarboxylase (DDC; EC 4.1.1.28)
with positron emission tomography (PET) in human brain [5, 6]. The clinical significance of this
method has been demonstrated {7, 8].

Data allowing insights in the regulation of dopamine synthesis during oniogenesis are difficult 1o
obtain in humans. In order to find a useful model, we have performed PET experiments with newborn
piglets using FDOPA as tracer.
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Experimental

Six male newborn piglets in age from 2 to 6 days and weighing between 1,8 and 3,2 kg were
anesthetized with 0.5 % isoflurane in a gas mixture of 70 % nitrous oxide and 30 % oxygen via
endotracheal tube using a volume-controlied ventilator. Blood gases, blood glucose and lactate, blood
pressure, EEG and ECG were monitored before and during the PET study. No statistically significant
differences were found (data not shown).

Cerebral blood flow (CBF) was measured using the reference sample method with coloured
microspheres and was calculated from the following formula: CBF = (A¢ x Qp)/(A; x Wpx100, where
Ay, Qp, Ar, W are tissue absorption, reference blood withdrawal rate, reference blood absorption and
tissue weight.

Cerebral blood volume (CBV) was measured in separate animals of the same age after i.v. injection
of 20 - 30 MBq ®*™TcOy in saline under the same conditions as described. Euthanization by i.v.
injection of saturated KCI occured 5 min after injection. CBV was calculated from the following
formula: CBV = (At X Wp)/(Ap X Wpx100, where A, Ap, Wy, Wy, are tissue activity, blood activity,
tissue weight and blood weight.

PET studies were performed using the positron emission tomograph POSITOME llip (Montreal
Neurological Institute). The 2-ring tomograph acquires three slices with an axial slice thickness
(FWHM) of 15 mm, a spatial resolution (transaxial) of 11 mm and an axial field of view of 5 cm.
Attenuation correction was performed using transmission scans with two rotating ®Ge point sources.
FDOPA was produced according to the destannylation method [9] by direct fluorination of the tin
precursor with ["‘F]Fz simplifying the procedure (to be published). The process takes 40 min, the
overall decay corrected yield is in the range of 16 to 20 %.

A total of 30 - 50 MBq FDOPA in 5-10 ml saline was injected into the lower caval vein over 1 min with
an automated infusion pump. Emission scanning began simultaneously with the start of FDOPA
injection. Dynamic scan data were acquired in list mode between 0 and 120 min with 35 frames
between 30 and 600 s each. The time course of plasma ®F radioactivity was determined by arterial
blood sampling from the abdominal aorta. Twenty five 15 sec samples and fifteen 1 min samples
were taken by a precision peristaltic pump. Nine discrete samples were taken during the remaining
time period. The samples were stored on ice and centrifuged to obtain plasma. Plasma activity in
100 pl was measured in a well counter (COBRA 1) cross-calibrated with the tomograph. In additional
nine blood samples taken at 2, 4, 8, 12, 16, 25, 50, 90 and 120 min p.i. plasma metabolites of
FDOPA were measured using HPLC with radiochemical detection.

The HPLC-system consisted of a Hewlett-Packard 1050 pump with autosampler (0.5 mi sample loop)
and a flow-through radioactivity detector (Flow One Beta A 100, Caberra Packard) with high y—y
coincidence detection efficiency. A C18 reverse-phase column (125 x 4 mm, LiChrospher 100, 5 ym)
and a preguard column (4 x 4 mm, LiChrospher 100, 5 ym) were used for separation of metabolite
peaks with the following eluents: A: H,O (0.1 % acetic acid), B: Acetonitril:H,O = 80:20 (0.1 % acetic

acid) at a flow rate of 1 ml/min and a temperature of 30 °C (start: A:B = 100:0, end (15 min): AB =
60:40).
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udate Nucleus
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| White Matter
0
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Fig. 1: Local cerebral blood volume and cerebral blood flow (CBF) in newbomn piglets (means + S.D.).
CBF was measured before and during the PET study. No significant differences were found.

my/100 g

149



Results

The values of CBV measured in separate animals are shown in Fig. 1. The data varied between 1.18
mi 100g™ (white matter) and 3.41 mi 100g™" (pons/medulla oblongata). They were given as a constant
parameter in the fitting routine which was used to estimate the transfer coefficients of FDOPA.

The CBF was measured before and simultaneously with the PET study (Fig. 1). No significant
differences were found between these two measurements. The values during the PET study varied
between 40 ml 100 g™ min™ (white matter) and 84 mi 100 g™ min™ (mesencephalon). The respective
data were used to calculate the regional permeability-surface (PS) product of the blood-brain barrier
for FDOPA (Table 1).

100
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—&— F-conj.
80 -
—8—TFDOPA
70 - —&— OMFDOPA
60 + —@—FDA-Conj./FDOPAC

(%]

100

Time [min]

Fig. 2: Relative amounts of FDOPA metabolites in porcine plasma as function of time based on
HPLC-determined plasma fractions of six piglets (means + S.D.).

The distribution of FDOPA metabolites in plasma was measured by HPLC (Fig. 2). From the plasma
time-activity curves of FDOPA and OMe-FDOPA the rate constants of peripheral synthesis (k° =
0.0080 + 0.0014 min™) and elimination (ks = 0.0009 + 0.0010 min") of OMe-FDOPA were
calculated. The plasma input function for the estimation of FDOPA transfer coefficients was obtained
by correction of the plasma time-activity curves of *®F with the fraction of metabolites calculated from
the HPLC data.

The distribution of radioactivity occurs between the intravascular space, the extravascular precursor
pool and the metabolite compartment and is described by nine transfer coefficients [5, 6]. This
includes transfer coefficients for OMe-FDOPA since this compound is able to cross the blood-brain
barrier. This compilicates the estimation of separate rate constants for FDOPA. Our estimation of the
parameters for blood-brain and brain-blood transfer, K, and k, (Table 1), includes both FDOPA and
OMe-FDOPA which is expected to result in an overestimation of the FDOPA precursor pool and an
underestimation of the decarboxylation rate of FDOPA k.

Table 1: Kinetic transfer coefficients of '°F accumulation in the brain, partition volume (V¢)
and PS-product of blood-brain transfer in newborn piglets

Frontal Cortex Striatum
K (mlg' min")| 0.057 +0.017 0.068 + 0.021
k, (min™) 0.056 + 0.022 0.081 + 0.033
ks (min) 0.026 + 0.016 0.038 + 0.017
ks (min’™) 0.038 + 0.019 0.035 + 0.007

Ve (mimi™) 1.1+02 0.9+0.1
PS (mig” min)| 0.060 +0.019 0.072 + 0.024

150



Transfer coefficients of FDOPA were obtained from brain time-activity curves of six individual
experiments (Fig. 3) and the respective plasma input functions The values of K_, k, and k3 estimated
in the striatum are 19 %, 45 % and 46 % higher than in the frontal cortex. The rate constant k,, which
accounts for the clearance of labelled metabolites from tissue, is similar in frontal cortex and striatum.

% dose/ml % dose/g
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0.45
0a Plasma 0.045
0.04
0.35
0.035
0.3
0.03
0.25
0.025
02 ¥ 0.0
0.15 0.015
0.1 0.01 —o— Frontal Cortex
0.05% 0.005 —&— Striatum
0 4 4 + + : : , + 0 4 + : 3 ' 3 :
0 2 4 6 8 10 12 14 16 0 20 0 60 80 100 120
min min

Fig. 3: Normalized time-activity curves (n = 6) of ®F in plasma and brain of newborn piglets.

Discussion

We have measured the cerebral uptake and metabolism of FDOPA in newborn piglets in order to find
a useful model to study the regulation of the dopamine synthesis during ontogenesis. There is a lack
of data related to this aspect of dopamine synthesis. On the other hand, conflicting data regarding an
influence of normal aging on the presynaptic nigrostriatal dopaminergic function exist [10].

FDOPA is a potential substrate for DDC the ultimate enzyme in dopamine synthesis in terminals of
the dopaminergic nigrostriatal pathway [11, 12]. From in vitro data it is expected that DDC activity is
in great excess with respect to the synthesis of dopamine and that tyrosine hydroxylase is the rate
limiting enzyme because it is nearly saturated with tyrosine [for references see 12]. Despite this there
is evidence that the activity of DDC is modulated by neuronal activity [13, 14] which may be related to
the rate-limiting step in the synthesis of 2-phenylethylamine, a putative modulator of dopamine
transmission.

Until now there were no data available about the FDOPA metabolism in pigs. Using HPLC we have
identified in plasma the major metabolites of FDOPA. In rats and humans [11, 15, 16] FDOPA
undergoes a rapid metabolism by O-methylation (kP which mainly reflects hepatic COMT activity. in
our study a methylation rate was estimated which is 40 % and 90 % less than those observed in
humans [5, 16] and rats [11], respectively. The rate constant of elimination of OMe-FDOPA (k_M),
which presumably is related to renal elimination, is about 50 % smaller than in rats but comparable to
humans.

Our values for K; and k, are about 50 % - 80 % higher than those in rats and humans [6, 17] which
may be due to the inclusion of OMe-FDOPA in our estimation. It is reported that the blood-brain
transfer (K.,) and brain-blood transfer (k) of OMe-FDOPA is about twice of FDOPA [17]. The average
value of the decarboxylation rate constant (k) in striatum was 0.036 min™ which is close to values
measured in the striatum of adult humans [5, 6, 18]. We expect our value to be underestimated from
the reason mentioned above and because of the partial volume effect which is related to the rather
low spatial resolution of the tomograph. This may also explain the low ratio of k, between striatum
and frontal cortex. We have found about 50 % higher rate of decarboxylation in striatum than in
frontal cortex. In humans a five-fold difference was found [5, 18].

We conclude that PET measurements with FDOPA may serve as a useful tool to estimate the activity
of DDC in the immature porcine brain. Some of the limitations of the present study will be overcome
by future use of a tomograph with a higher spatial resolution and by inclusion of separate input
functions of FDOPA and OMe-FDOPA.
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36. High Yield Preparation of 6-[18F]Fluoro-DOPA
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2Technische Universitat Dresden, Klinik fir Nuklearmedizin

Introduction

Because of the usefulness of 6-[®Flfluoro-L-DOPA ([®FIF-DOPA) for assessing dopamine
metabolism, [*®*F]F-DOPA is one of the standard PET radiopharmaceuticals [1, 2]. But in contrast to
['®FIFDG, a method which yields large amounts of ['*F]F-DOPA is not yet available despite enormous
efforts [3, 41.

Based on the regioselective destannylation method by Namavari et al. [3], we went to improving,
simplifying the procedure and increasing the yield. Since 1994 we have been producing ["®FIF-DOPA
for investigation of the effects of asphyxia and dopamine metabolism in newborn piglets.

Experimental
An apparatus for routine production based on electrophilic reaction was set up.
The schematic layout of the [18F] F-DOPA preparation unit is shown in Fig. 1.
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Fig. 1: Schematic presentation of the apparatus for routine production of [18F]F—DOPA

The device consists of two main parts, the processing unit situated inside the hot cell and its control
unit. A pump and radiation monitors are used in addition. All parts of the processing unit, such as the
reaction vessel, purification columns, electro-magnetic and electric stream selection valves, fittings,
tubes, a waste absorber, electrical and tube connectors, Geiger-Miiller tubes and the manometer, are
mounted on a stainless steel housing. The processing unit is remote controlled by the contro! unit. The
PTFE tubes for the target gas, the compressed N, (for delivering the liquids), and the vessels
containing the liquids needed for the synthesis are connected to the synthesis unit by Luer adapters.

['®FJF, is produced by the *Ne(d,«)"®F reaction, using the 13.5 MeV deuterons of the Rossendorf
cyclotron U-120 with Ne + 0.2 % F, (100 uymol) as target gas. The target gas is forced by its own
pressure (2 MPa at the beginning) through the transporting copper tube (about 500 m). After being
discharged from the target by its own pressure, the {‘8F]F'2 is transported fo the synthesis unit using N,
as a carrier gas with a pressure of 0.5 MPa.
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All parts of the equipment which come into contact with the precursors and the radiopharmaceutical
are newly assembled for each production cycle from sterilized glassware and tubing. Before using the
equipment, the liquid system and especially the chromatographic columns are cleaned by washing
them with sterilized water to ensure that the system is free of endotoxins (apyrogenicity).

To increase the efficiency of absorption, the [ F] F, is absorbed in a special Vigreux absorption
column containing a precursor solution of 60 mg N-formyl-3,4-di-boc-6-(trimethyistannyl)-L-DOPA ethyl
ester in 15 ml trichlorofluoromethane (CFCl, freon 11). This arrangement also makes it possible to
measure the starting actlwty by a dose calibrator. Under these conditions the reaction between the
precursor and the gaseous [ F]F2 takes about 13 minutes. The volume of the solvent is reduced to
about 5 ml by evaporation during absorption.

After absorption of [**FIF, 2.5 ml 48 % HBr are added and this mixture is transferred into the reaction
vessel. The temperature is increased to 70 °C while the remaining solvent is evaporated by blowing in
gaseous N, . After evaporation the temperature is increased to 130 °C for 5 minutes to reach the
conditions for hydrolysis.

After hydrolysis the reaction mixture is directly transferred to the 5 ml loop by on-line filtration through a
0.22 pm filter without any treatment. After cooling down for 2 minutes the product is injected into the
HPLC column.

Conditions for preparative HPLC:

- column: RP-18, LiChrosorb, 7 uym, 250 mm x 10 mm,
- guard column: LiChrospher RP-18, 5-20 um, 30 mm x 9 mm,
- sample volume: 25mi,
- injection loop: 5 mi,
- eluent: 105.6 mM of CH;COONa and CH;COOH, pH 4.7,
isotonic, prepared with sterilized water, (aqua ad iniectabilia),
- flow rate: 3 ml/min,
- pressure: about 6 MPa,
- detection: UV, 1 mm path length, 280 nm,
radioactivity.

Fractionation of the eluent in the foreruns and [**FJF-DOPA-fraction is carried out by monitoring
radioactivity and the UV-signal on the outlet of the column and by switching the stream selection valve
accordingly.

The main radioactive peak (['*FIF-DOPA) is eluted after about 11 minutes. The sterilization of the final
product is achieved by sterile filtration of the eluent.

According to the rules of good manufacturing practice (GMP), quality control of the final product is an
essential part of the quality assurance of radiopharmaceutical production. The product has only been
characterized by HPLC, GC/MS, pH and Osmometer, because of its use for animal experiments.

Restults
The total preparation tlme of ["*FJF-DOPA after EOB, including the radionuclide transport, takes about

40 minutes. The total [' F]F-DOPA yield is between 30 and 35 % (decay corrected) with good
reproducibility. Starting from [ F]F2 a maximum yield of 50 % can be achieved due to the chemical
background. Depending on the starting activity up to 1 GBq [’ F]F-DOPA is available.

The processing unit enables the ["®FIF-DOPA synthesis o be repeated twice without handling the
processing unit in the hot cell. For an effective transport of the i F]F2 over a distance of 500 m, the
copper tube must be preconditioned with cold F,.

The in-line process contral involved includes the monitoring of the reaction vessel temperature, of the
radioactivity level on the transporting tube and of the reaction vessel as well as the pressure of the
HPLC pump during the whole procedure. Fig. 2 shows the process data of the seven integrated

Sensors.

154



F_DOPA\0263841 Start 19.Sep.96 09:38
HPLC-pressure
60.0 ibar ﬂ ;
e | }
40.0 radionuclide . L o i
transport " synthesis [ HPLC-purification | i
20.0 | >
0.0 1 I 1
00"00 T 74000 |7 7 2000 3000 ° 7 | 4000 ‘ 5000 RT
°C \ temperature of |
reaction vessel
100 | \
50 | j i
| :;
00700 " 1000 T T 2000 T3000 T 4000 5000 = RT
' ] ]
cpm x 1000 [ w821 activity of
/| F-DOPA
|
0.00 ] T 1 T T T I3 T ¥ T ] ’ \‘\
00"00 1000 2000 3000 " 4000 " 50'00 RIT
2.00 {cpm x 1000 W activity of -
f \ reaction vessel!
1.00 - ! \ f
! N
0.00 S J ‘ , L M
0000 1000 | 2000 3060 " 4000 5000 RIT
cpm x 1000 ' ‘ ‘ 4700 ;| HPLC |
2.00 | : : activity-signal
1.00
0.00 S ) : - p—
00700 1000 " 20000 3000 4000 50000 RIT
T T T 1
cm /’\\ activity of j
200 | | ,os'ls fransporting tube |
5 1 1327 ‘
100 | N / ~_ |
s
R ey . :
oooo 1000 || Ta20b0 7 3000 4000 5000 RIT
mAU x ) e10 HPLC
1000 1 Uvsignal
1.00 - 1 |
S : i
FEVT ‘ 5036 :
0.00 : ‘ s
00"00 ° 1000 2000 " 3000 4000 5000 RIT

Fig. 2: Process data during [*®FIF-DOPA preparation
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The product is characterized by the following quality parameters:

Parameter Method Limit Average value

- Radiochemical purity: HPLC >95% > 98 %

- Chemical purity: HPLC [F-DOPA] >95% >98 %

GC/MS [Freon 11] < 50 pg/mi < 3 pg/mi

[Ethanol} < 1 mg/mi < 10 pyg/ml
[Acetonitrile] < 50 ug/ml < 25 pg/mi

- Pharmaceutical pH 4-5 4.7

parameters: Osmolality 280 - 320 mOsmol/kg 304 mOsmol/kg

The pH value of the eluent plays an important role and should not exceed 5, otherwise the final product

is not stable enough and the colour of the solution becomes light violet.

The F-DOPA concentration was found to be between 1.5 and 2.5 pg/ml depending on the cold F,-

concentration of the target gas.

We will shortly be setting up an automatically controlled synthesis unit for ['®FJF-DOPA production.
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37. Modified Access to the Thioester Precursor of [''C](+)-McN-5652-Z
J. Zessin, J. Steinbach

Introduction

In the early eighties Maryanoff and co-workers [1-3] synthesized a number of hexahydro-6-
arylpyrroloisoquinolines (1) as potential antidepressants. Some of them are potent inhibitors of the uptake
sites of dopamine, norepinephrine or serotonin (5-HT) and regulate the concentration of these
neurotransmitters in the synaptical cleft. Such compounds can therefore be used as antidepressants.

Fig. 1. General structure of pyrroloisoquinoline antidepressants

Especially the compound McN-5652-Z (1, R = 4-S-CH,) was identified as a highly potent blocker of the 5-
HT uptake site. This is reflected by a K, value in the nanomolar range for inhibition of PH]5-HT binding to
rat cerebral cortex. For example, K; of the racemic trans compound is 0.6 nM [4]. This is a prerequisite for
its use as an "'C labelled radiotracer for positron emission tomography (PET) [5]. This radiotracer can be
used for studies of the serotonergic neurons in the case of depressions, suicidality or drug abuse.

In comparison to other potential PET radioligands for imaging the 5-HT uptake sites, such as
['C]citalopram or ["'C]fluoxetine, ['CIMcN-5652-Z (racemic mixture) shows a satisfactory ratio between
hypothalamus and cerebellum. It reached 4.6 in the brain of mice after 90 min [6]. Consequently,
["CIMcN-5652-Z is known to be the most potent PET tracer for imaging the 5-HT transporter.

The selectivity of the inhibition of serotonin uptake sites is strongly dependent on the stereochernistry of
McN-5652. Of the four diastereomers and enantiomers the trans-(+)-6S,10bR compound ((+)McN-
5652-Z) has the highest potency as a 5-HT transporter blocker [4,7]. In the case of injection of the
radiolabelled enantiomerically pure [''C](+)McN-5652-Z into mice, the hypothalamus-to-cerebellum ratio
increased to 6 [8]. In the human brain the midbrain-fo-cerebellum ratio was 1.8 ((+)-enantiomer) afier
115 min [9].

The radiotracer ['"C]McN-5652-Z was prepared by S-methylation of normethyl McN-5652-Z with
["'Clmethyl iodide [5,10]. This precursor can be synthesized by demethylation of authentic McN-5652-Z
with sodium thiomethoxide and subsequent esterification with acetyl chloride to stabilize it.

The demethylation reaction was carried out in dimethyiformamide at 160 °C. Under these conditions this
reaction was accompanied by a cis-trans isomerization. After 1 h, the time needed for complete ¢leavage
of the thioether, a mixture of nearly 40 % trans diastereomer and 60 % cis diastereomer is obtained. This
ratio represents the equilibrum concentrations and does not depend on the initial isomer ratio. In this way
the yield of the biologically active diastereomer is remarkably reduced.

For this reason we developed an improved synthetic route based on the demethylation of McN-5652-Z with
sodium amide (sodium in liquid ammonia). The isomerization reaction was strongly suppressed in this
synthesis. Starting with the pure trans diastereomer of McN-5652-Z, the yield of the trans compound was
increased up to about 80 %.
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Experimental

General

Reagents and solvents were obtained from Aldrich, Fluka and the BAYER AG. N-Vinyl-2-pyrrolidinone
was freshly distilled before use. All other substances were used without further purification.

(+)McN-5652-Z, general procedure

The authentic McN-5652-Z 1 was prepared in a nine-step synthesis as described by Maryanoff and co-
workers [2, 13]. The synthetic route is represented in Scheme 1. 2-Phenylpyrroline (4) was synthesized
according to Jacob [11]. 4-Methyithiomandelic acid (6) was prepared as described by Compere [12]. Most
of the intermediate products in the following steps were used without further purification. Differences from
this general synthetic route for 4, 9 and 11 are described.

Scheme 1. Scheme of McN-5652-Z synthesis

2 3 4 HO~+H —
C=0

H _O COOH l‘!J

H OH
— 8

7

SCH, SCH, 1

5 6

2-Phenyipyrrolidine (4)

The hydrogenation of 2-phenylpyrroline was performed by dimethylamine borane, following the procedure
of Biliman et al. [15].

A solution of freshly distilled 2-phenylpyrroline (3) (0.37 mol, 54.2 g) in acetic acid (100 ml) was added to
a solution of borane-dimethylamine complex (0.42 mol, 25 g) in acefic acid (100 ml) at 20 °C. This mixture
was stirred for 4 h at room temperature.

Sodium hydroxide solution (4 M) was added to the cooled reaction mixture until a pH of 12 was reached.
The temperature was not allowed to exceed 30 °C as 2-phenylpyrrolidine may reacted with acetic acid to
the acetamide of 4. The resulting suspension was extracted three times with ether, the combined organic
extracts were dried with sodium suiphate and the solvent was removed in vacuo. The residue was distilled
under vacuo.

Yield: 48.4 g (88 %) colourless liquid

Boiling point: 123 - 125 °C/ 3.5 kPa

Melting point of picrate: 148 - 150 °C (from EtOH)

(¥)McN-5652-Z

The hydroxy lactam 9 was purified by flash chromatography (silica gel 60, petroleum ether/ethyl acetate,
1:4). After the next two steps the final product 1 (R=4-SCH,) was flash chromatographed (silica gel 60,
petroleum ether/ethanol/ dichloromethane 22.5/15/5) to afford McN-5652-Z as a light brown viscous oil.
The ratio between frans and cis isomer was 92:8 (determined by HPLC).

For resolution purposes purified McN-5652-Z and (+)-L-tartaric acid (molar ratios) were combined in hot
acetonitrile and allowed to stand at ambient temperature for one week. The recovered solid was
recrystallized two times from acetonitrile to give light brown needles. '"H NMR of the free base with

158



Mosher’s acid confirms the enantiomeric puritiy of the resulting (+)McN-5652-Z.

Thioester precursor 11 (sodium thiomethoxide route)

The synthesis pathway, which contains the demethylation of 1 and acetylation of the free thiol, is depicted
in scheme 2.

Scheme 2. Synthesis of the thioester precursor

I
SCH, SNa" 87 TCH,
O NaSCHg in DMF or O O

Na in liquid NHy CH3C(O)C!

N————_’N__’N

Purified McN-5652-Z (0.34 mmol, 100 mg), sodium methoxide (2.4 mmol, 170 mg) and dry DMF (1 ml)
were combined in a reaction vessel, which was sealed and purged with argon. The reaction mixture was
heated to 160 °C for 60 min and cooled to ambient temperature. A tenfold excess of acetyl chloride was
added while cooling the solution with ice/water. The resulting suspension was stirred for some minutes at
room temperature and then quenched by addition of water by cooling with ice/water. The thioester was
extracted with dichloromethane, the combined organic phases were washed with water, dried with sodium
sulphate and the solvent was removed under vacuo. The residue was purified according to Mathews [14]
by means of semipreparative HPLC (Macherey&Nagel Nucleosil C18, 7 pm, 250 mm x 10 mm). The
eluent consists of a mixture of acetonitrile and water (30/70) with 0.1 % trifluoroacetic acid. Because of this
purification route, the thioester 11 was obtained in the form of the more stable ammonium trifluoroacetate.

Thioester precursor 11 (sodium-liquid ammonia route)

Sodium (1.7 mmol, 40 mg) was added to liquid ammonia (25 ml). (+)McN-5652-Z (0.5 mmol, 150 mg)

was dissolved in 8 mi dry THF and was added to the sodium amide suspension. Two further portions of

sodium (2 times 1 mmol, e. g. 23 mg) were added and the deep blue suspension was stirred for 10 min.

When the colour was stable, the excess of sodium amide was discharged with a small amount of solid

ammonium chloride and the ammonia was evaporated. Otherwise further addition of sodium was

necessary.

An excess of acetyl chloride (40 mmol, 3.3 g) was added to the resuiting solution of the free thiol while

cooling with iced water. The suspension was stirred for 3 - 4 min at room temperature and then water

(20 ml) was added. The thioester was isolated and purified as described above.

Yield: 80 mg (38 %) light brown, highly viscous oil

NMR data: 8. (75.475 MHz; solvent: CDCI,; internal standard: TMS) 21.62.CH, (C1 or C2), 30.25 CH,
(Ac), 31.61 CH, (C2 or C1), 42.75 CH (C6), 53.31 CH, (C3 or C5), 55.86 CH, (C5 or C3),
62.22 CH (C10b) 126.60, 128.03, 128.08, 128.34, 128.88, 129.74, 131.15, 133.77, 135.17,
140.04 (aromatic carbons), 194.0 CO (Ac), a quadruplet between 110 and 121 ppm and a
singlet at 161 ppm (broad signals) were assigned to the trifluoroacetic acid

McN-5652-Z from thioester 11

A small amount of the thioester (30 mg) was hydrolysed with tetrabutylammonium hydroxide (250 pl ofa
1 M solution in methanol), dissolved in DMF after 10 min and methylated with methy! iodide (6 pl). The
product was isolated by extraction with dichloromethane. The residue (18 mg) was used for 'H NMR
investigation of the enantiomeric purity.
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Resuits and Discussion

In the synthesis of the thioester precursor 11 the compound McN-5652-Z 1 was demethylated with sodium
amide in liquid ammonia. In contrast to the demethylation performed with sodium thiomethoxide, this new
synthesis required very low reaction temperatures and shorter reaction times. These conditions
suppressed the undesirable isomerization. As a result the share of the highly specific binding trans
diastereomer was clearly increased. Instead of the nearly 40 % vyield as obtained by the sodium
thiomethoxide route, about 80 % were now reached. This is demonstrated in Fig. 2, which compares the
HPLC chromatograms of the products of both reaction pathways.

1.0

AUx1000 trans " w|
08
06
7 3
02
0.0 .

0 2
so0 |2 w
400
00 trans : cis

{83 %) ; (17 %)
20 \ =
ik
° L4 T LB T T
1] 2 4 [ ] E 3 mm

Fig. 2. HPLC chromatograms of normethyl McN-5652 obtained after demethylation
with sodium methoxide (above) and with sodium in liquid ammonia (below)

The percentages of the diastereomers are sirongly dependent on the implementation of the reaction.
When the demethylation is not complete, the ratio of the diastereomers remains unchanged. After
complete formation of the thiol, excess sodium amide causes isomerization. Consequently, demethylation
and isomerization are consecutive reactions. For this reason sodium should preferably be added to the
reaction mixture in portions. The end of demethylation can be recognized when the blue colour does not
disappear within 10 to 15 min. Excess sodium amide must then be removed to avoid greater changes in
the diastereomer ratio.

itis also possible that both reactions run as a competitive reaction. In this case the isomerization must be
a very slow reaction in comparison with the cleavage of the thioether.

A small amount of the (+)thioester precursor 11 was hydrolysed by tetrabutylammonium hydroxide and the
thiol generated in situ was methylated with methyl iodide. The 'H NMR spectrum of the recovered McN-
5652-Z with Mosher’s acid indicates no racemization during the demethylation with sodium amide in liquid
ammonia.

The thioester precursor obtained by the new synthetic route was also used in the synthesis of [''C]McN-
5652-Z as described by Suehiro ef al. [10] and gave comparable radiochemical yields of [''C}JMcN-5652-Z.
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38. Substances Labelled in Metabolically Stable Positions:
The Conversion of Pyrylium Salts with Nitro-["'Clmethane - a New Method for the
Synthesis of N.C.A. "'C-Ring-Labelled Nitroaromatics

P. Méding, J. Steinbach, H. Kasper

Introduction

In earlier papers we described the labelling of the following benzenoid compounds with *'C in their rings
by reaction of pentamethinium salts with nitro-["*C]methane: nitro-[1-''C]benzene [1], 3-nitro-[3-"'C]anisol
[2], 3-nitro-[3-''Cjtoluene and 4-nitro-[4-"*Cltoluene [3]. These syntheses are based on using the principle
of the synchronous six-electron cyclization of hexatriene systems into aromatics. However, this reliable
method has limitations due to the availability of the nonradioactive precursors [4].

We therefore investigated a new possibility of synthesizing substituted nitro-[1-'"C]benzenes. The conden-
sation of 2,4,6-risubstituted pyrylium salts with nitromethane into many aromatic 2,4,6-trisubstituted nitro-
compounds according to Equ. 1 has been known for a long time [5-8] but was not used for labelling with
the carbon isotopes "'C, ©°C or “C:

R R
+t- in {-
Y |x¥ + Hewo, —LBEORImLBuOH, Equ.1
G2 - >~ 2 R R
R” Y07 R
NO

2

Although this method was not described for synthesizing p-substituted nitrobenzenes, we tried to apply it
for preparing 4-nitro-f4-"'Clanisole by condensation of 4-methoxypyrylium perchlorate [9] with nitro-
[’C]methane according to Equ. 2:

OMe OMe

-~ * + base
N[ C07 + BCNO, R heio, 1,0 O Equ.2

| = U
NO, = C

In this way 4-nitro-[4-""C]anisole was surprisingly obtained by using reaction conditions which are not
described in the literature. This was the reason for further investigations in view of the "'C-ring labelling of
two 2,4 6-trisubsfitufed nitrobenzenes.

Experimental

Materials

For identification of the labelled compounds by HPLC the following reference substances were used:
nitromethane 99 %, 4-nitroanisole 97 % (Aldrich, Germany), 2-nitromesitylene 99 % (ABCR GmbH &. Co.,
Germany) and 2,6-dimethyi-4-methoxy-nitrobenzene (synthesized according to [8]).

HMPT, +BuOK and Buli (1.6 M in hexane) were purchased from Merck, Germany and had for synthesis
quality. Bu,NF-3H,0 (purum) and Bu,NF on silica gel (1.1 mmol F7/ g resin) were obtained from FLUKA,
Germany, t-BuOH (99.3 %) from Aldrich, Germany.

Analysis

To determine the extent of conversion and the radiochemical purity and to identify the products, an HPLC
system (JASCO) was used, including a pump, a Rheodyne injector with a 20 pl loop, a LiChrospher 100
RP-18 endcapped column (5 pm, 150 mm x 3.3 mm, Merck) and a UV detector coupled in series with a
radioactivity detector FLO-ONE\Beta 150TR (Canberra Packard). The HPLC analyses were carried out at
a flow rate of 0.5 mi/min with the following linear gradient of the eluents: 0 min - 70 % buffer/ 30 % MeCN;
10 min - 0 % buffer/ 100 % MeCN; 20 min - 0 % buifer/ 100 % MeCN; buffer = phosphate buffer pH 7
(c[NaH, PO ] = 0.26 mM; c[Na,HPO ] = 0.51 mM).

Synthesis of reference substance
2,6-dimethyl-4-methoxy-nitrobenzene: A suspension of t-BuOK (0.946 g = 8.4 mmol) in -BuOH (15 ml)
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was slowly added to a solution of 2,6-dimethyl-4-methoxypyrylium perchlorate (1 g = 4.2 mmol) in nitro-
methane (10 ml = 185 mmol) with an orange colour appearing. The reaction mixture was heated under
reflux for 45 min. The potassium perchlorate separated in the reddish brown reaction mixture was then
filtered through a frit glass filter. The filtrate was evaporated and the residue recrystallized from a mixture
of methanol and water (2 : 1, 15 ml). Pale needles, yield: (0.3 g, 39.5 %).
Meilting point: 47.6-50.6 °C (lit. m.p. 49.5-50.5 °C [8]).
NMR data: 6, in ppm (200.13 MHz; solvent CDCI;; standard SiMe,) 224 (6 H, s, 2 CH,), 3.73 3 H, s,
OCH,),6.52 2H,s,2CH)
6. in ppm (75.475 MHz; solvent CDCl,; standard SiMe,) 18.4 2-CH, and 6-CH;, 55.5 4-OCHj,
113.8 CH (C3), 132.4 C (C2), 1455 C (C1), 160.0 C (C4)

""C-ring labelling of the nitrobenzenes

The gaseous nitro-[''Cjmethane produced according to [1] was intraduced into a mixture of 250 pyl HMPT
or +-BuOH and 8 - 9 mg (38 pmol) pyrylium salt. The bases t-BuOK and Bu,NF were added either before
or after trapping the nitro-[''C)methane (see Table 1 with the appropriate footnotes), whereupon the well
sealed vessel was heated at 120 °C for 20 min.

Results and Discussion
The radiochemical yields (decay-corrected) of the substituted nitro-[1-''C]benzenes synthesized according
to Equ. 3 under various reaction conditions are listed in Table 1.

R3 R3
+t-B in -
= | X + Hf)—NO2 L _;?{IFE(?“OH > O Equ.3
Rl \6 R2 ? Rl * R2
I — IIC
NO, * =

Table 1: Radiochemical yields of substituted nitro-[1-"'C]benzenes under various reaction conditions.
General conditions: 38 pmol pyrylium salts (8-9 mg) in a solvent (HMPT or t-BuOH), addition
of a base (+BuOK, Bu,NF- 3H,0) either before or after trapping the nitro-{"'C]methane, reac-
tion temperature: 120 °C, reaction time: 20 min

Amounts of solvents and bases Radiochemical yields of the nitro-[1-'"C]benzenes
(decay-corrected) [%]
HMPT t-BuOH t+-BuOK Bu,/NF R',R%=H; R',R*=Me;
(-3H,0) R*=OMe R',R2R*>Me R3*=0OMe
[ul} [uil [umol] fumol]

- 250 76 - 89 09 -

- 250 38 382 ) - -
2509 2509 38Y 389 8 - -
2509 3829 3829 38" 58 - -
2507 2509 38?9 38» 71 0 0

82

- 250 38Y 3802 - 21 -

- 2509 3829 38" - 157 -

- 250~ 76° 38» - 139 -

¥ addition after trapping of nitro-[''C]methane

®) addition before trapping of nitro-["'C]methane

9 reaction temperature: 100°C

9 addition as 1 M solution in +-BuOH % beside 57.7 % of ['CJCH,NO,
? use of Bu,NF on silica gel 9 peside 57.3 % of ['"CJCH,ONO
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With 8 mg 4-methoxypyrylium perchiorate (38 pmol) in 250 pl HMPT and addition of 25 pl 1.6 M Buliin
hexane (40 pmol) before or after trapping the nitro-[''Clmethane, 4-nitro-[4-*'CJanisole was not obtained
by heating this reaction mixture at 170 °C for 10 min.

Potassium tert-butylate in tert-butanol proved to be necessary for this condensation reaction, and tetra-
butylammonium fluoride is a suitable auxiliary base .

The best results in terms of extent of conversion were obtained by the synthesis of 4-nitro-[4-"'C]anisole.
It could be shown that the order of addition of the bases concerning the trapping of nitro-[''C]methane in
a solvenV/ pyrylium salt mixture is of importance. The yields of 4-nitro-[4-'"Clanisole increased considerably
(about 58 %) when the following order was used: addition of 12 mg Bu,NF-3H,0 (38 pmol) to a mixture of
8 mg 4-methoxy-pyrylium perchlorate (38 ymol) in 250 ul HMPT, trapping of [''"CJCH,NO,, addition of 38 pl
1 M +BuOK in +BuOH, and heating the reaction mixture at 120 °C for 20 min. A further increase of the
yields of 4-nitro-[4-'C]anisole was achieved by using of a greater amount of +-BuOH (250 pl). Thus,
4-nitro-J4-""Clanisole was prepared with a radiochemical purity of up to 82 %. Related to ['"CICH,NO,, the
reproducible radiochemical yields of 4-nitro-{4-''Clanisole are in the range of 7715 % (decay-corrected).
An HPLC radiogram of unpurified 4-nitro-[4-""C]anisole is shown in Fig. 1.

radioactivity
[x 16 cps]
su] 8.40
230
298
138
1984
1.83
381

G @ 5®
Fig. 1: HPLC radiogram obtained from the reaction mixture of the 4-nitro-{4-""Clanisole synthesis
183 min: ["CJCH,ONO; 11.6 %
273 min: ['"CICH,NO,; 6.5 %
8.40 min:  4-nitro-f4-""Clanisole; 81.9 %

18,00 1.8 time [min]

The synthesis of 2-nitro-[2-"'C]mesitylene and 2,6-dimethyl-4-methoxy-nitro-[1-'C]benzene from their
appropriate pyrylium salts [9] was not possible under the above-described optimized reaction conditions.
This phenomenon cannot be interpreted.

Other reaction conditions had therefore to be worked out. 2-Nitro-[2-''C]mesitylene was obtained in yields
of about 21 % as follows: nitro-["'C]methane was trapped in a mixture of 250 yl -BuOH, 8 mg 2,4,6-tri-
methylpyrylium tetrafluoroborate (38 pmol), 34.6 mg Bu,NF on silica gel (1.1 mmol Bu,NF/ g resin 2
38 umol Bu,NF) and 38 ul 1 M +BuOK in t-BuOH. This reaction mixture was heated at 120 °C for 20 min.
The yields of 2-nitro-[2-"'C]mesitylene decreased when Bu,NF-3H,0 (38 pmol) was used without a carrier.
An HPLC radiogram of unpurified 2-nitro-[2-"'C]mesitylene is shown in Fig. 2.

These reaction conditions have yet to be tested for the synthesis of 2,6-dimethyl-4-methoxy-nitro-[1-''C}]-
benzene.
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Fig. 2:HPLC radiogram obtained from the reaction mixture of the 2-nitro-[2-"'C]mesitylene synthesis

1.68 min: [''CICH,ONO; 322 %
2.83 min: ["CICH.NO,; 38.4 %
1123 min:  2-nitro-[2-""Clmesitylene; 20.9 %
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39. Substances Labelled in Metabolically Stable Positions:
The Synthesis of Pyrylium salts as Precursors for *'C-Ring Labelling of Nitrobenzenes

P. M&ding, J. Steinbach, H. Kasper

Introduction

As defined, pyrylium salts consist of a cyclic-conjugated oxonium cation with a n-electron sextet and an
anion such as perchiorate, tetrafluoroborate, tetrachloroferrate or chloride. The ground state of the
pyrylium cation can be described by means of oxonium-Kekulé structures (I, Il) and carbenium-pyran
structures (lI-V) according o Equ. 1 [1, 2}:

o
N 7 d ~
(N Cle— L= () —0) =
D
8% 6 o 0 07°

I I i1} v A%

These resonance formulas express the two essential properties of the system: the aromaticity and the high
reactivity against nucleophilic attack in positions 2, 4 and 6.

Pyryiium salts are "key” compounds in organic chemistry [1-3]. They can be converted into manifold com-
pounds, mostly by an exchange of the oxygen atom.

In the foregoing paper [4] we described a new method for the synthesis of n.c.a. "'C-ring-labelled nitro-
aromatics which is based on the condensation of pyrylium salts with nitro-["’Clmethane. For this purpose
the following three pyrylium salts had to be synthesized and characterized: 4-methoxypyrylium perchlo-
rate, 2,6-dimethyl-4-methoxypyrylium perchlorate and 2,4,6-trimethyipyrylium tetrafluoroborate.

Experimental

Materials

vy-Pyrone (99 %) and 2,6-dimethyl-~y-pyrone (89 %) were purchased from Aldrich, Germany. Dimethyl
sulphate (for synthesis) and perchloric acid (p.a., 70 %) were obtained from Laborchemie Apolda, Ger-
many, acetanhydride (p.a.) from Feinchemie Sebnitz, Germany, and tetrafluoroboric acid (purum, 40 %)
from Chemiewerk Niinchritz/ BT Dohna, Germany.

Synthesis

4-Methoxypyrylium perchlorate: A mixture of y-pyrone (2.5 g = 26 mmol) and dimethyl sulphate (3.5 g =
28 mmol) was heated at 60 °C for 1 h with a brownish colour appearing. Then a solution of perchloric acid
(60 %, 5 m! = 46 mmol), acetanhydride (15 ml) and diethyl ether (20 ml) was added at room temperature.
After stirring for 30 minutes the crystalline solid separated, was fittered through a fiit glass filter, washed
with n-propanol and diethyl ether and dried. Pale crystals, yield: (2.0 g, 36.5 %).

Meliing point: 84-88 °C (lit. m.p. 76-77 °C [5]).

Elemental analysis: (Found: C, 33.8; H, 3.2; Cl, 16.2, C,H,CIO, requires
C,34.2; H,3.3;Cl, 16.9 %).
NMR data: 8,(75.475 MHz; solvent CD,OD; standard SiMe,) 49.8 4-OCH,, 102.7 CH (C3), 1136
C (C4), 167.7 CH (C2)

2,6-Dimethyl-4-methoxypyrylium perchiorafe: A mixture of 2,6-dimethyl-y-pyrone (2.5 g = 20 mmol),
dimethyl sulphate (4.0 g = 32 mmol) and methanol {0.25 ml) was heated at 50 °C for 1 h with a complete
solution occurring and a yellow colour appearing. Perchioric acid (70 %, 9.5 g = 66 mmol) was added
while cooling the solution with ice water. After sfirring for 2 h at 0 °C, the crystalline solid separated, was
filtered through a frit glass filter, washed with acetone and diethyl ether and dried. In thisway only 0.7 g
colourless crystals could be obtained. The yield of the pyrylium salt was increased by addition of diethyl
ether to the solution sucked off, with grey crystals precipitafing. The isolated crystals were purified by being
dissolved in acetone and then precipitated with diethyl ether. Colourless crystals, total vield: (2.1 g,
43.7 %).
Melting point: 182-182 °C (jit. m.p. ~ 190 °C [6]).
Elemental analysis: (Found: C, 39.7; H, 4.7; Cl, 15.2, C,H,,ClO, requires

C,40.2; H, 46; Cl, 14.9 %).
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NMR data: 3,, in ppm (200.13 MHz; solvent CD,CN; standard SiMe,) 2.73 (6 H, s, 2 CH,), 4.24 3 H, s,
OCH,),7.32(2H,s,2CH)
O in ppm (75.475 MHz; solvent CD,CN; standard SiMe,) 21.4 2-CH, and 6-CH;, 60.9
4-OCH,, 109.6 CH (C3), 179.3 C (C2), 180.5 C (C4)

2,4,6-Trimethylpyrylium fetrafluoroborate: Tetrafluoroboric acid (40 %, 7 mi = 39 mmol) was slowly added
to a stirred mixture of acetic anhydride (50 mi = 530 mmof) and t-BuOH (4 ml = 42 mmol) at such a rate
that the final temperature reached approximately 100 °C. The dark brown solution was allowed to cool
spontaneously to 80 °C, and was then chilled to 5 °C in an ice bath. The separation of the salt began and
was completed by addition of 100 ml diethyl ether. The crystaliine solid was filtered through a frit glass
filter, washed with 30 ml diethyl ether and dried. The pale yellow crystals (3.2 g) were recrystallized from
a mixture of ethanol and methanol (1 : 1, 60 ml) containing 3 drops of tetrafluoroboric acid. Colourless
crystals, yield: (2.0 g, 24.4 %). Melting point: 207-213 °C (lit. m.p. 224-226 °C [7]).

Elemental analysis: (Found: C, 45.7; H, 5.4, C;H,,BF O requires

C,45.8;H, 5.2 %).
NMR data: 9,, in ppm (200.13 MHz; solvent CD,CN; standard SiMe,) 2.78 (3 H, s, CH,), 293 (6 H, s,
2CH,), 7.85(2H,s,2CH)

Results and Discussion

There are two synthetic principles to prepare pyrylium salts [2]:

- Syntheses starting from an existing heterocyclic compound;

- Syntheses using ring closure reactions.

The electrophilic addition of alkylating agents to y-pyrones is one method, starting from an existing hetero-
cyclic compound. In this way many pyrylium salfs can be synthesized. The possible electrophilic attack on

the oxygen of the carbonyl group can be explained by the mesomeric structure of the y-pyrone according
to Equ. 2:

10l jo1® i0—-R
A Rt A
I | — |l —_ | Equ. 2
— QL L
[0] 0 0
y-pyrone

In this way we synthesized the 4-methoxypyrylium perchlorate (Equ. 3; R = H) from y-pyrone (4H-pyran-4-
one) using dimethyl sulphate as methylation agent, followed by addition of a mixture of perchloric acid,
acetanhydride and ether [5]. The 2,6-dimethyl-4-methoxypyrylium perchlorate (R = Me) was synthesized
from 2,6-dimethyl-y-pyrone in the same manner according to Equ. 3 [6}:

OMe
+HCIO 2 -
! l + MCZSO4 T4y C104 Equ. 3
X+
R 0 R R O R
R=HorMe

A third pyrylium compound, the 2,4,6-trimethylpyrylium tetrafluoroborate, was synthesized by a ring closu-
re reaction. This synthesis is based on the diacetyiation of isobutene, which is formed in situ by dehydration
of t-butanol. In this case acetic anhydride, +-BuOH and tetrafluoroboric acid are converted according to
Equ.4[7]:

Me
o o
s I 20 / )
H,C—C—OH + 4H,C—C—0—C—CH, + HEF, ————> ) |BFS Equd
CH, Me” 07 Me
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A similiar synthesis is based on the acetylation of mesityl oxide using acetic anhydride and perchloric acid.
In this way the explosible 2,4,6-trimethylpyrylium perchlorate was synthesized by Hafner and Kaiser [8]
according to Equ. 5:

M
s H,0 e
—C—CH= 2 “ -
H,C ﬁ CH C\ + 2 Ac,0 + HCIO, T3HOAS | Clo, Equ.5
CI‘I3 NS4
Me 0 Me

mesityl oxide

In both reactions, isomesityl oxide is the actual intermediate. The reaction mechanism [2] based on the
attack of the acylium cation is shown in Equ. 6:

Me Me +
4 C—Me
+ Z Y, e
Me—C, + HC=CMe, —* © — H, ©
AN -H N >
o) Me O Me O
acylium cation isobutene mesityl oxide isomesityl oxide
Me Equ. 6
- H
Me N\ 7/ 2
e 00 Me
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40. Substances Labelled in Metabolically Stable Positions:
The Synthesis of [2-"'C]1-Hydroxy-2-nitro-1-{2-nitrophenyl)ethane and [B-"'C]2,B-
Dinitrostyrene

J. Zessin, J. Steinbach

Introduction

In the synthesis of "'C-ring-labelled heterocyclic compounds [B-''C]2,p-dinitrostyrene (3) could be an
intermediate of interest. Reduction of this substance may give access to [''Clindole [1].
2,B-Dinitrostyrene (3) can be prepared by condensation of nitromethane with o-nitrobenzaldehyde (1) [1].
This is illustrated in Scheme 1. This so-called Henry reaction can be carried out base-catalysed or in the
presence of ammonium acetate in glacial acetic acid. The base-catalysed condensation leads to the
intermediate 1-hydroxy-2-nitro-1-(2-nitrophenyl)ethane (2). Treatment with diluted hydrochloric acid yields
3. The Henry reaction in the presence of ammonium acetate leads directly to the final product 3.

Scheme 1. Synthesis routes of 2,B-dinitrostyrenes

H NH4OAC/HOAG —
C H3N O2 +
NO, NO,

v

Both routes were already adapted to the condensation of [''C]nitromethane with various
hydroxybenzaldehydes and protected hydroxybenzaldehydes [2-6]. On the basis of these results we tried
to prepare [§'C}-2,B-dinitrostyrene (3).

Experimental

General

Reagents and solvents were purchased from Aldrich and Fluka and used without further purification.
HPLC measurements were performed by an HPLC system (JASCO) consisting of a pump with low
pressure gradient system, injector with 20 pl loop, a LiChrospher 100 RP18 column (5 pm, 150 mm x 3.3
mm), a UVNIS detector coupled in series with a radioactivity detector FLO-ONE/beta 150TR. A mixture of
50 % acetonitrile and 50 % water containing 0.1M ammonium formiate was used as eluent. The HPLC
was run with a flow of 0.5 mi/min in an isocratic mode.

['"CINitromethane was prepared as described by Schoeps ef al. [7] from ['C]methyl iodide. This
intermediate was synthesized according to Crouzel et al. [8].

The base-catalysed condensation of [''C]nitromethane with 1 was carried out, using tetrabutylammonium
fluoride (TBAF, method A) or sodium hydroxide (method B) as catalysts where as method C describes the
condensation in the presence of ammonium acetate in glacial acetic acid.

TBAF caltalysed condensation (method A)

The [''C]nitromethane was trapped at 0 °C in a reaction vessel containing tetrahydrofuran (THF, 200 ul),
o-nitrobenzaldehyde (50 pmol, 7.5 mg) and TBAF (as trihydrate, 65 pmol, 20 mg). After stirring at 0 °C for
2 min, a small sample of the reaction mixture was dissolved in the HPLC solvent and analysed.

The same procedure was repeated at-16 °C in a second experiment.

Sodjum hydroxide catalysed condensation (method B)

Methanol (250 pl) and 1 (33 pmol, 5 mg) were placed in a reaction vessel and [''C]nitromethane was
trapped while cooling with acetone/dry ice. On reaching a constant radioactivity level, sodium hydroxide
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(9 - 40 ymol, 0.36 - 1.6 mg) was added, dissolved either in water or in methanol. The reaction mixture was
allowed to warm up to room temperature for 5 to 8 min. On finishing the reaction, a small sample was
analysed by HPLC as described above.

For dehydration hydrochloric acid was added to the reaction mixture obtained from condensation. The
hydrochloric acid was diluted either with water or methanol and the final concentration in the reaction
mixture varied from 5*10°M to 2.5M. The reaction was carried out at room temperature for 3 to 10 min.
For dehydration of 2, phosphoric acid (85 %, 5 pi) or toluene-p-sulphonic acid (as monohydrate, 5 mg)
were used in a similar manner. After the reaction at room temperature (10 min), the solution was heated
to 130 °C for 10 min. The dehydration products were analysed by HPLC.

Condensation with ammonium acetate/glacial acetic acid (method C)

Glacial acetic acid (250 pi), 1 (70 umol, 11 mg) and ammonium acetate (310 - 420 pymol, 24 - 32 mg)
were placed in a reaction vessel. At 10 °C the [''C]nitromethane was trapped in this solution, followed by
heating of the sealed vessel to 145 °C for 7 to 10 min. The reaction products were determined as
described above.

Results and Discussion

Three methods were tested for the condensation of [''C]nitromethane with o-nitrobenzaldehyde (1). All
results are summarized in Table 1.

When the condensation was carried out under basic conditions, the intermediate compound 2 was
obtained. Method A using TBAF as a basic catalyst gave very low yields (7-9 %) of 2. At 0 °C the main
products were a highly polar substance (46 %), probably ["C]methyl nitrite, and an unknown compound
(23 %). In nonradioactive experiments the unknown substance was not obtained. it is therefore not
possible to identify this substance.

Table 1. Radiochemical yields from condensation of o-nitrobenzaldehyde with [''C]nitromethane by
method A, B or C (related to [''C)nitromethane, determined by HPLC, decay corrected)

Method [''C]methyl nitrite | [*'C]nitromethane 2 3
A 32-46% 13-17% 7-9% -
B 614% 3x1% 7225% -
BY 31£3% 6£1% 10£1% 38x2%
C 4x1% 4813 % - 41+3 %

1) after dehydration with HCI (0.15 - 0.5 mol/l) in methanolic solution

When the reaction was carried out at -16 °C, the share of [''C]methyl nitrite decreased to 32 %. The
percentage of the unknown substance increased to 47 %.

In the sodium hydroxide catalyzed condensation the radiochemical yield of 2 increased remarkably to 68
- 77 % (Fig. 1a). Such high yields were only obtained, when the base was added after trapping the
['"Cinitromethane in the methanolic solution of the precursor 1. Any other sequence leads to lower yields.
["'C]Methyl nitrite (2 - 10 %) was found as a side product. Its share was dependent on the reaction time.
Shorter reaction times prevent the formation of [''Clmethyl nitrite. In the range from 9 to 40 pmol the
conceniration of the base has no influence on the product compaosition. The use of water or methanol as
solvents of sodium hydroxide does not influence the composition.

The desired [B-''Cj]2,B-dinitrostyrene (3) is formed by dehydration of 2. In the case of the isolated hydroxy
compound 2, sodium acetate and acetfic acid anhydride can be used [1]. But this requires a time-
consuming separation of the "'C-labelled 2. The similar compound 1-hydroxy-2-nitro-1-phenylethane was
dehydrated in the presence of diluted hydrochloric acid [9]. This route was also used in the synthesis of [fi-
Y'C)B3-nitrostyrenes [2,3,6]. Following this procedure, the reaction solution resulting from condensation was
treated with diluted hydrochloric acid. A product mixture containing [''Clmethyl nitrite, [''C]nitromethane,
unreacted 2 and [B-'*C]2,B-dinitrostyrene (3) was produced. This was demonstrated by the HPLC
radiogram in Fig. 1b. The highest yields of 3 were obtained with HCI concentrations beiween 0.15 and 0.5
molfl and by dilution with methanol. After dehydration for 3 to 5 min at room temperature, 65 - 77 % of 2
were converted into 3. During this reaction a decomposition of 2 was obseived. When HCI was further
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diluted with water, this competitive reaction increased.

Besides HCI, phosphoric acid (85 %) and toluene-p-sulphonic acid were also used to avoid the cleavage
of "'C-labelled 2. With these acids longer reaction times are necessary and the yields of 3 are lower
compared with the dehydration by HCI.

By application of method C the condensation of ['C]nitromethane with 1 gave 3. After heating the reaction
mixture to 150 °C for 7 min, only 38 - 44 % of ["'C]nitromethane were converted into 3 (Fig. 2).

.
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Fig. 1. HPLC radiograms obtained from condensation of [''C]nitromethane with o-nitrobenzaldehyde
according to method B (1a) and from dehydration of 2 by treatment with hydrochloric acid (1b)
I: unknown compound, probably [''Clmethyl nitrite; Il: ['*Clnitromethane; lll: 2; IV: 3

Prolongation of the reaction time up to 10 min does not result in a higher degree of conversion. Also,
higher reaction temperatures lead to decreasing yields of 3. The isomerization of ['C]nitromethane to
["*C]methyl nitrite is of minor importance.
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Fig. 2. HPLC radiogram after condensation of [''Cnitromethane with 1 (method C)
I: unknown compound, probably ["'Clmehyl nitrite; II: [''C]nitromethane; lli: 3
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Conclusions

Three methods were tested for condensation of [''C]nitromethane with o-nitrobenzaldehyde. Satisfactory
yields of 2 were obtained by using sodium hydroxide (method B) as a catalyst. Dehydration of this alcohol
was carried out by treatment of the reaction mixture with hydrochloric acid. The radiochemical yield of 3
(related to ["'C]nitromethane) was in the order of 38 %.

Similar results were obtained by condensation under acidic conditions (method C).

The use of TBAF as a basic catalyst leads to a small amounts of 2 as well as to an unknown product.
Method A is therefore unsuitable for obtaining 2.

For preperation of 3 methods B or C are prefered, depending on further synthetic work.
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41. Substances Labelled in Metabolically Stable Positions:
Synthesis of [2-'"C]indole Starting with [B-''C]2,B-Dinitrostyrene

J. Zessin, J. Steinbach

Introduction

[B-*C]2,B-Dinitrostyrene (1) is the starting compound in the synthesis of "'C-ring-labelled indole (2). After
preparation of 1 by condensation of [''C]nitromethane with o-nitrobenzaldehyde (1) we investigated the
synthesis of 2 starting with 1 (scheme 1). This reaction involves the reduction of 1 and the cyclization of the
intermediate 2,B-diaminostyrene accompanied by loss of ammonia.

Scheme 1. Synthesis of [2-"'Clindole by reduction of [B-'C]2,B-dinitrostyrene
NO,

Various reduction agents can be used for this reduction. They are:
- molecular hydrogen with platinum or palladium catalysts (2),
- iron in acetic acid/ethanol (2),
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- ammonium formate with palladium catalyst and (3)
- titanium (llf) chloride (4,5)

With the exception of the latter, these reductants are not suitable for labelling with ''C, because a high
technical expenditure is required, heterogeneous catalysts are necessary or the reduction was
accompanied by intensive foaming. By contrast, titanium ({l) chioride allows a homogeneous reaction at
room temperature with short reaction times. This agent is therefore most suitable for reduction of 1 and
will be tested in the synthesis of [2-''Clindole (2).

Experimental

General

[B-1'C]2,B-Dinitrostyrene (1) was synthesized by condensation of [''C]nitromethane with o-nitro-
benzaldehyde in the presence of ammonium acetate in glacial acetic acid under conditions as previously
described (1).

Titanium (lll) chloride was used either in the form of the commercially available solution in hydrochloric
acid (15 % TiCl, in HCI, 10 %, from Merck) or as a solid (Fluka).

The reactions were monitored by HPLC (HPLC pump with low pressure gradient system, injector with
20 ul sample loop, UVVIS detector in series with a radioactivity detector) with an RP18-column (150 x
3.3 mm; LiChrospher 5 pm) and an eluent of water-acetonitrile (50:50) containing 0.1M ammonium
formate (flow rate: 0.5 mi/min).

Separation of 1

The dinitrostyrene 1 was separated after condensation by solid phase extraction with a C18-Sep-Pak
Classical Cartridge from Waters. One part (120 pi) of the reaction mixture obtained from condensation
was diluted with water (10 ml). The resulting solution was passed through the cartridge (prewashed with
5 ml methanol and 5 ml water), followed by washing with water (5 ml). The dinitrostyrene 1 was eluted
either with acetic acid (1 ml) or methanol (1 ml). This eluate was used directly in the subsequent
experiments.

Reduction of 1

Titanium (ll) chioride was placed in a sealed reaction vial and purged with nitrogen. The solution, which
contained 1, was added to the reduction agent. After 7 min at room temperature a sample of the reaction
mixture was diluted with the HPLC solvent and analysed.

The conditions of the experiments are summarized in Table 1.

Table 1. Reduction of [B-""C]2,B-dinitrostyrene with titanium (llf) chloride - reaction conditions

Method? Solvent TiCl,
A reaction solution 110 ymo! (as HCI solution)
B 1 ml acetic acid 110 pmol (as HCI solution)
A reaction solution 100 pmol (as sofid)
B 1 mi acetic acid 100 pmol (as solid)
B 0.5 mi methanol/ 300 pmol (as solid)
0.2 mi acetic acid
1) Method A: reduction as one-pot synthesis in reaction solution resulting from condensation

Method B: reduction after separation of 1 with solid phase extraction

Results and Discussion

Reduction of [B-"'C]2,-dinitrostyrene (1) with TiCl, was chosen as a way for synthesis of [2-"'Clindole (2).
At first this reaction was carried out by using of titanium (i) chioride in the form of a solution in diluted
hydrochloric acid. When the reaction solution resulting from condensation of ["'Clnitromethane with o-
nitrobenzaldehyde was directly applied (method A), (2) was not formed. The main products were
["'CInitromethane and ['"Clmethyl nitrite.
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After isolation by solid phase extraction, 1 was obtained as an acetic acid solution. When this solution was
combined with TiCl, in diluted HCI, [2-'"Clindole (2) was formed in yields of 7 %. Most of 1 was converted
into an unknown polar compound. This indicates decomposition of 1 under the influence of hydrochloric
acid (from TiCl,). Similar effects were observed during the synthesis of 1 (1).

TiCl, was therefore applied as a solid in the solution yielded by condensation in the following experiments.
Compared with the product distribution after condensation, reduction according to method A did not
change the product composition. That means that TiCl, was consumed in side reactions.
Consequently, 1 was separated and the resulting acetic acid solution of 1 was mixed with solid TiCi,. A
product mixture was obtained, which contained polar side products (57 %), 2 (19 %) and an unknown
product (22 %) (see Fig. 1). This may be an intermediate compound, which would point to an incomplete
reaction.

The formation of this intermediate was repressed by reduction of isolated 1 (method B) with greater
amounts of TiCl, in an acetic acid/methanol mixture. The resulting product mixture contains polar side
products and 2 in a percentage of 21 % (Fig. 2). Only 1 % of the start substance 1 was detected. This
indicates a nearly complete reaction.
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Fig. 1. HPLC radiogram after reduction (method B) of 1 with TiCl; in acetic acid
I: polar side products; if: unknown intermediate product, Iif:[2-""C]indole (2)

The radiochemical yield of 1 was 2815 % (related to ['Cnitromethane, decay corrected) after separation
by solid phase extraction. After reduction of isolated 1, [2-"'Clindole was obtained in radiochemical yields
(related to [''Clnitromethane, decay cortrected) of 5 to 7 %. The overall decay corrected yield (related to
[''CICO,) of 2 was in the order of 3 %.
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Fig. 2. HPLC radiogram after reduction (method B) of 1 with TiCl, in methanol/acetic acid
I: [2-""CJindole (2); II: [B-'C]2,B-dinitrostyrene (1)

Conclusions

The reduction of [B-"'C]2,B-dinitrostyrene 1 by titanium (lll) chloride was found to be the first synthetic
approach to ''C-ring-labelled indole 2. Besides the desired reaction, great amounts of 1 were
decomposed, which decreases the radiochemical yield. Further work is necessary to increase the overall
radiochemical yield of 2 by optimizing the reaction conditions.
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42. Electrophilic Fluorination: The Synthesis of ["®F]Caesium Fluoroxysulfate - A New
Reagent for Electrophilic Labelling

Chr. Fischer, K. Neubert, J. Steinbach

Introduction

The manifold reactivity and chemical characteristics of substances to be radio-fluorinated demand
appropriate tailor-made fluorinating agents. Nucleophilic and electrophilic substitution are the two general
ways for the introduction of fluorine into a molecule. Electrophilic introduction of the *®F radionuclide is of
special interest in the case of activated aromatic compounds. Elemental [*F]fluorine and [*Flacetyl
hypofluorite are the two well-known electrophilic fluorinating agents for radiolabelling. Both substances
have a high reactivity and are in use for a wide application. In the case of highly reactive substances the
fluorinating power of the reagent has to be adjusted.

In our search for new electrophilic reagents for **F introduction we found caesium fluoroxysulfate to be a
suitable compound for radiolabelling.

In 1979 Appelman [1] was the first to isolate fluoroxysuifate in form of its yellowish rubidium and caesium
salts. Caesium fluoroxysulfate is the only known ionic hypofluorite. It is more powerfully oxidizing than
peroxymonosulfate and decomposes in the course of a few hours. In this paper we are reporting on the
synthesis of *F-labelled caesium fluoroxysuifate (in figure 1), a new reagent for electrophilic labeliing.

I
o=?—o-—’8|=
L-

Cs'

Fig. 1: ['*F]caesium fluoroxysulfate

Experimental

[®FICsSO,F is synthesized by direct fluorination of Cs,SO, with ['*F]F, in aqueous solution. ['*FJF, was
produced by exploiting the “Ne(d,x)*F reaction by irradiation of a 0.2 % F,/Ne mixture. After EOB the gas-
mixture was passed through 0.1 mi of a 2 M Cs,SO, solution in a quariz glass vial in the course of 20 min.
The solution was kept at -5 °C. During the absorption procedure yellowish ["*F]CsSO,F precipitated. This
crude product is ready for use without further purification. For absorption of non-reacted [*FJF, a trap filled
with NaOH solution was connected to the reaction vial. Proof of the synthesis of ["*F]CsSO,F was given
indirectly by reaction with N-formyl-3,4-diboc-6-trimethyistannyl-DOPA ethy! ester [2,3] and subsequent
hydrolysis yielding 6-[°*F]fluoro-DOPA, which was determined by HPLC [3].

Resuits and Discussion

The modified method by Appelman [1] is suitable for the synthesis of [*F]CsSO,F in general. The method
has to be optimized because of an inefficient ["*F]F, absorption. Up to 65 % of the **F were found in the
NaOH solution. This result may be improved by increasing the volume of the absorption liquid and by an
optimized geometric shape of the absorption vessel.

[*®F]CsSO,F might become a labelling reagent for special purposes, in the first place for highly reactive
substrates.
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43. Electrophilic Fluorination: A New Route to "®*F-labelled Compounds by
["®*F]Caesium Fluoroxysulfate: 6-[**F]Fiuoro-DOPA as an Example

Chr. Fischer, K. Neubert, R. Scholz, J. Steinbach

Introduction

6-['*F]fluoro-DOPA is one of the routinely used PET-radiopharmaceuticals [1, 2, 3]. Initially it was
synthesized by electrophilic attack of the versatile *F-labelled electrophilic fluorinating agents such as
xenon difluoride, acetyl hypofluorite and elemental fluorine gas [4]. This is possible because of the highly
reactive aromatic ring of the DOPA molecule. Beside the derived product, the other fluorinated isomers
are also synthesized. In order to increase the radiochemical yield, precursor molecules with adjusted
reactivity are used [5]. On the other hand, the reactivity of the fluorinating agent should also be adapted.
In our search for new electrophilic labelling agents we found ["*F]caesium fluoroxysulfate to be a useful
compound for introduction of *F [6, 7]. As a model system we used N-formyl-3,4-diboc-6-trimethylstannyl-
DOPA ethyl ester to generate 6-["*F]fluoro-DOPA (equation 1).

H
o} OBoc  NCHO OH NH,
ool COOCHs 1.1t 30 min COOH
|- BocO 2. hydrolysis HO
© Cs+ . 18,
Sn(CH,), F

Eq. 1: *F-labelling with ['*F]caesium fluoroxysulfate

Experimental

["*FICsSO,F is produced by pushing 100 pmoi [**F]F, gas through an aqueous solution of 150 pl 2 M
Cs,S0, solution [7]. To this suspension of [“FICsSOF 15 mi of 0.1 M N-formyl-3,4-diboc-6-
trimethylstannyl-DOPA ethyl ester in CFCI, are added and stirred vigorously at room temperature for 30
min. After the CFCl, is evaporated, 1.0 ml of HBr (48 %) is added and refluxed for 5 min. This crude
product can be handled as usual for further use. Analysis of the products was performed by HPLC
(gradient: 0 min: 100 % H,O + 0.1 % AcOH; 10 min: 100 % MeCN + 0.1 % AcOH; after 10 min: 100 % H,0O
+ 0.1 % AcOH; column: RP 18.5 ym, 240 x 2.1 mm (ODS, Hypersil) HP) . The assignment of the
chromatographic data was accomplished by reference substances.

Results and Discussion

An HPLC radiogram of the labelled products (equation 1) is shown in Fig. 1. Even though the decay-
corrected radiochemical yield of 6-[**Flfluoro-DOPA is only 14 %, [*FICsSO,F proved to be a useful
labelling agent. On the one hand, the reaction conditions are not optimized. On the other the reactivity of
the N-formyl-3,4-diboc-6-trimethylstannyl-DOPA ethyl ester is adjusted to the [®F]JF, system. For
substances of suitable reactivity to be electrophilically fluorinated with *F, ['*F]CsSO,F can become a
suitable agent.
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Fig.1: HPLC radiogram of the reaction of ["*Fjcaesium fluoroxysulfate with N-formyi-3,4-diboc-6-

trimethyistannyl-DOPA ethyl ester.
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44, Electrophilic Fluorination: A New Route to the Barnette Reagents - N-Fluorination
with Perchioryl Fluoride

Chr. Fischer, J. Steinbach

Introduction

N-fluoro-N-alkylsulfonamides, known as Barnette reagents [1] (Fig. 1), are useful electrophilic fluorinating
reagents for the selective fluorination of a broad variety of carbanions, amide enolates and alkyl and aryl
organometallics under mild conditions. They are prepared from commercially available N-alkyl-

O F 0
§N | !
3N 0] O=ﬁl-—F @I
0O R 0

Fig. 1. Barnette-reagents (f), Perchloryl fluoride (1l)
0]
i A FalNy D F
S—N _ S—N
i \ i1
R

Eq. 1: Common synthesis of N-fluoro-N-alkylsulfonamides with fluorine gas

sulfonamides with elemental fiuorine diluted in nitrogen [1] (equation1). Perchloryl fluoride [2] (Fig. 1), also
an electrophilic fluorinating agent but of a higher fluorinating power than the Barnette reagents, proved to
be a N-fluorinating agent [3] and can be used to obtain N-fluoro derivatives. In this paper we are reporting

about the new synthesis of some of the Barnette-reagents with perchloryl fluoride instead of diluted
fluorine gas (equation 2).

o
i M 1.NaOH, MecN P F
S—N > S—N
'R 2Fcio, ey

Eq. 2: New synthesis of some Barnette-reagents with perchloryl fluoride

Experimental

Synthesis of perchloryl fluoride

2.0 g of dry crystalline potassium chlorate are placed in a column, kept between 50 °C and 60 °C and an
Fstream (10 %) is passed through. The effluent gases were passed through a solution of aqueous 10 %
sodium hydroxide containing sodium thiosulphate (5 %) and then over solid potassium hydroxide.
Perchioryl fluoride was finally swept out of the system with nitrogen and passed through the reaction
mixture, which contains the corresponding sulfonamides 1 - 4 as described in the following.

Fluorination of the sulfonamides

1.7 mmol of the sulfonamides 1 - 4 and carefully powdered NaOH (80 mg, 2 mmol) were stirred at room
temperature in dry CH.CN (10 mi) for 3 h unil the dissolution of NaOH was complete. Perchloryl fluoride,
which was synthesized as described by Engelbrecht ef al. [2], is passed through the rapidly stirred
suspension at 0 - 5 °C over the course of 30 min. The mixture was diluted with ether (15 ml) and the
resultant precipitate was filtered off and washed with water (3 x 10 ml). The organic layer was dried over
MgSO, and evaporated under reduced pressure. The residue was chromatographed {in hexane : ether
3:1) to afford the corresponding N-fluoro-sulfonamides.
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N-fluoro-N-methyl-p-foluenesuifonamide § was determined by thin layer chromatography and by
comparison with the corresponding standard compound.

N-fluoro-N-t-butyi-p-toluenesulfonamide 6 :
NMR data: &, (500 MHz; solvent CDCI;; standard SiMe,) 7.87 (2H, d, J 8 Hz, aromatic), 7.33
(2H, d, J 8 Hz, aromatic); 2.45 (3H, s, CH,); 1.43 (8H, d, J 2.7 Hz, C(CHy),)
O, (400 MHz; standard CFCl,: -77) -62.78, see Fig. 2.

Fig. 2: **F NMR spectrum of N-fluoro-N-t-butyl-p-toluenesulfonamide

N-fluoro-N-cyclohexyl-p-toluenesulfonamide 7 :
NMR data: §,, (500 MHz; solvent CDCI; standard SiMe,) 7.82 (2H, d, J 8 Hz, aromatic), 7.31
(2H, d, J 8 Hz, aromatic), 3.63 (1H, dm, J 32 Hz, NCH), 2.40 (3H, s, CH,),
0.75-2.30 (10H, m)
O, (400 MHz; standard CFCl;: -77) -71.63, see Fig. 3.

a1 .
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Fig. 3: "F NMR spectrum of N-fluoro-N-cyclohexyl-p-toluenesulfonamide

N-(2-fluorophenyl)-p-toluenesulfonamide 8 :
NMR data: &, (500 MHz; solvent CDCI;; standard SiMe,) 7.72 (2H, d, J 8 Hz, aromatic(-S)), 7.55 (1H,
m, aromatic (-N)), 7.38 (2H, d, J 8 Hz, aromatic(-S)),7.20 (2H, m, aromatic(-N)), 7.10
(1H, m, aromatic(-N)), 2.88 (1H, d, J 17 Hz, NH), 2.32 (3H, s, CH,)
O, r (400 MHz; standard CFCl,: -77) -127.60, see Fig. 4.

80 & P = o -20 -in -t -80 ppm

Fig. 4: *F NMR spectrum of N-(2-fluorophenyl)-p-toluenesulfonamide

Resuits and Discussion

The vields of the N-methy! and the N-cyclohexyl derivatives § and 7 (Table 1) are lower than in procedures
using fluorine gas as fluorinating agent. In the case of compound 2 perchloryl fluoride provides a higher
yield of product 8.

in contrast to the N-fluorination of the sulfonamides 5, 6 and 7, N-phenyi-p-toluenesulfonamide is
fluorinated in the ortho position of the phenyl ring. This is obviously caused by the high basicity of the
phenyl ring of the sodium salt and the high stability of the C-F bond.
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To sum up, perchioryl fluoride provides an N-fluorinating agent and can be a useful reagent in the
synthesis of Bamette reagents. It may be important in cases were elemental fluorine gas cannot be used.

Table 1: Yields of the reaction of perchloryl fluoride with the various sulfonamides 1 - 4 to the
corresponding fluorine substituted compounds

o u 0 Yield
)1 —)-i
] 1 5 23%
A PN °
Q EH _@_n F
——<: :>—S~—N S—N
] 2 | )l,_ 6 36%
o] >[— o =
9 /H %_N/F
N3 \_/_\_/ I 7
'O
O g 0O u
7 [
S—N @-S—N F
O I 4 y 8
O
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45, Sulfamates of 3-Hydroxy-estra-1-3-5(10)-triene Derivatives

J. Rémer, J. Steinbach, H. Kasch *
1 Hans-Knéll-Institut Jena

Introduction

3-Suifamate of estrogens were reported in the seventies for the first time [1 - 4]. In those days orally
effective, synthetic contraceptive steroids were to be converted into sulfamates, which were supposed to
be contraceptiva of a long lasting effect due to their lipophilic properties. Two findings of recent date
caused estrogen sulfamates to be reinvestigated. Firstly, estrone-3-sulfamate was found to be the most
potent estrone sulfatase inhibitor [5], and in this respect the compound may ultimately be of therapeutic
utility. Secondly, the estrogenic sulfamates have an as yet unrecognized potential for overcoming the liver
barrier without being metabolized, and thus they possess a potent systemic estrogenic activity [6].

The known procedures for synthesizing estrogen sulfamates differ widely. Schwarz et al. [3] prepared
N,N-dialkylated estrogen-3-sulfamate using a phase-transfer catalyzed procedure which even made it
possible to selectively obtain 3-sulfamates of polyhydroxy-estrogens. But it failed in the case of N-monoal
kylated and unsubstituted sulfamoyl chloride as a reagent. An interesting procedure which was not
previously used in the steroid field was introduced by Spillane et al. [7] who replaced the aqueous-alkaline
phase by solid sodium carbonate and were able to obtain high yields of sulfamate alkyl esters and phenyl
esters. Howarth ef al. [S5] who converted estrone to several 3-sulfamates, did not give any data about yield
and reaction rate. After having deprotonated the estrone by NaH, they carried out the reaction at 0 °C in
absolute DMF and used 2 equivalents of sulfamoyl chloride. Schwarz et al. [8] who tried to copy Howarth’s
procedure found only a low yield of estrone sulfamate and troublesome by-products. After comprehensive
investigations they recommended CH,Cl; as a solvent and 3 equivalents of sulfamoyl chioride in the
presence of 2,6-di-tert.-butyl-4-methyl pyridine.

We are primarily interested in non-alkylated sulfamates of estradiol and estradiol derivatives. Therefore,
we investigated the possibility of making good use of the recommended literature procedures to synthesize
such sulfamates. The first preparative results are described here.
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@5:&
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¥
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Scheme 1
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Experimental

1. General procedure

By converting estrone (1) to estrone-3-sulfamate (1*), the most potent estrone sulfatase inhibitor is
obtained [5,9]. This sulfamate 1* can be used as a reference compound for assessment of other estrogen-
3-sulfamates as regards the estrone sulfatase inhibitory effect. Analogously to 1 =» 1* , a second referen-
ce compound can be derived from estradiol (2) , namely estradiol-3-sulfamate (2*). As 2 should also
form estradiol-17R-sulfamate (3) , we tried fo prepare this compound as wefi (Scheme 1).

16-Epiestriol (4) is a hydroxy derivative of estradiol and was used for preparing 3-O-methoxymethyl-16,17-
O-sulfuryl-16-epiestriol (5), which represents a suitable precursor for preparing 16a-fluoro-estradiol [10]
and 16a-[*Flfluoroestradiol [11]. Subjecting 5 to acid hydrolysis, 16,17-O-sulfuryl-16-epiestriol (6) was
formed which can be converted to 16,17-O-sulfuryl-16-epiestriol-3-sulfamate (6*). 16-Epiestriol (4) reacts
with acetone to 16,17-O-isopropylene-16-epiestriol (7) which can be converted to 16,17-O-isopropylene-
16-epiestriol-3-sulfamate (7*) (Scheme 2).

OH OJY OJT
OH 0 0
=> =>
H 4 H 7 HyN-SO,- L

& 0] o O

[\ W W
o-50 o-8=0 0-570
5

o o o
=> =>
H 6 HoN-SO5- 6"
2. Materials and methods

Solvents and reagents were obtained from ALDRICH, FLUKA or SIGMA. Sulfamoyl chloride (SCI) was
prepared according to Appel and Berger {12]. Melting points were recorded by a Thermogalen device and
are uncorrected. The compounds were characterized by their **C NMR spectra reported in the following
paper [13] and by mass spectra which were recorded by a High Resolution Mass Spectrometer AMD 402
(AMD-Intra, Harpstedt) and by a VG Quattro device (VG Biotech, Altrincham). For the chromatographic
investigations an HPLC system Merck-Hitachi was used, including gradient pump L-6200A, detector L-
4500 DAD, a rheodyne injector with a 20-pl loop and an analytic RP column ET 125/8/4 Nucleosil 120-
5C18 (Macherey & Nagel). In the case of preparative HPLC an RP column SP 250/10 Nucleosil 120-7C18
was used. Mixtures of MeCN and water or pure MeCN were used as the solvent. The analytic column was
eluted atv = 0.5 ml/min, the preparative column at v = 2.2 mi/min. The UV absorption was recorded at 275
nm. TLC investigations were carried out with analytical TLC plates (MERCK, aluminium sheets, silica gel
60 F.5,, 5x10 cm) and benzene/acetone(4:1) as the solvent. The spots were visualized under UV and after
spraying with ethanolic vanillin-sulfuric acid and heating.

~o™o
Scheme 2

3. Syntheses

Estrone-3-suffamate (1*) : In a litile bulb estrone (1) (135 mg = 0.5 mmol) was dissolved in MeCN (abs.,
15 mi). After cooling in an ice-bath, NaH (60%, 120 mg = 3 mmol) was added while stirring. Within 15 min
SCI (solid, 175 mg = 1.5 mmo!) was added and stirring was continued for 2 h. Although only in-complete
conversion was registered, water was added and after acidification the baich was extracted with ether.
After removing ether under reduced pressure, MeCN (5 ml) was added to the residue. Preparative HPLC
was carried out (10 separations, 0.5 ml injection volume, pure MeCN as the solvent). 1* was eluted at R,
=7.7 min. The peaks were cut and collected. The solvent was evaporated at room temperature to give
white, fine crystals, yield: (92 mg, 53 %). Melting point: 203 - 207 °C (from MeCN).
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MS: m/z 349.1351 (M"), 270.1614 (M* - HNSO,).

UV :A,./nm 270.

Elemental analysis: (Found: C, 61.8;H,6.8; N, 3.9; §, 9.0, C,;H,;0,NS requires
C,61.9;H,6.6; N, 40; S, 9.2 %).

Estradiol-3-sulfamate (2*) : Estrone-3-sulfamate (1*) (70 mg = 0.2 mmol) was dissolved in THF (abs.,
2 ml) and EtOH (99.9 %, 2 ml). After cooling in an ice-bath, NaBH, (solid, 20 mg = 0.54 mmol) was added
while stirring. The batch was stirred for another 2 h at room temperature, acidified and worked up and
chromatographed as described above. 2* was eluted at R, = 8.3 min. After evaporating MeCN, the
collected peaks gave a white product, yield:(37.8 mg, 54 %). Melting point: 175 - 182 °C (from MeCN).
MS: m/z 351.1511 (M*) , 272.1769 (M’ - HNSO,), 213.1283 (M* - HNSO, - C,H,0).
UV: A, /nm 270.
Elemental analysis: (Found: C, 59.5; H, 8.5; N, 3.9; S, 8.7. C,,H,;O,NS requires

C,61.5;H,7.1;N,4.0; S, 9.1 %).

Estradiol-17B-sulfamate (3) : Estradiol (2) (120 mg = 0.45 mmol) was dissolved in MeCN (absolute, 10 ml)
and after cooling in an ice-bath, NaH (60 %, 84 mg = 2.1 mmol) was added while stirring. Within 15 min
SCl (solid, 70 mg = 0.6 mmol) was added and stirring was continued at room temperature. HPLC controls
after 2 and 6 h showed 3 peaks and unreacted estradiol. The solvent was evaporated, the residue
extracted with ether, and then the ether removed. After adding MeCN (5 ml), the solution was chroma-
tographed (20 separations, 0.25 ml injection volume, pure MeCN as the solvent). 3 was eluted atR,=7.5
min. These peaks were cut and collected . Evaporation of solvent gave a white substance, yield: (21.5 mg,
13 %). Melting point: 158 - 161 °C (from MeCN).
MS: m/z 351.1539 (M"), 333.1376 (M* - H,0), 272.1769 (M* - HNSO,), 254.1672 (100 %, M* - H,0 -
HNSO,).
UV absorption: A, /nm 284.
Elemental analysis: (Found: C, 59.0; H, 6.6; N, 4.0; §, 8.6. C,;H,;O,NS requires

C,615;H,7.1; N, 4.0; S, 9.1 %).

16, 17-O-Sulfuryl-16-epiestriol-3-sulfamate (6*) : 3-O-Methoxymethyl-16,17-O-sulfuryl-16-epiestriol (5) [11]

(147 mg = 0.373 mmol) was placed in a bulb. MeCN (5 ml) and HC! (1 M, 10 drops) were added and the

batch was stirred in a bath (110 °C) for 10 min. After complete removal of the solvent in this bath, CH,CI,

(abs., 6 ml), sodium carbonate (anhydrous, 700 mg) and SCI (solid, 180 mg = 1.56 mmol) were added.

Then the batch was vigorously stirred. HPLC revealed 75 % conversion to 6* after 3 h and 94 % after 6 h.

After adding water (150 mi), the steroids were extracted with ether (80 ml). After removing the ether,

MeCN (6 ml) was added and preparative HPLC carried out (13 separations, 0.45 ml injection volume, pure

MeCN as solvent). 6* was eluted at R, = 7.3 min. After evaporating MeCN, the collected peaks gave a

white, fine product, yield: (34.7 mg, 60 %). Melting point: 195 - 198 °C (from MeCN).

MS: m/z 429.0934 (M*), 350.1180 (55 %, M" - NHSO,), 270.1617 (50 %, M* - NHSO, - SO,).

UV absorption: A, /nm 270.

Elemental analysis: (Found: C, 49.3; H,6.1; N, 3.5; S, 14.2. C,;H,;O,NS, requires
C,504;H,54;N,33;S, 14.9 %).

16, 17-O-Isopropylene-16-epiestriol (7) : 16-Epiestriol (4) (100 mg = 0.347 mmol) was placed in a buib.
CH,CI, (abs., 12 ml) and p-toluene sulfonic acid (20 mg) were added. Acetone (1 ml) was added while
stirring. The solution, which was at first cloudy, became clear after about 30 min while stirring continued.
After 2 h the clear solution was poured into NaHCO, solution. The CH,CI, exiract was washed with water.
Evaporation of the solvent gave white crystals, yield: (112 mg, 98.4 %). Melting point: 180 - 185 °C.
Elemental analysis: (Found: C, 76.7; H, 8.5. C,,H,,0, requires

C, 76.8;H, 8.5 %).

16, 17-O-Isopropylene-16-epiestriol-3-sulfamat (7% : Sodium carbonate (anhydrous, 500 mg) and SCI
(30 mg = 0.26 mmol) were added to 16,17-O-isopropylene-16-epiestriol (7) (5 mg = 0.228 mmol)
dissolved in CH,CI, (absolute, 5 ml). The suspension was vigorously stirred for 60 h. From ime to time
small amounts of SCI (5 x 10 mg) were added. The batch was poured into NaHCO; solution and the
steroids were extracted with ether (2 x 40 ml). After evaporating the ether and adding MeCN (4 mi),
preparative HPLC (9 separations, 0.45 m! injection volume, pure MeCN as solvent) was carnied out. 7*
was eluted at R, = 8.7 min. The solvent of the collected peaks was removed at room temperature. White
crystals were obtained, yield: (26.3 mg, 28.4 %). Melting point: The crystals softened at about 190 °C,
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from about 235 °C they turned brown while decomposing .

MS: m/z 407.1755 (\"), 392.1520 (M* - CH,), 313.1810 (M" - CH, - NHSO,);

UV /nm 270.

Elemental analysis: (Found: C,61.7; H,7.1; N, 3.6; 8§, 7.9. C,,H,,0,NS requires
C,619; H,7.1; N,3.4: S,7.9%).

Results and Discussion

As preparative aspects we will discuss i) the yield of the suifamates, ii) the synthesis rate, and iii) the
simplicity of the procedure. These points will be very important if the conditions are to be applied to the
synthesis of an *F labelled compound. Some chromatographic results will also be mentioned.

Estrone-3-sulfamate (1*) was prepared according to Howarth et al. [5]. But, because of its lower boiling
point, MeCN was used instead of DMF. The reaction time was acceptable, the extent of conversion low. To
prepare pure 1* preparative HPLC had to be applied with pure MeCN as a suitable HPLC solvent. in
these attempts we found that A ,..(1*) = 270 nm whereas estrone (1) has A (1) =284 nm. A = 270
nm was generally found for all the 3-sulfamates investigated.

The sulfamamoylation of estradiol (2) according to Howarth’s method did not resuit in estradiol-3-
sulfamate (2*). Estradiol-17B-sulfamate (3) and some by-products were formed in low yields. 3 did not
show 270 nm but 284 nm as the absorption maximum. Unequivocal evidence ofthe structure of 3 was
presented by recording its *C NMR spectrum [13].

In order to obtain estradiol-3-sulfamate (2*) we used the method proposed by Schwarz et al. [8] who were
successful when subjecting estrone-3-sulfamate (1*) to NaBH, reduction. Ester cleavage did not occur
during this treatment. We obtained 2* in about 80 % vyield, after preparative HPLC in 54 %. As expected,
the sulfamate 2* showed A = 270 nm as the absorption maximum. lts structure was also confirmed by *C
NMR spectroscopy [13].

16,17-O-Sulfuryl-16-epiestriol-3-sulfamate (6*) was prepared from 3-O-methoxymethyl-16,17-O-sulfuryl-
16-epiestriol (5) without isolating 16,17-O-sulfuryi-16-epiestriol (6). The fast and simple hydrolysis
procedure 5 =» 6 had been worked out previously [11]. However, there were some problems in the
sulfamoyiation reaction according to [5] and [8] which did not result in 6* . Only when taking advantage of
a phase-transfer procedure with sodium carbonate and CH,CI, as solvent was 6* obtained in acceptable
yields. We stated that the yield is the better, the more vigorously the reaction mixture is stirred and that
about 5 equivalents of SCI should be used. Special attention must be paid to the fact that SCI is sensitive
to humidity with sulfamic and hydrochloric acids being formed. But before neutralization by sodium
carbonate, acids impair the procedure. Thus, we believe that even under the most favourable conditions
the reaction 6 =» 6* on the 100-mg scale will require a reaction time of several hours.

The sulfamoylation reaction 7 =» 7* also caused problems as regards the yield of 7* and the reaction
time. Here, the reaction rate is obviously much lower than in the foregoing example. In this manner the
side reaction

H,N-SO,-Cl + Na,CO; =» H,N-SO,ONa + NaCl + CO,

begins to dominate and disturbs the reagent. We also found here that above all the acid medium due to
excessive SCl is very disadvantageous. We tried to overcome this disadvantage by adding the reagentin
small portions, of course at the expense of time. In spite of all that the yield of 7* did not exceed 30 %.

in order to characterize the new sulfamates *C NMR spectroscopy, mass spectroscopy, UV absorption,
elemental analysis and chromatographic procedures (HPLC, TLC) were used. The “C NMR spectra are
discussed in the following paper [13]. The UV absorption of 3-sulfamates at 270 nm was already mentio-
ned. Now some interesting resulis of HPLC and TLC will be considered.

To prepare the new sulfamates in pure form, preparative RP-phased HPLC with MeCN as the solvent was
used. Here it holds generally that the smaller the R, value, the more polar is the compound. It can be seen
from the R, values listed in Table 1 that a sulfamate is basically more polar than the hydroxy compound
from which it was prepared, in other words R, (n*) < R, (n). The same result is found for the compounds
3and2.
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Table 1: Retention times R, (in min) of some 3-hydroxy-estra-1,3,5(10)-triene derivatives (1,2,3,6,7)
and some of their 3-sulfamates (1* , 2*, 6*, 7*)

Numbering Steroid R, [min]
1 estrone 8.6
1™ estrone-3-suifamate 7.7
2 estradiol 105
r estradiol-3-sulfamate 8.3
3 estradiol-17B-sulfamate 75
6 16,17-O-sulfuryl-16-epiestriol 8.0
6* 16,17-O-sulfuryl-16-epiestriol-3-sulfamate 73
7 16,17-O-isopropylen-16-epiestriol 114
™ 16,17-O-isopropylen-16-epiestriol-3-sulfamate 8.7

Using TLC on silica plates, it is also valid that the smaller the R; value, the more polar is the compound. All
the R, values found are listed in Table 2. Except for estrone, we can state that the rule R; (n*) <R, (n)is
fulfilled. Some special features were furnished by colouring the spots with vanillin sulfuric acid the resulits
of which are also summarized in Table 2. After spraying and heating the plate, the spots of the 3-
sulfamates 1* and 2* turned brown and then green as it was cooled. But the spots of the 3-sulfamates 6*
and 7* did not discolour at all whereas the corresponding 3-hydroxy derivatives 6 and 7 became at least
a pale pink.

Table 2: TLC results of some 3-hydroxy-estra-1,3,5(10)-triene derivatives (1,2, 3, 6, 7) and some of
their 3-sulfamates (1*, 2* ,6*,7%)

Numbering R;value Colour of spots

hot cold
1 0.50 purple yellow
1* 0.66 brown green
2 0.33 purple yellow
2* 0.29 brown green
3 0.22 brown pink
6 0.50 pink pink
6* 0.40 not detectable not detectable
7 0.53 pink pink
7™ 0.46 not detectable not detectable

In this paper, some first procedures for preparing estrogen sulfamates have been described. The procedu-
res have still to be optimized. Further examples are under investigation with 3-suifamates as the main
objects.

186




Acknowledgement: We wish to express our gratitude to the Deutsche Forschungsgemeinschaft for its
grantin support of this work.

References

[

[2]
31

4
Bl
[6l

[7]
[8]
[©
[10]

1

[12]
[13]

Schwarz S., Weber G and Kiihner F. (1970) Sulfamate des 17a-ethinylestradiols;

Z. Chem. 10, 299.

Schwarz S.and Weber G. (1974) Steroidsulfamate. Z. Chem. 14, 15.

Schwarz S. and Weber G. (1975) Phasentransfer-katalysierte Veresterung von Estrogenen mit
Sulfonylchloriden; Z. Chem. 15,270 .

Schwarz S., Weber G. and Schreiber M. (1975) Sulfonyloxyderivate von Estrogenen;

Pharmazie 30, 17.

Howarth N. M., Purohit A, Reed M. J. and Potter B. V. L. (1994) Estrone sulfamates: Potent inhibitors
of estrone sulfatase with therapeutical potential. J. Med. Chem. 37, 219.

Elger W., Schwarz S., Hedden A., Reddersen G. and Schneider B. (1995) Sulfamates of various
estrogens with increased systemic and reduced hepatic estrogenicity at oral application.

J. Steroid Biochem. Molec. Biol. 55, 395.

Spillane W. J., Taheny A. P. and Kearns M. M. (1982) Versatile synthesis of sulphamate esters by
phase-transfer methods J. Chem. Soc., Perkin I, 677.

Schwarz S. and Elger W. (1996) Estrogen sulfamates, a novel approach to oral contraception and
hormone replacement therapy. Drugs Future 21, 49.

Purohit A., Williams G. J., Howarth N. M., Potter B, V. L. and Reed M. J. (1995) Inactivation of steroid
sulfatase by an active site-directed inhibitor, estron-3-sulfamate. Biochemistry 34, 11508.

Lim J. L., Lei Zheng, Berridge M. S. and Tewson T. J. (1996) The use of 3-methoxymethyl-16R,178%-
epiestriol-O-cyclic suifone as the precursor in the synthesis of F-18 16a-fluoroestradiol.

Nucl. Med. Biol . 23, 911.

Rdmer J., Steinbach J. and Kasch H. (1996) Studies on the synthesis of 16a-["*Flfluoroestradiol

Appl. Radiat. Isot. 47 ,395.

Appel R.and Berger G. (1958) Uber das Hydrazodisulfamid. Chem. Ber. 91,1339.
Romer J., Steinbach J. and Scheller D. (1996) *C NMR spectroscopic characterization of some
sulfamates of 3-hydroxy-estzra-1,3,5(10)-triene derivatives. This report, pp. 188 - 189.

187



46. *C NMR Spectroscopic Characterization of Some Sulfamates of
3-Hydroxy-estra-1,3,5(10)-triene Derivatives

J. Romer, J. Steinbach, D. Scheller '
" Technische Universitit Dresden

introduction

In the foregoing paper [1] the syntheses of some sulfamates of 3-
hydroxy-estra-1,3,5(10)-trienes were described. These sulfama-
tes were characterized by the usual spectroscopic methods. As
the C NMR spectroscopy has been proved for years to be the
most important method for characterizing new steroidal com-
pounds, spectra of these sulfamates were recorded. The resulis -
are reported and discussed by comparing the spectra of the 3-
hydroxy-1,3,5(10)-triene derivative and its corresponding sulfama-
te

In'the following list all the 3-hydroxy-1,3,5(10)-trienes and their
sulfamates which were investigated are summarized. The steroid .
numbering was taken over from the foregoing paper. estra-1,3,5(10)-triene

Numbering Trivial name (JUPAC hame)

1 estrone (3-hydroxy-estra-1,3,5(10)-trien-17-one)

1* estrone-3-sulfamate (3-amidosulfonyloxy-estra-1,3,5(10)-trien-17-one)

2 estradiol (estra-1,3,5(10)-triene-3,178-diol)

2* estradiol-3-sulfamate (3-amidosulfonyloxy-estra-1,3,5(10)-trien-175-ol)

3 estradiol-17B-sulfamate (17B-amidosulfonyloxy-estra-1,3,5(10)-trien-3p-ol)

4 16-epiestriol (estra-1,3,5(10)-triene-3,16p3,17B-triol)

6 16,17-O-sulfuryl-16-epiestriol ( 16,17-O-sulfuryl-estra-1,3,5(10)-triene-3,168,17B-triol)

6* 16,17-O-sulfuryl-16-epiestriol-3-sulfamate ( 3-amidosulfonyloxy-16,17-O-sulfuryl-
estra-1,3,5(10)-triene-16[,17B-diol)

7 16,17-O-isopropylene-16-epiestriol (16,17-O-isopropylene-estra-1,3,5(10)-triene-
3,16p,17p-triol)

7* 16,17-O-isopropylene-16-epiestriol-3-sulfamate (3-amidosulfonyloxy-16,17-O-

isopropylene-estra-1,3,5(10)-triene-168,17B-diol)

Experimental

*C NMR spectra were recorded at 75 MHz with a BRUKER MSL 300 spectrometer using BB decoupling
and APT and DEPT methods for assignment . 30° puises and repetition times of 2 s were applied, the
digital resolution was 1.3 Hz. The spectra were calibrated indirectly to TMS as reference via solvent peaks
(methanol-d, 49.0 ppm, chloroform-d 77.0 ppm).

Results and Discussion
The chemical shifts of all the steroids measured are listed in Table 1. The usual numbering of the carbon
atoms of the steroid skeleton is shown in the formula of estra-1,3,5(10)-triene.

As was to be expected, all the signals of the ring A carbon atoms were affected by replacing a 3-OH
proton with an amidosulfony! group. We found a shielding effect on C(3), deshielding effects on C(2), C(4),
and C(10), but very littie effects on C(1) and C(5). These effects result in a close neighbouring position of
the signals of C(5) and C(10) near about 138 ppm, a typical feature of all estrogen 3-sulfamates. By
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contrast the spectrum of estradiol-17B-sulfamate (3) did not show two neighbouring signals in this region.

Estradiol (2), 16-epiestriol (4) and 3-O-methoxymethyl-16,17-O-sulfuryl-16-epiestriol (compound 5 in [1])
were previously discussed [2]. Therefore, we will now concentrate on the compounds 6 , 6*, 7, and 7*
representing 16-epiestriol derivatives. Compared with 4 , 16,17-O-sulfuryl-16-epiestriol (6) and its 3-
sulfamate 6* reveal a great downfield shift of the signals of C(16) and C(17) and the same tendency is
found at 16,17-O-isopropylene-16-epiestriol (7) and its 3-sulfamate 7*. This downfield shift is due to the
fact that after substitution the free rotation of the two hydroxy groups no longer exists. The simultaneous
deshielding effect on C(14) being notable cannot be explained. It seems to have to do with distortion of the
ring D. As expected, the spectra of 7 and 7* contain three additional signals. One of these signals is found
at 113.4 ppm. According to the DEPT spectrum, it represents the middle (hydrogen-free) carbon atom of
the isopropylene group.

Table 1 : *C chemical shifts (in ppm) of some 3-hydroxy-estra-1,3,5(10)-triene derivatives and their
3-sulfamates

Carbon 1 ™ 2 -l 3 4 6 6 7 7
atom .

-
-
8
-
-2
]
-

126.1 1269 127.2 1254 127.2 1271 126.4 126.8

2 127 1191 1125 1195 1138 1121 1138 1200 1127 1189
3 1543 1481 1540 1487 1560 1539 1562 1493 1536  147.9
4 151 1220 1150 1224 1161 1145 1164 127 1152 1219
5 1375 1388  137.8 1396 1387 1374 1385 1387 1380 1388
6 203 203 204 200 306 289 304 207 295 204
7 263 262 274 274 284 268 287 278 274 272
8 382 379 387 300 402 378 395 383 382 379
9 437 441 437 448 452 436 449 43 436 439
10 1308 1386 1316 1390 1323 1310 1316 1384 1322 1395
11 %7 257 264 267 274 255 272 265 263 262
12 33 M4 35 374 377 368 379 374 379 378
13 480 479 430 436 444 @21 447 442 423 422
14 502 503 498 505 505 460 483 479 515 515
15 23 215 28 234 240 39 36 33 30 310
16 37 358 207 304 289 600 836 828 795 794
17 223 2211 813 817 0.2 801 921 913 887 87
18 136 138 108 113 122 110 132 130 139 139
CHyCCH, - - - . - - - . 248 248
CHyC-CH, - - ; - . - - . 256 256
CHyC-CH, - : - - : - . - 1134 1134
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47. Synthesis of 16B-Bromo-3-methoxy-estra-1,3,5(10)-trien-178-ol by a Novel
One-Pot Reaction

H. Kasch ', U. Dintner ', J. Rémer, J. Steinbach
' Hans-Kndll-Institut Jena

Introduction

Estrogenic 16,17-bromohydrins are important starting compounds for 16,17-cis diols [1]. Except for
168-bromo-17a-OH bromohydrin, all epimeric bromohydrins are available in two steps from 3-
methoxy-estra-1,3,5(10)-trien-17-one (1) (see scheme) [2] with the CuBr, bromination according to
Numazawa [3] being the first step to give pure 3-methoxy-16 o -bromo-estra-1,3,5(10)-trien-17-one (2).
We were interested in particular in 3-methoxy-16B-bromo-estra-1,3,5(10)-trien-17-one (3) and 3-
methoxy-16p-bromo-estra-1,3,5(10)-trien-17B-ol (4).

Under alkaline conditions 3-methoxy-16Q -bromo-estra-1,3,5(10)-trien-17-one (2) isomerizes to a
mixture of 2 and 3. Pure 3 can be reduced by sodium borhydride to 3-methoxy-168-bromo-estra-
1,3,5(10)-trien-17-ol (4). We were able to combine both processes in a one-pot reaction.

Q o
"Br
D
Me O MeO

16a 3
16 (from 16a,17a~
epoxid)

Experimental

3-Methoxy-16B-bromo- estra-1,3,5(10)- trien-178-ol (4)

3-Methoxy-16a-bromo-estra-1,3,5(10)-trien-17-one (2) (300 mg, 0.83 mmol) was dissolved in

ethano! (15 ml), the solution was cooled to -5 °C and sodium hydroxide (14.6 mg, 0.384 mmol)

was while stirring. After 15 min a suspension of NaBH, (13.8 mg) in EtOH (0.5 mi) was added

drop by drop . At the end excessive NaBH, was eliminated by adding a few drops of acetone and

the reaclion mixture was poured into ice water. The cis-bromohydrin 4 was separated by

filtration and then recrystallized from methanol (85 % yield).

Melting point: 104 - 105 °C

TLC(R,): 0.56 ; 0.34 (silica gel, toluene/ethylacetate = 5:1 ; 20:1); 0.62 (ioluene/methanol=20:1).

IR absorption: v jem" 3544 (OH), 1605, 1570, 1497 (aromatic).

Mass spectrum: m/z 364.10510 (M") , caic. 364.1038 for C,,H,.0,Br; 284.17718 (M"-HBr) ,

calc. 284.1766 for C,H,,0, ; 267.17569 (M™-H,0-Br) , calc. 267.1749 for C,H,0;229.16020

(M*- C,H,0Br) , cale. 229.159 for C,H,,0.

3G NMR data: C(1) 126.3; C(2) 111.6; C(3) 157.6; C(4) 113.8; C(5) 137.6; C(6) 29.6; C(7) 27.3;
C(8) 38.3; C(9) 43.9; C(10) 132.1; C(11) 25.8; G(12) 37.2; C(13) 43.6; C(14)
48.6; G(15) 37.3; G(16) 55.3; C(17) 79.5; C(18) 12.0; OCH, 55.2.
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Results and Discussion

The chemistry of 16,17-substituted 14a-steroids is extremely influenced by the steric hindrance
of the B-face by the 13B-methyl group and the 16B-substituent, on the one side, and of the a-
face by the 16q-substituent, on the other.

Thermodynamic considerations (MM-2 calculations) of 16-bromoketones favour the 168-bromo
compound. In practice, under basic and acidic isomerization conditions as well as on
nucleophilic substitution by bromide in aprotic dipolar medium, a 60:40 percent mixture of 168B-
bromoketone 3 and 16a-bromoketone 2 was obtained [5]. We found that a mixture of the
bromoketones 2 and 3 formed by isomerization with catalytic amounts of sodium hydroxide in
pyridine or DMF/ EtOH could be reduced to the cis-B-bromohydrin 4 in a substrate-specific
manner. The a-bromoketone 2 was nearly untouched under the kinetically controlled reaction
conditions.

This finding made it possible to combine the isomerization process and the reduction in a one-
pot reaction. Using sodium borhydride at a low temperature, the reduction rate of the 16a-
bromoketone 2 decreased exiremely in comparison with the 168-bromoketone 3. The
differences in reactivity attributed to a steric hindrance of the a-face by the 16a-Br proved to be
advantageous for a high vield of 4 because 3 consumed by reduction was formed gradually by
alkaline isomerization of 2. The low alkaline conceniration as well as the low femperature were
necessary in order 1o prevent that 4 was converted into estradiol- or estrone-3-methylether,
respectively.

The one-pot reaction was carried out with an ethanolic 0.015 M solution of sodium hydroxide in
DMF or ethanol at a temperature of -5 °C. When the isomerization equilibrium was reached,
sodium borhydride was added in small portions (0.5 mol per mol steroid).

In this way the step by step isomerization , first by bromide [4] and then by alkali and reduction
[6] could be simplified and replaced by a one-pot isomerization-reduction process. The cis-
bromohydrin 4 was received in an overall yield of 85 %.

To obtain pure 3-methoxy-168-bromo-estra-1,3,5(10)-trien-17-one (3) Jones oxidation [6] of the
cis-bromohydrin 4 can be used (see scheme).
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48. Further *C NMR Spectroscopic Proof of 16a-F Configuration in 16-Fluoroestradiol
Derivatives

J. Rémer, J. Steinbach, D. Scheller *, H. Kasch 2
' Technische Universitat Dresden
2 Hans-Knéll-Institut Jena

Introduction

In earlier papers we reported on the synthesis 1] and the "*C NMR spectroscopic characterization [2] of
16-fluoroestradiol derivatives. We found similar substituent effects for 16-F as for 16a-OH and concluded
that the fluorine atom was o-orientated in these 16-fluoro steroids. To prove the « -orientation of 16-F we
ngw cite further NMR speciroscopic arguments which are based on coupling constants and chemical
shifts.

Results and Discussion
In the ®C NMR spectra of 16-fluoro steroids it was to be expected

geometry of 16a-fluoroestradiol, using the program MM-2 from :HO XE N
Hyper-Chem) gave indeed 90° for this dihedral angle. All the

torsion angles calculated are listed in Table 1. Similar dihedral ! 16&-Fluorestradiol
angles were found for estradiol and other 16-fluoro steroids

reported in [2]. But no useful values were obtained in the case of 16 B-fluoroestradiol.

that the signals of the ring D carbon atoms are split in doublets. » OH
This splitiing was found for C(16) (*J(C,F) = - 178.5 Hz), for C(15) /\U\
and C(17) BJ(C,F) = 23.1 Hz and 22.0 Hz) and for C(13) CJ(C.F) - P PN
= 7.4 Hz) but it did not occur at C(S14). This means that here | Mo oph
J(C,F) = 0 Hz and, due to KARPLUS equation [3], the dihedral 10 “. b
angle 16-F - C(16) - C(15) - C(14) has to be about 90°. Molecular | {1\\/;\3/ ‘
modelling (minimizing the binding energy by optimizing the - |, A | B | ]
6 i

Table 1: Calculated torsion angles of ring D siructure elements of 16B-fluoroestradiol

No.  Struciure element Torsion 3J(C,F)
angle [Hz]

1 16a-F - C(16) - C(15) - C(14) 9002 O

2 16a-F - C(16) - C(15) - 150-H 31.18 -

3 16a-F - C(16) - C(15) - 15B-H 151.28 -

4 16p-H - C(16) - C(15) - C(14) 147.34 -

5 16B-H - C(16) - C(15) - 150-H 9146 -

6 16B-H - C(16) - C(15) - 15B-H 2864 -

7 16a-F - C(16) - C(17) - C(13) 12195 7.4

8 16a-F - C(16) - C(17) - 17B-OH 11593 -

9 16B-H - C(16) - C(17) - C(13) 11656 -

10 16B8-H - C(16) - C(17) - 17B-OH 556 -

To understand the *C chemical shifts [2], these torsion angles are important. The DREIDING model
shows that the bonds of C(15) and C(16) are arranged in an eclipsed form. Such a form is energetically
less favourable than a staggered one. But, distorting the ring D in such a way that 16a -H - G(16) -
C(15) - C(14) form a dihedral angle of about 90°, this unfavourable eclipsed arrangement is eliminated
and a practically syn-diaxial arrangement of 14a-H and 16a-H is developed . The H-H interaction of a
syn-diaxial arrangement contributes to the high chemical shift of the C(14) atom in esiradiol (49.8 ppm).
According to Beierbeck et al. [4] elimination of an H-H interaction results in an upfield shift of the carbon
atoms concerned. Consequently, 47.5 ppm and 47.7 ppm were found for C(14) in estriol and 16a-
fluoroestradiol [2].

The above-mentioned disiortion of the ring D is energetically very advantageous although now the bonds
of the atoms C(16) and C(17) form an eclipsed arrangement. Thus, substituents at C(16) are almost
similarly directed to C(13) (see Table 1, nos.7 and 9). As Y ,,; substituents they should have the same
influence on C(13). The vy ,,; effects of all the subsiituents measured at C(16) [2,5] were indeed of the
same low level.
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49. Improvements of the Rossendorf Radionuclide Transport System

St. Preusche, F. Fiichtner, H. Krug’, J. Steinbach
' Scientific Dept. "Experimental Facilities and Information Technology"

introduction

The 500 m long Radionuclide Transport System (RATS) was designed to transport small volumes of the
irradiated liquids ["*OIH,O/["®F]F- and H,O/["*NJNH, with a pneumatic post system and the radioactive
gases within capillaries from the cyclotron to the radiochemistry laboratories due fo special local features
(111, 12D-

Improvements of the gas transport system and the loading unit of the pneumatic post system concerning

safe activity transport, higher reliability and higher specific activity have been carried out and are
summarized in the present paper.

Gas Transport System: Peak Cutting by an Activity Dependent Control

Our "'C target contains 20 mi of (N, + 5 % H,) target gas at a pressure of (26 - 28) bars. During the
unloading process after target irradiation the inactive gas which remains inside the 500 m long copper
capillary (ca. 900 cm?) arrives at first at the hot cell 1 of the radiochemistry laboratory. In order to ensure
high specific activity, this dead volume must not pass through the [''C]CO, trap and the [""CJHCN
module. Inside the hot cell 1 an activity detector is mounted at the incoming capillary (comp. Fig. 1) near

the distribution unit.
waste gas
—> balloon

distribution
unit

\

CO2
trap

¥
HCN
/ \ module

> time

C-11 target

activity

>
-
L

! AS = activity sensor

Fig. 1: Principle of "'C transport
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The detector controls a 3-way valve that is normally open to a waste gas balloon. If the measured activity
is higher than a predicted value, the valve switches to the CO, trap and the HCN module and the
radiochemical processes can be started. With (26 -28) bars of push gas we reach a transfer time of 4:30
minutes (EOB to BOS).

Pneumatic Post System: LASER Sensor for Improved Reliability

A LASER sensor mounted in the loading unit of the pneumatic post box detects the following failures and
stops the loading process immediately if:

- there is no vial within the pneumatic post box

- there is no pneumatic post box inside the loading unit

- the lid of the filled pneumatic post box is not in the right position.

The LASER sensor prevents the unloading of an activated water target without the vial as the primary
containment for the activity. Furthermore, it is not possible to transport the pneumatic post box with a not
fully closed lid.

In all cases of failure the "AUTOMATIC MODE" of operation of the loading process will be stopped and
switched to "MANUAL MODE". In this mode the operator can interrupt the process at any step and finish
it step by step.

Pneumatic Post System: Pneumatic Post Box Running Time Measurement

For a safe activity transport the running time of the pneumatic post box within the polyethylene tube is
measured and displayed both on the MASTER and the SLAVE terminal in the cyclotron building and the
radiochemistry building. If the running time exceeds the predicted value of 200 s there is a message to
the operator on the screens. The entrance of the transportation tube is blocked and it is not possible to
use the tube for the next run. In that case we can use the second transportation tube.

For safety purposes there are special procedures for localizing the faulty pneumatic post box inside the
tube and for removing it outwards.
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50. Cerebral MRGlu and Perfusion Pattern of Patients with Myotonic Dystrophy
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introduction

Myotonic dystrophy (MD) is a multisystemic disease with autosomal dominant inheritance. The
abnormal gene for this disorder has been localized on chromosome 19. It is the second most common
inherited degenerative myopathy with a prevalence of between 1:10 000 and 2.4 - 5.5 per 100 000 [1].
Apart from muscular atrophy, myotonia and cataract, patients often suffer from an increased tendency
to sleep and inteliectual impairment of various degrees. Brain abnormalities such as white-matter
lesions on magnetic resonance images [2] and decreased cerebral glucose utilization on positron
emission tomographic (PET) scans [3] have been described.

The aim of this investigation was to address the question whether the anticipated impaired glucose
utilization is reflected in an altered cerebral perfusion pattern.

Materials and Methods

Patients: 11 patients (8 female, 3 male), age 27 - 57 years (median 41 years) with genetically
confirmed hereditary MD were investigated with Positron Emission Tomography (PET) and Single
Photon Emission Tomography (SPECT). One female patient had a history of brain infarction 4 years
previously, all other patients had no concomitant brain disease. None of the patients suffered from
diabetes or abnormal fasting glucose levels.

PET: The PET investigation to evaluate the metabolic rate of glucose consumption (MRGlu) was
performed after an overnight fast. PET scans were performed on a two-ring, three-slice Positome Ilip-
Tomograph (Thompson, Montreal Neurological Institute [4]) with an image resolution of 10.9 mm
(FWHM) and an axial resolution of 15.9 mm (FWHM). The distance between the slices was 18 mm.
The patient’s heads were positioned in a headholder with a laserlight, transaxial slices parallel to the
arbitomeatal line (OM-line). One intravenous line was placed in each forearm, one for injection of the
["®FIFDG, one to determine the blood glucose level and the ['®FJFDG content of the blood during the
study. After intravenous injection of 185 MBq ['®F]FDG, pseudoarterial blood samples were withdrawn
from the contralateral hand, which was heated by a heatcushion. To check for true pseudoarterial
sampling, the oxygen saturation of the blood was measured prior to the start of the study. The oxygen
saturation of the blood sample exceeded 80 %. Scans were performed for 75 min post injection (p.i.).
The first set of slices was obtained during the first 60 min p.i. in the first position. To obtain a closer
spacing between slices, a second set of slices, interleaving with the first set, was obtained 60 - 75 min
p.i.. The cerebral metabolic rate of glucose in pmol/100mi/min was calculated according to Sokoloff [5].

SPECT: The SPECT studies to evaluate the cerebral perfusion pattern were performed on a triple
head gamma camera (Multi-SPECT 3, SIEMENS) equipped with fan beam collimators, starting 10 min
after i.v. injection of 750 MBq [*"TcJHMPAO (CERETEC, Amersham). lmages were obtained on a 128
x 128 matrix, 90 angles, 50 s per angle. After filtered backprojection, transaxial slices were reoriented
parallel to the OM-line.

Quantification of regional glucose utilization and analysis of perfusion pattern was performed on two
transaxial slices of each the PET and SPECT data sets. Level 1 included basal ganglia and thalamus
(Figs. 1 + 3), the second level was placed approx. 3 cm above level 1 (Figs. 2 + 4).

On PET slices circular regions of interest (ROI) were placed on representative cortical and subcortical
structures like frontal, temporal and parietal cortex, basal ganglia, thalamus and white matter (Figs.
1+2). Results were expressed in pmol/100ml/min.

On SPECT slices a semiautomated software for sector analysis, generating 12 regions per slice, was
used (Figs. 3 + 4). The resulis were expressed in average counts per sector.
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Resuits and Discussion

9/11 patients showed no left to right asymmetry in PET. There was no gross regional deviation of
MRGlu in different grey matter structures within the individual patient. Grey and white matter values
revealed a broad range of MRGlu values (18-42 pmol/100mi/min and 8-17 pmol/100ml/min ) within

Table 1: Distribution of mean grey matter values  Table 2: Distribution of mean white matter values
* anticip. normal value from the literature [6]

Grey matter No. of White matter No. of
#mol/100 ml/ min patients K¥moi/100 ml/ min patients
>29 (29 - 42)* 4 >14 (14 - 17) 2
26 - 28 3 10-13 7
23-25 3 <10 2
18 1

this patient group (Table 1 + 2). Although all patients investigated suffered from genetically proved
hereditary MD, 4/11 patients showed no reduced global MRGIlu values. White matter values are to be
regarded with caution, since they might include ventricular structures. When the MRGIu was impaired,
no singular structure but the MRGIu of the whole brain seemed to be altered in most patients. Our PET
results are in agreement with other publications, which describe a reduced MRGIu in patients with MD
(3,7). In addition to a globally reduced MRGIlu, Mielke et al. [7] found a marked decline in MRGIu in
distinct cerebral structures, like frontal cortex and nucleus ientiformis, which was not noted in our
patient group.

10/11 patients showed no left to right asymmetry in SPECT. There was no statistically significant
regional deviation of average counts between sectors within the individual patient, therefore we found
no evidence of local perfusion disturbances due to MD. Perfusion patterns were investigated by Chang
et al[8], who investigated the cerebral perfusion with Bxe and [®"Tc]HMPAO-SPECT with SPECT.
With **Xe, they found globally reduced cerebral blood flow (CBF) values with the lowest values in both
temporal regions and, to a lesser extent, in the frontal region. With [®"Tc]JHMPAO, they found a
different perfusion pattern with hypoperfusion in the temporoparietal, frontal or frontoparietal regions.
Since we were not able to compare our patient group with a group of match normal controls, slight
differences of the perfusion pattern within the group could have been missed. Normal values of MRGIu
had to be taken from the literature. Nevertheless, the broad range of MRGIu values indicates that
patients with hereditary MD are not a homogeneous entity concerning cerebral glucose consumption.
In our study altered MRGIu values were not accompanied by an altered perfusion pattern in SPECT.
The further correlation of our results with the intelligence score and hypersomnia as well as a
comparison with clinically manifest, nonhereditary MD will be investigated.
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51. Three-Compartment Model Software Tools to Analyse and Synthesize PET Data
M. Obert, H. Linemann, E. Will

Introduction

The aim of this article is to give a short comprehensive summary of the kinetic equations which are
defined by three-compartment models, since these models serve as the basic key in the interpretation
of data obtained by positron emission tomography, PET. Furthermore, we present some results
obtained by a computer simulation program, which analytically calculates time activity curves of such
models. The simulation program was developed to facilitate the study of the highly complex
interaction of up to twenty different parameters that affect the time activity curves. An understanding
of such curves is fundamental to the understanding of PET.

We have written, implemented and tested some basic software programs for analysis of the data
obtained with both our PET scanners. The aim was to develop software that is capable of descnbmg
the tracers that we use at the moment at the Forschungszentrum Rossendorf, which are [ F]ﬂuoro-
deoxyglucose, FDG, and 6-[' F]ﬂuoro-DOPA FDOPA. Such a description is basically possible with
the aid of a three-compartment model [1, 2]: a three-compartment model is a simplified attempt to
describe the biochemical behaviour of a radiotracer in the human body so that a mathematical
estimation of kinetic parameters, k;, is possible, see Fig. 1.

Compartment | Compartment I Compartment I

K] N k3 N

k; ky
N\ N

Fig.. 1: Compartment | is the vessel system, compartment Il is the exchangeable tracer pool, and
compartment 111 is a trapped tracer pool.

By definition, a compartment is a volume, real or kinetic, in which the concentration of a tracer or its
derivatives remains the same everywhere [2]. In the case of FDG investigations we assume a k, of 0,
which is due to the trapping of the tracer in the cell. For FDOPA investigations the model is a rough
simplification of processes that are more complicated [1].

In addition we wanted to write a computer program that allows us to simulate the data of a PET
investigation. This program enables us to study the complicated interaction of many parameters in a
PET experiment in a numerically well-defined manner.

Data analysis

There are different levels of mathematical descriptions, established by various authors, to
approximate a three-compartment model:

The Sokoloff approximation [3] allows determination of the tumover rate of the g!ucose metabolism,
MRGL, for FDG investigations. It is often called the autoradiographic approach. It is based first on a
single radioactivity measurement of a slice of interest with the PET scanner at a certain time, Ceer(T),
second on the determination of the blood glucose concentration, Cajucose: @and third on the dynamic
measurement of the radioactivity of the blood plasma, Cpissma(T). The rate constants Ky, ko, and ks,
which are needed in the calculation of MRGL, must be known from other experiments. MRGL is
defined as follows, Eq. (1), where LC is the Lumped constant, which eliminates the differences
between FDG and glucose:
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All the following approaches to the three-compartment model are defined to approximate the rate
constants K;, or the term Kika/(ko+k3) rather than MRGL.
Thus, it is possible to obtain MRGL for FDG investigations by the following relation, Eq. (2):

. — CGIncosc Klk3
MRGI = e _k2 vy Q).

The next approach defines the term Kiks/(ko+ks) as the slope of the plot Cper(T)/Criaema(T) versus
T
jOCP,am (t)dt ! Criasma(T). It is often called Patlak plot [4, 5], Eq. (3).

Coxr(T) _ Kik J:Cth(t)dt Kk,
CramaD)  kytly  Copel) (o +k) 3).

The approach defined by Blomaqvist [6] allows an approximation of Ky, k;, and ks, see Eq. (4). It is
assumed that k, is equal to 0.

Coar(T)=Ks, Crara O+ K[! [} it~ + ) Gt 0

We now express Ki, k2, and ks of Eq. (4) in terms of parameters p;, where the i goes from 0 to 2:

Coar (D)=}, Conem it + B [} vttt —p, [ o 1)

in the Blomgvist approximation, we calculate the different integrals for different time intervals, T;, and
determine the coefficients p; with the aid of multilinear regression [7] of an equation of the form y =
PoXg + PiX1 +pox. We obtain the rate constants from Ky = po, k2 = p2 - p+/po, and ks = p4/po.

Another setup by Evans [8] enables us to calculate the rate constants Kj, ks, ks, and also ks, see Eq.

(5).

Cer(T)=K (K, +k4)I { G (W)U —(k, 4k, +k4)I Gm(f)d—/e’az .[ Gm(uW+KI Corams(O)
(5).

We now express K, ko, ka, and ks of Eq. (5) in terms of the parameters p;, where i goes from 0 to 3:

CPET(T)‘_‘PJ v( Cptagma (W)dudt —PJ Crpr(2)dt —sz f Crgr(u)dudt +P3T Criagma(2)dt

09 )] 00

We determine the different integrals and double integrals for different time intervals, T;, and calculate
the p; by muitilinear regression {7]. Next, we describe the rate constants by the following relations:
Ki=ps

kKz=p1-Po/Ps3

k3= p1-(P1-Po/ P3) - P2/ (P1-Po/ P3)

ka=p2/ (p1-po/ p3)



An attempt to describe the three-compartment model, which is most straightforward from a
mathematical point of view, is given e.g. by Herholz [9]. The nonlinear approach is described in Eq.

(6). This attempt also takes care of the fraction of blood, Vpieoq, that is measured by the PET scanner
within the slice of interest.

Crpr(T) = PoCriaana(T)+ pre™™" f Criama(t)e™ dt + pye™" r Cortama ()™ dit
0

0

().
The different p; are

Do =Vpisa:

b =%I(1«k2 _ks‘k:;)/\/?"'l)-
P2=%(k2+k3+k4+\/—ﬂ—),
pe=5 Kk BV 4D,

2 =%(k2+k3+k4—\/_ﬂ—),where
B =(ky+ ks +k, )’ —4kyk,.

In order to be able to calculate a nonlinear regression [7] we have to determine the derivatives with
respect to the different p; of Eq. (6). The partial derivatives are:

Z-Corr D)= Coana 1)
a T
—Cpr(T) =" ,[ Crtame (e dt ,
72 0
174 p z
_57_ Crer(T)= je-hT.[ p,<(t-T)- Cpm(t)epztdt !
2 2 °
P T
—Cpr (1) = e—y,rj Criama(De™dt , and
@3 0
V] p 5
& Con D=2 [ (1= D) Cp (O™l
4 4 [}

As initialization we now guess the parameters p; and then caiculate the nonlinear regression. The rate
constants can be obtained from the different p; as follows:

K, =p+p,.
k =P1(P2_P4)+P4'
P tD;
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For a detailed description of the various approximations of the compartment model and their
constraints, see the given references.

The approaches given in Eq. (3) to (6) are implemented in IDL programs. Eq. (6) is the base for the
nonlinear regression of a curve Cper(T). The program version realized so far has to be further
modified in order to improve the robustness of the fit for practical applications.

We used the Patlak plot to calculate the metabolic rates of glucose of all patients investigated so far
with the Positome Illp scanner.

Data Simulation

The motivation for the simulation program is as follows: it enables us to study many questions that
arise in a model which is affected by at least 20 different parameters. How reliable are the different
mathematical approximations of the three-compartment model? How does the curve Cppgma(T)
influence the curve Cper(T)? How many data points have to be taken at the beginning of the function
CPlasma(T)?

We have therefore written a computer program that allows us to simulate a vector Cper(T) for
arbitrary values of Vanea, K1, ko, ks, and k4 according to Eq. (6). There are three different options of
how to generate a vector Cpagma(T), which must be known in Eq. (6) to be able to caiculate the plasma
integrals with the aid of numerical integration methods: First, experimental values of a plasma curve
may be taken. Second, arbitrary values may be used. Third, we define a plasma curve, Cpiasma(T), as
follows, Eq. (7):

Crrma() = A(e™" —&™") .

In Eq. (7) A is a concentration, k., and ki, are rate constants. Eq. (7) allows us to simulate a function
with a strong initial increase and then a more or less fast decrease. This is possible for a large range
of properly chosen values of A, kK and k;,., where A > 0, and ki, > kg

Further, the simulation program has an option to vary the time schedule so that the user may
determine at what time t and how often a value of Cpiasma and Cpy is "measured” by Egs. (6) and (7).
This allows us to study the influence of a certain time schedule and the frequency of measurements
on the estimation of Vg,ea and the rate constants [10].

In addition, it is possible to put some ”scattering” on either of the functions Cpiasma(T) and / or Cper(T).
This enables us to study the influence of error sources on our data.

The units of the parameters in the simulation program are as follows: Plasma curve: A
[concentration], ko [1 / time unit], and ki, [1 / time unit]. PET-Curve: Vg, [Volume unit / weight unit
of tissue], Ky [volume unit / weight unit of tissue / time unit], k> [1 / time unit], ks [1 / time unit], and k4
[1 /time unit].

A detailed description of the user friendly widget program, which is written in the computer language
IDL, is given in ref. [11]. The reader who wants to develop a "numerical feeling” for Egs. (3) to (7) is
forced to work with this program package [11]: There are 14 parameters that can be modified in the
simulation program. The analysis that follows Eq. (3) is affected by 3 parameters, the approximations
given by Eqs. (4) and (5) are affected by 1 parameter, whereas 8 parameters must be properly
chosen to enable a description of the data according to Eq. (6). The approximations by Eqgs. (3) to (6)
are called "Patiak plot”, "Blomgyvist analysis”, "Evans analysis”, and "nonlinear regression”. We will
now mention a few examples obtained with the aid of the simulation and analysis programs:

Results of the autoradiographic approach are not shown. A linear dependency exists between the
measured value of the radioactivity and MRGL for a given function Cpasma(T) and Ceiucese, S€€ EQq. (1).
We therefore consider this approach as rather easy to understand.




We often find differences between the analytical term Kiks/(ko+ks) and the result obtained by the
Patlak plot of this term that are in the range of + 3.0 %. This is sufficiently small.

Ex. 1 and 2 show the fit of a simulated PET curve, Cper(T), by the Blomgyvist and the Evans analysis.
The PET curve is simulated with the following parameter settings: Vgioog = 0, K1 = 0.0500, ko = 0.0400,
ks = 0.0300, and k4 = 0.

Example 1 Example 2
1.2x105 T 1 T T T T 1.2)(1()5 T T T T 7T T
1.0x10%} 1 1.0x10%} 4
8.0x10% iy sox10%} .
L soxi0*f 4 L soxi0tt 4
(] (o]
soxio*f i +0x10%t
2.0x10* | 4 2.ox10% E
4] 1 ' 1 1 1 1 [+ ! ! ] 1 i 1
0O 20 40 60 B8O 100 120 140 0 20 40 60 80 100 120 140
Time Time
Blomqvist Anglysis: Evans Analysis:
K1 = 00500 K2 = 0.0400 K3 = 0.0301 K1 = 0.0500K2 = 0.0401K3 = 0.0302K4 = 0.0000
Chi~Square = 1.0000 Chi~-Squore = 0.9997

The graphs in Ex. 1 and 2 show the simulated data as triangles and the fit result as solid line, the
units are arbitrary. The sampling of the curve Cpasma(T) is identical to the sampling of the curve
Cper(T). The fit results are given under each graph.

We find that both fit attempts in Ex. 1 and 2 lead to the expected results.
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52. Application of the Fractal Concept of the Analysis of Positron Emission
Tomography Investigations of Patients Suffering from Dystrophia Myotonia

M. Obert, B. Beuthien-Baumann, E. Will, H. Linemann, B. Kunath

Introduction

We earlier showed the possibility of describing a positron emission tomography (PET) image with the
aid of the concept of fractal geometry [1 - 4]. Now we study the question whether it is possible to
distinguish different grades of altered cerebral glucose metabolism in dystrophia myotonia, DM, [5] of
7 patients by this fractal concept. To do this, we investigated the numerical values defined either as
global fractal dimension, Dy, or the distributions of the local fractal dimensions, D,, or the multifractal
description by the function D(q). We analysed dynamic 3-dimensional brain images of [“’F]z-ﬂuoro-z-
deoxy-D-glucose investigations that were taken by the low resolution Positome Ilip PET scanner. The
different grades of the disease ranged from slight muscie symptoms up to severe movement
disabilities. The cerebral glucose metabolism ranged from normal rate values to a strong decrease in
the overall cerebral metabolic rates. Thus, all different fractal investigations show identical results that
vary only within the standard deviation of the numerical methods for all different grades of DM. We
therefore conclude that these numerical fractal tools are without clinical relevance for the diagnosis or
characterization of DM.

Methods

The protocol of the PET investigation is given in ref. [5]. See ref. [1] for a description of the PET
scanner. The numerical method to determine the global fractal dimension, Dg, which is a measure of
the global irregularity of a structure, is given in refs. [1, 4]. The way to calculate the local fractal
dimension, D;, which is a map of local dimension values, is shown in ref. [6]. The multifractal analysis,
which describes the heterogeneity of a system by a function D(q), is carried out as shown in refs. [7,
8].

Results

Table 1 shows the Dy values of the radioactivity distributions of 3 different representative transaxial
sections through the brain. The cerebellar slice is positioned through the mid-cerebellum and the
basal temporal lobes; the basal ganglia slice is drawn at the level of the basal ganglia and the
thalamus; the cingulum slice shows the basal cingulum. We analysed the radioactivity measured by
the PET scanner as a function of the spatial position of the 2-dimensional images. We assume a
standard deviation of the Dy values of + 0.05, which is known from other experiments [6].

Table 1. Dy values of different sections of the brain

Cerebellum Basal Ganglia Cingulum
Patients with 2.02 2.27 2.05
severe symptoms: 2.04 2.23 211
2.01 2.24 2.03
- 2.29 2.15
- 225 2.16
weak symptoms: 2.06 222 2.1
- 2.28 212




The results of Table 1 indicate different Dy values for different sections: an average of 2.03 is found
for the section that shows the cerebellum, whereas averages of 2.25 and 2.10 are found for the basal

ganglia and for the cingular slice. No differences can be found between patients with normal or
altered metabolic glucose rates.

Fig. 1 shows a map of D, values for 9 different transaxial sections through a brain. The calculations of
D, were carried out on an affine 4-dimensional data set (position x, y, z, and radioactivity). It is not
possible to find any correlation between the anatomical structure of the brain and the distribution of
D,. Furthermore, no differences in the structure of the different slices are visible. All positions in the
brain that have a high D, value are surrounded by small D;s and vice versa. This leads to a granulated
distribution of the D, values in the brain, Fig. 1. The values of D, are shown on the right margin of Fig.
1. No differences of such maps, Fig. 1, are visible among different patients.

Fig. 1: Map of D, values for 9 different transaxial brain sections.

The curves D(q) versus g (not shown) are identical, within the standard deviations, for all patients
regardless of the metabolic rate in DM.

Discussion .

The application of the concept of fractal geometry is not fruitful if one wishes to describe differences
between grades of DM.

The spatial resolution of the Positome lllp PET scanner [1] is probably not sufficient to allow a
reasonable investigation of fractal properties of these brain sets.

It remains to be explored whether this geometrical concept is able to describe the behaviour of

receptor distributions in the brain and differences thereof between patients that suffer from other
diseases.
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Lipophilicity and brain uptake of neutral technetium complexes with pendant amine groups
COST B3 Conference, Orsay, France, 24.-25.10.1996.

Wiist F., Spies H., Johannsen B.
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TEACHING ACTIVITIES

Summer term 1996

B. Johannsen:
One-term course on Metals inBiosystems.
Introduction into Bioinorganic Chemistry, including aspects of medicine, nutrition and ecology.

Winter term 1996/1997

B. Johannsen:

Radiopharmaceutical Chemistry

Special readings and seminars on selected biochemical and radiopharmaceutical topics.
(for PhD students)

Postgraduate Education:

B. Johannsen:
Proposal on postgradual Education in Radiopharmaceutical Chemistry/ Radiopharmacy at the
European School of Nuclear Medicine

B. Ahlemeyer
Guest lectures on physiology and pharmacology at the Philipps University Marburg, Faculty of
Pharmacy.

PhD THESES

Matthias Glaser:

Tripodal-tetradentat/monodentat koordinierte Rheniumkomplexe mit Tris(2-thiolatoethyl)amin.
Dresden University of Technology, February 1996

Shaker Verlag Aachen 1996

Thomas Fietz:
Oxorhenium(V)-Komplexe mit ,3+1“-Gemischtligandkoordination.
Dresden University of Technology, April 1996

Mohamad Khaled Chebani:

Synthese von ''C-ringmarkiertem Pyridin und seiner Derivate.
Dresden University of Technology, October 1996
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lll. SCIENTIFIC COOPERATION



COOPERATIVE RELATIONS AND JOINT PROJECTS

In multidisciplinary research such as carried out by this Institute, collaboration, the sharing of
advanced equipment, and above all, exchanges of ideas and information obviously play an important
role. Effective collaboration has been established with colleagues at universities, in research centres
and hospitals.

The Technische Universitdt Dresden (Dr. Scheller, Inst. of Analytical Chemistry) plays an essential
part in SPECT tracer research by performing analytical characterization of new tracers and providing
support with the synthesis of organic compounds (Dr. Habicher, Inst. of Organic Chemistry), as well
as in biochemical research (Dr. Fischer, Dr. Kaspar, Institute of Pathology).

Common objects of radiopharmacological and medical research link the Institute with the Univer-
sitédtsklinikum "Carl Gustav Carus", above all with its Departments of Nuclear Medicine (Prof. Franke).
A joint team of staff members from both the Institute and the Clinic of Nuclear Medicine are currently
working at the Rossendorf PET Center.

Very effective cooperation also exists with the Bundesanstalt filr Materialforschung Berlin (Dr. Reck,
Mr. Leibnitz) who have carried out X-ray crystal structure analysis of new technetium and rhenium
complexes.

Our long-standing cooperation with the University of Padua (Prof. Mazzi) and the "Demokritos” Na-
tional Research Centre for Physical Sciences in Athens (Dr. Chiotellis) has been continued. The fruit-
ful contacts to the Paul Scherrer Institut, Villigen, Switzerland, are very appreciated. The cooperation
is part of the EU research programme COST-B3 with the working group on “New chelating systems
for Tc and Re for medical application” (chaired by Dr. Spies, Rossendorf).

Cooperation on a special topic concerning bioinorganic chemistry is in progress with the Arzneimit-
telwerk Dresden (Dr. Unverferth).

Identification of common objects in PET radiopharmacy has led to collaborative research with the
Humboldt-Universitét Berlin and the Universitét Leipzig.

In the field of PET tracers, cooperation exists with the Montreal Neurological iInstitute (Prof.
Thompson), the Turku Medical PET Centre (Dr. Solin), and the Hans-Kndll-Institut Jena (Prof. Hinnen,
Dr. Kasch). A fruitful cooperation in radiopharmaceutical application has been established with the
Private Institute of Radiology and Nuclear Medicine Wiinsche MD, Neumann MD, Wehr MD, Leipzig.

Cooperation on the biochemical aspects of radiotracer research exists with the PET Centre Aarhus
(Prof. A. Gjedde), the University of Minnesota in Duluth (Prof. L.R. Drewes, Department of Bio-
chemistry and Molecular Biology) and the Friedrich-Schiller Universitét Jena (Dr. Bauer, Inst. of
Pathophysiology).

In helpful discussions both abroad and at Rossendorf numerous colleagues have contributed to defin-

ing areas of cooperation and shaping projects.

Special thanks go to Dr. E. Chiotellis, National Research Centre, Athens, Greece, Dr. L. M.
Dinkelborg, Schering AG Berlin, Dr. G. Ensing, Mallinckrodt Medical B. V., Petten, Netherlands, Dr.
P.A. Schubiger, Paul-Scherrer-institut, Villigen, Switzeriand.

Within the scientific cooperation with the Arabic Republic Egypt, University of Assiut, Prof. R. M.
Mahfouz started research on chemistry and radiopharmacology of technetium and rhenium.
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LABORATORY VISITS

Brust P.
Kommune Hospital Aarhus, Denmark,
Dec. 9-21, 1996

Friebe M.

Institute of Radioisotopes and Radiodiagnostic Products of the National Center for Scientific
Research "Demokritos”, Athens, Greece,

Sept. 14-28, 1996

Jankowski R.
Stanford Synchrotron Radiation Lab. at SLAC, Palo Alto, California, USA,
June 8-18, 1996

Jankowski R., Friebe M., Kirsch S.
HASYLAB at DESY, Hamburg, Germany,
July 28-Aug. 5, 1996 and Nov. 19-23, 1996

Johannsen B., Spies H.

Institute of Radioisotopes and Radiodiagnostic Products of the National Center for Scientific
Research "Demokritos”, Athens, Greece,

Nov. 8-12, 1996

Johannsen B.
PSi Villigen, Switzerland,
June 27-29, 1996

Lehnert S.
Institut fiir Bioanalytik, Gottingen, Germany,
Dec. 15-17, 1996

Preusche S.
Herz- und Diabeteszentrum NRW, Bad Oeynhausen, Germany,
May 7-9 and Nov. 5-8, 1996

M. Reisgys
Psi villigen, Switzerland,
Jan. 8-March 18, 1996

GUESTS

Dr. R. Alberto, P8I Villigen, Switzerland,
Nov. 4-7, 1996

Prof. R. M. Mahfouz, Assiut University, Dept. of Chemistry, Assiut, Egypt,
April 30-July 20, 1996

Dr. Th. Meina, Institute of Radioisolopes and Radiodiagnostic Products of the National Center for
Scientific Research "Demokritos”, Athens, Greece,
Oct. 12-Nov. 3, 1988

Dr. B. Nock, institute of Radioisotopes and Radiodiagnostic Products of the National Center for
Scientific Research "Demokritos”, Athens, Greece,
Oct. 12-Nov. 3, 1986

R. Schibli, PSI Villigen, Swilzeriand,
March 10-29, 1996




MEETINGS ORGANIZED

1. Symposium on “Blood-Brain Barrier - Structure and Function* within the First Congress of the
German Neuroscientific Soc., Berlin 24.-27.2.1996.

2. First International Workshop of the CYCLONE 18/9 User Community, Rossendorf, 10.-11.10.1996.
3. First IAEA Research Co-ordination Meeting of the Co-ordinated Research Programme on

"Development of Agents for imaging Central Neural System Receptors based on
Technetium-99m”, Rossendorf, 4.- 7.11.1996.

OTHER ACTIVITIES

1. H. Spies:
Coordinator of Working Group 5 in the COST B3 program “New radiotracers and methods of
quality assurance for nuclear medical application.” (Coordinator: P. A. Schubiger)

2. B. Johannsen:
Chairman of the DGN Working Group on Radiochemistry and Radiopharmacy.

3. B. Johannsen:
Co-editor of the journal Nuclear Medicine and Biology.



IV. SEMINARS



TALKS OF VISITORS

Prof. A. Gjedde, Universitédt Aarhus, Danemark
Dopaminergic neurotransmission with emphasis on regulation of neuronal excitability in the striatum
15. 03. 1996

Prof. G. Seidel, Wuppertal
Pharmaindustrie - Quo vadis?
21. 03. 1996

Dr. F. Oberdorfer, DKFZ Heidelberg
Neue Methoden zur Halogenierung und Radiohalogenierung von Hexopyranosen
12. 04. 1996

Prof. Dr. H. Schelbert, Universitdt Los Angeles, USA
PET in der Kardiologie
15. 04. 1996

Prof. W. Vaalburg, PET-Center Universitats-Hospital Groningen, Niederlande
The Development, Evaluation and Clinical Application of PET-Radiopharmaceuticals
15. 05. 1996

Prof. W. Gérner, BAM Berlin
Die Aktivierungsanalyse - ein Verfahren mit hohem dynamischen Bereich (Zentrumskolloquium)
21. 06. 1996

Frau Dr. A. B. Fischer, Hygiene-Institut, Universitit Gieen
Chelatbildnertestung in vitro mit Saugerzellkulturen
30. 07. 1996

Prof. Dr. U. Hahn, Institut fiir Biochemie, Universitét Leipzig
Protein Design
26. 09. 1996

Prof. Dr. C. Anderson, Washington University, Medical Center, St. Louis, USA
Copper-64-labeled Proteins and Peptides for PET Imaging and Therapy
09. 10. 1996

Dr. P. Elz, Institut fiir Pharmazie, FU Berlin
Ketanserin-analoge 5-HT.a-Rezeptorliganden: Synthese, Pharmakologie und Struktur-Wirkungs-Bez.
25.10. 1996

Dr. J. Kropp, Universititsklinikum Dresden
Markierung und erste pharmakologische Untersuchungen von QNP
14.11. 1996

Prof. R. Beckent, Friedrich-Schiller-Universitét Jena
Stickstoff- und schwefelhaltige Chelatkomplexbildner aus einfachen C,-Bausteinen
22.11. 1996

Prof. Cervos-Navarro, Institut fiir Neuropathologie der FU Berlin
Das Gehim unter den Bedingungen einer chronischen Hypoxie
6. 12. 1996

Dr. Th. Arnold, AWD Dresden

Kombinatorische Chemie
12.12. 1996
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The Institute is part of the Research Center Rossendorf Inc., which is financed by the Federal
Republic of Germany and the Free State of Saxony on a fifthy-fifthy basis.

Three research projects concerning technetium tracer design and PET radiochemistry were supported
by the Deutsche Forschungsgemeinschaft (DFG):

- Development and characterization of mixed-ligand complexes of technetium and rhenium
with multidentate chelating agents
Sp 401/2-4 (H. Spies)

- Technetium complexes with thioether ligands
Pi 255/1-1 (H.-J. Pietzsch)

- PET with steroids
Ste 601/3-2 (J. Steinbach)
One project was supported by commission of the European Communities:
- New chelating systems for technetium and rhenium for nuclear medical application

COST B3, working group 5
In collaboration with Greece, ltaly and Switzerland

In addition, the Free State of Saxony provided support for a project covering the establishment of cell
cultures:
- Characterization of transport of radiopharmaceuticals through the blood-brain barrier using a

cultured cell model
7541.82-FZR/309 (P. Brust)

The Free State of Saxony and the Free State of Thuringia support PET studies on DOPA metabolism
in brain. (P. Brust)

Supported by the "LIST" programme of the Free State of Saxonia studies on new ‘®Fjabelled tracers
were started in cooperation with TU Dresden and Hans Knéll institut, Jena. (Prof. W.-G. Franke)
Two projects were supported by cooperation with the pharmaceutical industry:

- Receptor-binding technetium tracers
Mallinckrodt Medical B.V.

- Cooperation in nuclear diagnostic
Schering AG Berlin

The project:
- Data processing
was supported by Siemens AG.
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