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' During this grant period 1 Jan 1988-31 Dec 1990, we have successtully developed a number of new
approaches 1o fluorine-18 labeled compounds, prepared several new radiotracers for both animal studies
and eventual clinical trials, and explored the utility of a high-quality industrial robot in radiopharmaceutical
appiications. The progress during the last grant period is summarized briefly in the following sections.

Publications arising from this research are listed below and can be found in Appendix 1.

I. Summary of sccomplishments.
Project 1. New Methods of [18F]Fluorination.

(1)  Production of ['®F)fluoride lon. When this grant period began, high specific activity ['8F)fworide
fon was not available ai this Institution. We have constructed and fully tested a small volume (1 mi), high
pressure water target for the routine production of [18F]fiuoride ion using the 180(p,n)18F nuclear
reaction on enriched water. This target has proven exceptionally successful, and can be used 10 prepame
large quantities of radionuciide (700 mCi) is short times (20 min). This target design Is used in our routine
production target, used dally for preparation of ['8Ffiuoride lon for both research in this grant as well as
routine production of [18F]FDG and [18F]GBR 12809 for clinical studies. To maximize refiability and allow
for periodic cleaning (without concommitant downtime for activation products to decay) we have actually
::mstmcted lw;)_,idermal targets which are rotated on a periodic basis.  The target is more fully described
publication 17.

(20  New precursors for nucieophilic aromatic ['8F}fiuorination. We have prepared and fully examined
a series of aryl trimethylammonium trifluoromethanesulfonates as easy 1o prepare, stable, and highly
reactive precursors for the synthesis of [18Flary! fluorides. The use of the cationic precursors allows both
the use of lower reaction temperatures and the simple isolation of nuetral, [18F]-labeled products (easily
separated from charged precursor). We also examined aryl dimethylisulfonium triftuoromethanesutfonates
as precursors, but these proved unsuitable tor high yield synthesis of aryl [8F)fluorides.

This method of fiuorination proved important in the development of [Y8F]GBR 13119 and
[18F)GBR 12909, new radiopharmaceuticals we have used in animal and human studies of the dopamine
reuptake system. Furthermore, the synthesis and appiiction of these cationic precurss has been
adopted and duplicated by at least two other research groups worldwide.

This work is reported in publications 2 and 16.

(3& Synthesis of [18F)fiuorobenzy! bromide. We have examined the synthesis of 4-
['8FFfiuorobenzyi bromide as a precursor for radiopharmaceutical syntheses. The benzy! groups is an
important functional group in a number of drugs, including dexetimide (muscarinic antagonist). We have
examined three routes to fluorobenzyt bromide. Route (a) utilized the riitrile precursor, which was then
reduced to the comesponding alkdehyde and brominated. Route (b) again utilized the nitrile precursor, but
in this case the nitrile was reduced all the way to the hydrocarbon, which was then brominated. Finally,
route (c) utilized the aldehyde as the precursor, which was in the second step brominated; this was the
shortest route to the desired product. All of these synthestic routes have worked in low yield on both the
camier and camier-free & ules.

4) Ring-opening reactions. The opening of cyclic ethers using dimethyiboron bromide has been
reported 1o yield the corresponding bromoalcohols, by the nucleophilic attack of bromide ion on the
oxygen-Lewis acid complex. We have examined the possiblliiy of interception of the incipient activated
ether by [18F}fluoride ion, to yield the corresponing [18F]tuoroaicohol. Although the reagent was
successtul in the ring-opening of cyclohexene oxide 10 the corresponding bromohydrin, in reactions
where [18F]fiuoride was added we could nt detect the presence of the | 8Fworohydrin. We are
continuing our efforts in this novel approach to fluorination of akanes.

5. [18F)Fluorination of thiophene rings. We have extanded the nucleophilic aromatic substitution

reactions with [18F)fluoride ion to include preparation of fiuorothiophenes. The reaction of ['8F}fluoride
with three thiophene-2-carboxaldehydes was examined., Substitution of the 5-bromo compound gave

reasonable yields, but the 4-bromo derivative proved unreactive, and the nitro substituted thiophene



gave small amounts of the ['8F}fiuorothiophene but mostly decomposition products. These results are
consistent with the literature on nucleophilic substitution in thiophene rings. This work is reported in

paper 5. .

6. Preparation of [18F]trifiuoromethy! groups. A new and potentially powerful method for the
synthesis of no-carrier-added ['8F)tritiuoromethy! proups has been devised, in collaboration with
scientists from Parke-Davis Co. Reaction of nca [18F]fiuoride lon with bromoditiuoromethy! groups yields
the [8Ftrifluoromethyl groups in good radiochemical yield. This reaction does not require high
temperatures or Lewis acid catalysts. This is potentially a method for labeling a wide variety of
pharmaceuticals which comtain trifluoromethyl substituents. This work is reported in paper 9.

7. Synthesis of ['8F]fluoro ethers. In an unusual reaction, we have examined the isotopic
substitution of 1,1-difluoro-2,2-dichloroethyi ethers by [18F]iluoride lon to yield the corresponding cartier-
added, fluorine-18 labeled ethers. This reaction is an isotopic substitution; reaction in the ring was ruled
out by successful synthesis of the benzene analog, and the product obtained was identical by all
chromatographic methods with authentic starting material. This substitution by nucleophiles is
precedented in the kterature of perfluoroalkyl ethers. This work is reported in papers 10 and 29

8. New approach to fluorocatechols. As part of our interests in the synthesis of fiuorine-18 labeled
catecholamines, such as dopamine, DOPA, and norepinephrine, we have examined & new synthetic
route to no carrier added fluorocatechols. This approach utilizes a substituted o-salicaylaldehyde as the
synthetic precusrsor, which is first substituted with [18F}fluoride ion and then oxidized to the catechol. By
this route we have prepared NCA [18F}fluorocatechol. This work is reported in paper 28.

9. ['8F)Fluorination of pyridazines. We have also examined the reaction of [8F][fluoride ion with
chloropyridazine, nitrogen heterocycles which may be substitutes for benzene rings in certain drugs. We
have successfully prepared several [18F)fluoropyridazines by this approach, including one which does not
have activation by a electron-withdrawing group. This work is reported in publication 30.

10. New radiotracer development. This research grant has supported in part the development of four
specific types of radiotracers, dopamine reuptake inhibitors, cakium channel blockers, GABA reuptake
inhibitors, and norepinephrine reuptake blockers.

a. Dopamine reuptake blockers. We have prepared , fully characterized, and extensively
examined in aninmal models the new radioligands ['8F)GBR 13119 and [18F]GBR 12909. These are
selective, high affinily liganas for the dopamine reuptake site. These radiotracers coulid be successtully
utilized 1o image the DA uptake sites in animals, and ['8FJGBR 12909 was fuiher developed and brought
into clinical trials. In attempts to improve the kinetic behaviour of this compound, a Emited QSAR study was
done, showing that some alterations (substitution of a thiophene ring) are allowed but other changes
(shortening of akyl chain) are not. The results in this area are in publications
1,2,3,4,5,7,8,12,13,15,19,20,22,23,25,and 26.

b. Norepinephrine reuptake blockers. We have prepared and examined in.mice a specitic high
affinity ligand for the norepinephrine reuptake site, [Y1C)nisoxetine. Atthough this radiotracer showed
regional specificity and pharmacological specificity expected of a NE reuptake inhibitor, this compound
shows high non-spedific binding which may limit its usefulness in vivo using PET. This data is reported in
publications 6,14 and 15. :

c. GABA reuptake inhibitors. In a collaboration with Parke-Davis company we have prepared
several GABA reuptake compounds as potential mapping agents for this site. These compounds utilized
the chemical synthesis methods developed for the GBR class of compounds. Animal work with these new
compounds is underway. The chemical results are described in publications9,24 and 27.

d. Calcium channel blockers. With an interest in the diakyipiperazine class of calcium channel
blockers, due to thier similarity in structure to the dopamine reuptake inhibitors, we have prepared
fuorine-18 labeled cinnarizine and flunarizine. Initial animals studies did not show regional binding to the
DA uptake site. This work is reported in publications 11 and 21.



, Project 2. Applications of Robotics in Radiopharmaceutical Synthesis.

Our Initial goals were 10 Incorporate robotics into the synthesis of PET radiotracers. Howsver, continued
successtul chemical work (funded through DOE grant DE-FG02-87ER60561, D.E. Kuhi, P.1. ) has
eliminated the need for a robot in most of our syntheses. We have therefore evaluated a robot in three
other applications.

(1) Material handiing. We have utiized the PUMA robot for the insertion and sealing of product vials
into the "rabbits™ used in our pneumatic delivery system. This was a high dose, manual operation which
defeated the goals of reduction of radiation dose to personnel. The robot proved quite adept at this
opemraﬁons.t;hols need was eliminated, however, by redesign of the rabbits and the pneumatic tube
sending n

@ Metabolite analysis. Am:ﬂne.rapeﬂﬁvetaskinPErswaesismeanalyslsoibbodsanplestor
radiotracer metabolites. This is an excelient applications point for robotics. To this end, we have modified
standard laboratory equipment (syringes, centriftuges, vortex mixers) to opertate in tandem with the PUMA
'mbot. The robot is thus capabie of performing metabolite analyses using standard SEP-PAK technology
or separations. -

In this work we have showed the feasibility of a robotic approach 1o this task. It was clear that a
simpler, less expensive robot (i.e., fewer degrees of freedom in the robot arm) would function just as well.

() Preparation of Copper-62 generators. Our most racent appiication of the robot is in the
preparation of generators for copper-62. The chemistry behind the production of the parent nuciide, zinc-
62, and assembly of a resin column used for the generator have been reproduced from the literature (our
cyclotron, at 30 MeV, can prepare zinc-62 readily). We have assembled a compact robot cage (Figure 1)
which fits inside a standard-sized chemical hood. The robot operates in the inverted position, as this
provides the greatest envelope of working space. Specialized hands for this robot have been
constructed in our faciity. The robot system is currently undergoing evaluation as a safe, automated
method for the production of copper-62 for PET stuciies in our institution.

Project 3. Review of fluorine-18 chemistry.
This grant has also supported the work by the Project Leader Michael R. Kilboum in the research for and

writing of a comprehensive review of fiuorine-18 radiopharmaceutical chemistry, which is in press (to be
published by National Academy of Sciences). This is publication 31.
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Il. Publications 1 Jan 88 - 31 Dec 80
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lil. Postdoctoral scholars trained 1988-1990 ‘

Although this DOE grant has not provided funds for the training of postdoctoral chemists, the grant has
‘ been used to support the laboratory work of a number of postdoctoral fellows. The following list of
individuals were involved in this work during the grant period.

Dr. G. Leonard Watkins
Director of PET Chemistry
University of lowa

Dr. Michael S. Haka
Research Inves!'gator
Division of Nuclear Medicine
University of Michigan

Ann Arbor, M|

Dr. Pulak Chakraborty
Research Fellow ‘
Division of Nuciear Medicine
University of Michigan

Ann Arbor, M|

Dr. Alaa Mourad

Research Fellow

Division of Nuclear Medicine
University of Michigan

Ann Arbor, M|

Dr. Raghu Subramanian
Midwest Research Institute
Kansas City, MO
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