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Fluorinated and lodinated Dopamine Agents: D2 Imaging Agents for PET and 
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A novel series of dual-labeling D2 dopamine agents (labeled with either 18F or 123I for PET or 
SPECT imaging, respectively) was investigated. Two desired /luorinated and iodinated dopamine 
agents, FIDAl,(S)-(-)-2-(2-fluoroethoxy)-5-iodo-3-methoxy-iV-t(l-ethyl-2-pyrrolidinyl)methyl]-
benzamide, and FIDA2, (flJ-t+J^.S-dimethoxy-S-iodo-iV-Id^^-fluorobenzylJ^-pyrrolidinyl)-
methyljbenzamide, were synthesized. Both compounds displayed high affinity to the D2 receptor 
of rat striatal membrane preparations (Xd = 0.13 and 0.02 nM for FIDAl and FIDA2, respectively). 
The biodistribution study in rats exhibited high localization in the striata of the brain with the 
striatum/cerebellum ratio reaching 29.3 and 13.1 at 1 h post iv injection for FIDAl and FIDA2, 
respectively. Imaging studies with [18F]- and [123I]FIDA2 in monkeys, with PET and SPECT, 
respectively, showed comparable high selective striatal uptake. These results suggest that they 
are potentially useful D2 dopamine receptor imaging agents for PET and SPECT. 

In vivo imaging of the dopaminergic system in the 
mammalian brain has been the subject of extensive studies 
in recent years. The dopaminergic system is important 
for normal brain function and is also a possible primary 
action site for various antiparkinsonian agents or neuro­
leptic drugs. There is an abundance of pharmacological 
information about the dopamine receptor.1'2 A large 
number of CNS receptor imaging agents for single photon 
emission computed tomography (SPECT) and positron 
emission tomography (PET) imaging have been reported.3"8 

In vivo imaging techniques provide a powerful tool for the 
evaluation of CNS function in normal or disease states. 

Imaging studies of CNS D2 dopamine receptors in 
humans using [uC]raclopride with PET have been re­
ported.9,10 A high ratio of specific striatal to nonspecific 
cerebellar binding in living human brain was observed. 
Using an equilibrium model and Scatchard plots, the 
affinity constant (K& = 7.1 nM, Bm^ = 15 pmol/mL) in 
living human brain was measured. The values for 
dopamine D2 receptor density were comparable to those 
determined earlier with a different imaging agent, N-
methylspiperone (Kd = 0.097 nM, Bmax • 16.6 pmol/g).u 

However, a different receptor concentration was report­
ed based on quantitative in vivo imaging studies of 
schizophrenic patients with [uC]-iV-methylspiperone 
(NMSP)7'11-13 and ["Clraclopride.9-10 NMSP showed a 
higher D2 dopamine concentration and raclopride dis­
played no change in dopamine receptor density. The 
results from the two different research groups on two 
different patient populations are controversial. This 
discrepancy may be a result of variations in the differential 
effects of endogenous dopamine concentration between 
raclopride and NMSP.14'15 In addition, differences due 
to methodology and/or patient population have been 
suggested.16 When the same patients were studied with 
either raclopride or NMSP, D2 receptor density appeared 
to be the same.17 
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Despite the attractive features associated with PET 
studies, this technique is still limited to a handful of major 
university medical centers and national laboratories, where 
an abundance of technical and financial resources is 
available. For the majority of nuclear medicine clinics, 
SPECT and planar imaging studies are the only procedures 
currently available. Generally, it is well-recognized that 
PET has higher resolution, higher sensitivity, and better 
quantitation capability than SPECT.18 The resolution of 
SPECT (full width at half-maximum, fwhm, 7-15 mm) is 
generally lower than that of PET (fwhm, 4-7 mm). 
However, SPECT is more readily available, less expensive 
to perform, and less demanding technically, because it 
does not require an on-site cyclotron. Therefore it is more 
suitable for routine clinical studies. 

A variety of substituted benzamide derivatives pos­
sessing antidopaminergic properties have been reported 
(Table I).19"22 Of these many agents, raclopride,10-23-24 

IBZM,26 IBF,26-27 epidepride,28-29 5.fluoropropylepide-
pride,30"33 and ioxipride (NCQ298)34-36 show specific D-2 
antagonistic activity and high affinity (lower K&) in rat 
striatum tissue preparations as well as low nonspecific 
binding. Three types of iodinated compounds have been 
reported as D2 dopamine SPECT imaging agents: iodo-
benzamides (see Table I), iodospiperone,36-37 and iodoli-
suride.38-39 However, due to their higher selectivity and 
better affinity, more clinical studies of D2 dopamine 
receptors with SPECT have been performed using the 
iodinated benzamide derivatives. 

Initial imaging studies in humans with [123I]IBZM,40-4S 

IBF,26-46 and epidepride28 demonstrate that these agents, 
as expected, localize in the basal ganglia area. SPECT 
imaging of normal human brain displayed a pattern that 
clearly delineated the location of the basal ganglia in the 
brain. In patients with Parkinsonian and other related 
movement disorders, [123I]IBZM-SPECT imaging studies 
appear to provide important differential diagnosis for 
patient management.41'44-47 

In order to maximize the effort and minimize the cost 
of drug development, we investigated a unique series of 
dual-labeling Dl and D2 postsynaptic imaging agents, 
which can take advantage of the best of both mo­
dalities—PET and SPECT. Data derived from PET and 
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Table I. Chemical Structures of Benzamides 
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Ki or K{ (nM) 

1.5 
1.1 
0.09 
0.43 
3.0 
0.025 
0.019 
0.106 
0.147 

0.02 
13 

ref 

3,38 
24 
24,19 
60,61 
19 
28,29 
35,38 
26,27 
51 

51 
30,31 
50 

SPECT studies cannot be readily compared because 
different ligands are required. The incompatibility is due 
to the fact that different agents are used for each modality. 
Although in many cases these ligands are close analogs, 
they are not the same molecule, and therefore pharma­
cokinetic and metabolic differences prevent their cross-
comparison. Earlier reports by Wilson et al.48,49 demon­
strated the feasibility of using [nC]- and [125I]IMB as a 
dual-labeled agent for CNS D2 receptor imaging. How­
ever, the agent is not ideal and the physical half-life of the 
nC-labeled agent (T1/2 = 20 min) may be too short for a 
full-scale pharmacokinetic analysis. 

To bridge the gap between SPECT and PET imaging 
techniques and to enhance the potential of a single 
radiopharmaceutical for clinical application, two dual-
labeling benzamides, /luorinated and iodinated dopamine 
agents (FIDA), as D2 dopamine imaging agents, which 
can be labeled with either 18F and 123I on the same molecule 
for both PET and SPECT, were prepared and evaluated. 
The design of these molecules was based on several 
considerations: they should be highly selective and have 
good affinity for D2 receptors, they should be readily 
labeled with 18F and 123I on the same molecule, and the 
corresponding 18F and 123I-labeled compounds should have 
a similar in vivo metabolism. There are a number of 
interesting lead compounds which suggest that it is possible 
to modify the benzamides to have such desired properties. 
Replacement of the 2-methoxyl group with a 2-fluoro-
ethoxy group, gives an analog (FEOB)50 with a K-, of 13 
nM; similarly, the iV-benzyl derivative, NCQ 115, shows 
a Ki of 0.143 nM (Table I). The function of this study is 
to determine whether the corresponding 5-iodo analogs of 
FEOB (to give FIDAl, 4) and NCQ115 (to give FIDA2,6) 

Scheme I. Synthesis of FIDAl and FIDA2 
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conformation for D2 dopamine receptor affinity, while 
the (S)-(-)-iV-ethyl-sub8tituted benzamides displayed the 
desired higher affinity.20'51 

Chemistry 

Preparation of FIDAl and FIDA2 was achieved as shown 
in Scheme I. The iodinated ester 1 was prepared by 
iodination of the corresponding methyl ester of 3-meth-
ylsalicylic acid using sodium iodide in the presence of 
sodium hypochlorite as an oxidant.52 O-Alkylation of 1 
with l-bromo-2-fluoroethane or methyl iodide, followed 
by basic hydrolysis, afforded the acid 3 or 5, respectively. 
Treatment of acid 3 with oxalyl chloride produced the 
acid chloride,30 which was reacted with (S)-(-)-iV-ethyl-
2-(aminomethyl)pyrrolidine (200% mol) in dichloro-
methane to give amide 4 (FIDAl). In order to conserve 
the pyrrolidine base, which is an optically active starting 
material in limited supply, 6 (FIDA2) was synthesized by 
performing a one-pot reaction using triethylamine as the 
base. The activated ester of 5 was prepared by reacting 
it with ethyl chloroformate in the presence of triethyl­
amine, followed by the addition of the mixture of (R)-
(+)-iv*-(4-fluorobenzyl)-2-(aminomethyl)pyrrolidine53(1.0 
equiv) and triethylamine (Scheme I). Both benzamide 
formation methods gave >80 % yield of the respective final 
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Scheme II. Preparation of [123I] or [125I]-S-FIDA1 and 
-B-FIDA2 
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products. The optical purities of FID Al and FID A2 were 
determined by high-pressure liquid chromatography 
(HPLC) fitted with a chiralcel OD column. Using a chiral 
column (chiracell-OD) and 10% ethanol/n-hexane, at a 
flow rate of 1 mL/min, #-(+)- and S-H-FIDA1 displayed 
retention times of 10.5 and 12.2 min, respectively. Under 
the same conditions, #-(+)- and S-H-FIDA2 showed 
retention times of 11.9 and 16.4 min, respectively. The 
sensitivity of the HPLC-chiral column method for mea­
surement of optical purity is <1%.54 

The precursors for radioiodination, tributyltin deriv­
atives 7 and 9, were synthesized by heating a mixture of 
FIDA1 or FIDA2, bis(tributyltin), tetrakis(triphenylphos-
phine)palladium, and palladium(II) acetate in triethyl-
amine at 80-90 °C overnight (Scheme II). The reaction 
produced the same result in either the presence or absence 
of palladium(II) acetate. 

The precursor, 15, prepared as in Scheme III, was 
employed for radiolabeling with [18F]-4-fluorobenzyl io­
dide to produce [18F]FIDA2. D-(+)-iV-Tritylprolinamide, 
12, was synthesized by N-benzylation with triphenylmethyl 
bromide in the presence of triethylamine.55 The reduction 
of 12 to 13 was achieved by using sodium borohydride and 
acetic acid with dioxane as the solvent. The reaction gave 
a low percentage yield, most likely due to steric hindrance 
produced by the neighboring iV-trityl group. The amine 
13 was easily separated from the starting amide by column 
chromatography, and the amide 14 was synthesized in the 
same manner as that described for the preparation of 6 
(Scheme I). The trityl group of 14 was removed by the 
addition of hydrogen chloride in ethanol; the desired amide, 
15, was obtained in good yield. 

The amide 14 showed an optical rotation value of [d]n 
• -8.40° (c = 1.4, MeOH). Subsequently, in a repeated 

Scheme IV. Preparation of [18F]-fl-FIDA2 
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run of this reaction scheme, the amide 14 was obtained 
with a strikingly different optical rotation value of [a]o 
= -3.30° (c = 1.96, MeOH). The chromatograms (HPLC, 
chiralcel OD) showed that 14 from the first run had 100% 
optical purity, but the second batch of 14 showed only 
78% optical purity, indicating that racemization had 
occurred, most likely during the reduction step, from 12 
to 13. However, in a related reaction we found that the 
sodium borohydride-acetic acid mixture effectively re­
duced iZ-(+)-l-(4-fluorobenzyl)propylamide to fl-(+)-2-
(aminomethyl)-l-(4-fluorobenzyl)pyrrolidine without ra­
cemization. A similar finding using this same reagent was 
also reported in the literature.63 Racemization of the 
reduction of (S)-l-(4-trityl)prolinamide to (S)-(-)-2-(ami-
nomethyl)pyrrolidine using lithium aluminium hydride 
was also reported previously.66 Comparing the two related 
reduction reactions mentioned above in which optical 
racemization was observed, it is apparent that the bulkiness 
of the N-trityl group may be the cause of racemization. 

Radiolabeling. (1) Radioiodination. The radio­
iodination of compound 7 or 9 with 125I at a no-carrier-
added level was accomplished by an electrophilic iodi-
nation reaction using hydrogen peroxide as an oxidant.56,67 

The radiolabeled compound [125I]-8, or -10 was readily 
separated from the starting material, the tin compound, 
by HPLC purification. The retention time for [126I]-8 or 
-10 was 4.6 and 9.0 min, respectively, as compared with 
that of the starting tin compound 7 or 9,15 and 30 min, 
respectively (PRP-1 column; solvent, acetonitrile/5 mM 
3,3'-dimethylglutarate buffer, pH 7.0 at 90/10, v/v, flow 
rate, 1 mL/min). The overall yield of the no-carrier-added 
8 or 10 was 85-90% (radiochemical purity >97%; no 
detectable UV material). [12SI]-8 or -10 was compared 
with the chemically pure, nonradioactive authentic com­
pound by HPLC using simultaneous UV and radioactive 
detections. They were determined to be the desired 
product on the basis of their identical elution profile. The 
specific activity of the final product was assumed to be 
2200 Ci/mmol. The same procedure was successfully 
applied to the radioiodination with 123I, and the radio-
labeling yields were comparable to those observed for the 
126I compounds. 

(2) 18F Labeling. Compound 15 was N-benzylated with 
[18F]fluorobenzyl iodide 18 inDMF.58-59 The product was 
purified by HPLC to give the desired compound 19 with 
10% overall yield (EOS) (Scheme IV), specific activity 
~800 /tCi/mmol, and radiochemical purity >99% (no 
detectable UV material) as determined by HPLC. 

In Vivo Biodistribution in Rats. After an iv injection 
of [125I]FIDA1 in rats, moderate brain uptake (0.41 % dose/ 
organ at 2 min) was observed (Table II). At later time 
points, a large portion of the radioactivity was washed out 
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Table II. Biodistribution of [12SI]FIDA1, 4, in Rats after 
Intravenous Injection 

% dose/organ" 

organ 

blood 
heart 
muscle 
lung 
kidney 
spleen 
liver 
skin 
thyroid 
brain 

cerebellum 
striatum 
hippo­

campus 
cortex 
ST/CB 

2min 

3.76 ± 0.42 
0.81 ± 0.18 

11.83 ± 4.03 
6.53 ± 0.43 
6.18 ± 1.22 
0.70 ± 0.16 

20.46 ± 5.46 
8.19 ± 2.98 
0.07 ± 0.00 
0.41 ± 0.04 

0.16 ± 0.02 
0.30 ± 0.04 
0.25 ± 0.05 

0.25 ± 0.03 
1.8 

30min 

1.91 ± 0.58 
0.14 ± 0.01 
8.24 ± 1.65 
0.66 ± 0.06 
1.42 ± 0.32 
0.31 ± 0.05 

22.40 ± 6.33 
4.97 ± 1.12 
0.03 ± 0.00 
0.11 ± 0.01 

60min 

0.78 ± 0.06 
0.03 ± 0.01 
1.96 ± 0.18 
0.14 ± 0.03 
0.39 ± 0.03 
0.05 ± 0.02 
7.08 ± 1.93 
1.76 ± 0.47 
0.04 ± 0.02 
0.05 ± 0.02 

Regional Uptake0 

0.03 ± 0.00 
0.24 ± 0.05 
0.05 ± 0.01 

0.05 ± 0.01 
8.2 

0.006 ± 0.00 
0.175 ± 0.05 
0.007 ± 0.00 

0.013 ± 0.00 
29.3 

120 min 

0.51 ± 0.04 
0.01 ± 0.00 
0.76 ± 0.03 
0.04 ± 0.00 
0.11 ± 0.01 
0.01 ± 0.00 
2.24 ± 0.20 
0.75 ± 0.13 
0.03 ± 0.03 
0.02 ± 0.00 

0.0016 ± 0.00 
0.095 ± 0.03 
0.0006 ±0.00 

0.0014 ± 0.00 
60.7 

° Average of three rats.b Expressed as % dose/gram. 

Table III. Biodistribution of [125I]FIDA2, 6, in Rats after 
Intravenous Injection 

% dose/organ" 

organ 

blood 
heart 
muscle 
lung 
kidney 
spleen 
liver 
skin 
thyroid 
brain 

cerebellum 
striatum 
hippo­

campus 
cortex 
ST/CB 

2 min 

2.08 ± 0.38 
1.38 ± 0.22° 

11.14 ± 1.56 
7.82 ± 0.34 
6.77 ± 0.59 
1.19 ±0.25 

19.41 ± 4.79 
6.08 ± 1.94 
0.07 ± 0.02 
0.98 ± 0.12 

30 min 

0.87 iO.146 

0.16 ± 0.03° 
10.87 ± 0.77° 
1.06 ± 0.02° 
2.96 ± 1.55 
0.43 ± 0.01° 

12.69 ± 0.98" 
7.04 ± 1.44° 
0.04 ± 0.01° 
0.21 ± 0.04* 

Regional Uptaki 
0.49 ± 0.08 
0.59 ± 0.08 
0.47 ± 0.10 

0.63 ± 0.16 
1.20 

° Average of three rats. 
dose/gram. 

0.09 ± 0.01° 
0.40 ± 0.07° 
0.14 ± 0.01° 

0.14 ± 0.02° 
4.4 

60 min 

0.64 ±0.08 
0.06 ± 0.01 
4.21 ± 0,64 
0.32 ± 0.06 
1.38 ± 0.20 
0.14 ± 0.01 

10.44 ± 2.40 
8.56 ± 1.84 
0.03 ± 0.01 
0.10 ± 0.03 

sc 

0.03 ± 0.01 
0.37 ±0.11 
0.05 ± 0.01 

0.04 ± 0.01 
13.1 

120 min 

0.46 ± 0.08 
0.03 ±0.00 
2.04 ± 0.30° 
0.15 ± 0.01 
0.42 ± 0.06 
0.05 ± 0.00 
5.71 ± 1.04 
5.75 ± 1.00 
0.03 ± 0.01 
0.05 ± 0.00 

0.01 ± 0.00 
0.23 ± 0.03 
0.01 ± 0.00 

0.01 ± 0.00 
25.2 

, b Number of rats = 2.c Expressed in % 

from brain (0.05% dose/organ at 1 h postinjection). The 
liver uptake remained high for the first 30 min and rapidly 
washed out 1 hr postinjection. The target to nontarget 
ratio in brain (striatum contains a high density of D2 
dopamine receptors, while cerebellum is essentially devoid 
of D2 dopamine receptors) was determined by regional 
dissection. The striatum/cerebellum (ST/CB) ratio of 
[125I]FIDA1 dramatically increased with time: 8.26,29.3, 
and 60.7 at 30, 60, and 120 min, respectively (Table II). 
This type of profound increase in target to nontarget ratio 
vs time was not observed for the other two regions, 
hippocampus and cortex (Table II). These results suggest 
that in regions with nonspecific association, i.e. regions 
low in dopamine receptors, the agent is washed out rapidly, 
whereas the striatum (rich in dopamine receptors) shows 
prolonged retention. 

[125JJFIDA2 exhibited higher brain uptake (0.98 % dose/ 
organ at 2 min postinjection) in rats than [125I]FIDA1 
(Table III). Similarly, the radioactivity was also washed 
out from the brain (0.10 % dose/organ at 1 h postinjection). 
High initial uptake in the liver was also observed, but the 
clearance of radioactivity was slower than that of [125I]-
FIDA1. The ST/CB ratio of [126I] FIDA2 showed a gradual 
increase, from 1.2 at 2 min to 25.2 at 120 min. The studies 
on ex vivo autoradiography of these compounds (data not 

Chumpradit et al. 

Table IV. Inhibition Constants of Compounds on [126I]FIDA1 
and [125I]FIDA2 Binding to Rat Striatal Membranes0 

Ki (nM) 

compd 

spiperone 
eticlopride 
(+)-butaclamol 
raclopride 
SCH23390 
WB 4101 
yohimbine 
quinpirole 
dopamine 
atropine 
naloxone 
5-HT 
(±)-propanolol 

receptor type 

D2 antagonist 
D2 antagonist 
D2 and Dl 
D2 antagonist 
Dl antagonist 
al-adrenergic 
a2-adrenergic 
DA agonist 
DA agonist 
cholinergic 
opiate 
5-HT 
^-adrenergic 

FIDA1,4 

0.02 ± 0.003 
0.014 ± 0.002 
1.05 ± 0.12 
2.31 ± 0.43 
460 ±38 
33.1 ± 1.5 

2053 ± 410 
1437 ± 175 
>10000 
>10000 
>5000 
>10000 

FIDA2,6 

0.03 ± 0.01 
0.06 ± 0.005 
0.40 ± 0.02 
5.0 ± 0.8 
536 ± 33 
23.2 ± 2.2 
505 ±70 
8000 ±1600 
5268 ± 1000 
>10000 
> 10000 
>3000 

"Kd values for FIDA1 and FIDA2 were 0.13 and 0.02 nM, 
respectively. 

shown) also confirmed the selective regional distribution 
with high striatal localization reflecting D2 dopamine 
receptor distribution. 

Since [125I]FIDA2 showed a higher brain uptake than 
[126I]FIDA1, FIDA2 was chosen for 18F labeling and PET 
imaging in monkeys. 

Binding Study. Competition study with various types 
of receptor ligands indicated that [125I]FIDA1 and [125I]-
FIDA2 specifically bind to the dopamine 02 receptor with 
high selectivity (Table IV). The Kd values for FIDA1 and 
FIDA2 were 0.13 and 0.02, respectively. The rank order 
of inhibition for the binding of [125I]FIDA1 and [125I]-
FIDA2 to the membrane preparations of rat striata by 
antagonists was consistent with the pharmacology of D2 
receptors (Table IV); i.e., only D2 selective ligands showed 
high affinity for [126I]FIDA1 and [126I]FIDA2 binding, 
while the compounds selective for other receptors showed 
relatively low affinity. Thus, the selective antagonists 
spiperone, raclopride, and eticlopride were more potent 
than (+)-butaclamol, WB4101, yohimbine, ketanserin, and 
SCH-23390, but they were less potent as inhibitors. (-)-
Butaclamol, naloxone, and propranolol showed little 
inhibition toward the binding of [125I]FIDA1 and [125I]-
FIDA2. All of the ligands used in this study displaced 
[i25 I ]F IDA1 and [i25I]FIDA2 binding with pseudo-Hill 
coefficients close to 1.0, with the exception of dopamine 
as a D2 agonist, which may have two-site binding. The 
introduction of fluorine and iodine atoms in the same 
benzamide molecule appears to retain the D2 dopamine 
receptor binding affinity. 

In Vivo Monkey Imaging 

SPECT imaging of monkey brain using a triple-headed 
y camera after iv injection of [123I]FIDA2 can clearly 
delineate the basal ganglia as discrete structures 1 h after 
imaging. The target to nontarget (basal ganglia to 
remaining brain structures) ratio increases with time. Both 
[123I]FIDA2 and [18F]FIDA2 (done in the same monkey 
once on two different days) show high initial uptake in the 
monkey brain with moderate uptake in the soft tissues of 
the head and neck (images not shown). The combined 
regional distribution data from PET and SPECT strongly 
suggest that in the same monkey these two modalities 
with FIDA2,6, which has both fluorine and iodine on the 
same molecule, show closely similar brain uptake and 
washout (Figure 1). Initial metabolite analysis of plasma 
from the monkey after the injection of [123I]FIDA2 or [18F]-
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Figure 1. Comparison of [125I]FIDA2 (by SPECT imaging) and 
t18F] FIDA2 (PET imaging) uptake and washout curves from basal 
ganglia (BG), cortex (CTX), and cerebellum (CB) of monkey 
brain. 

FIDA2 shows different metabolism rates. The [18F]FIDA2 
appears to show a faster metabolic rate than that observed 
for [123I]FIDA2 (data not shown). However, the regional 
brain uptake and washout of FIDA2 appears to be the 
same with either [123I]FIDA2 or [18F]FIDA2. Additional 
studies are needed to validate the kinetics of metabolism 
and to evaluate the quantitative modeling of D2 receptor 
density in vivo. 

In conclusion, preliminary data suggest that this series 
of compounds, which can be labeled with either 18F for 
PET or 123I for SPECT imaging, are potentially useful D2 
dopamine receptor imaging agents for PET and SPECT. 
Ultimately, this approach may lead to the development 
of a simple and useful imaging procedure for studying the 
D2 receptor with either PET or SPECT. By using the 
same molecule for two imaging modalities, one can expect 
the same pharmacological profile, toxicology, and phar­
macokinetics (to the extent that the biodistribution of the 
123I- and 18F-labeled parent compound is the same). 
However, the similarities and differences of the biodis­
tribution of metabdlite(s) of different 123I and 18F moieties 
will have to be investigated and validated. 

Experimental Sect ion 

General Methods. NMR were recorded on a Varian EM 360A, 
a Bruker WM-250 (250 MHz), or a Bruker AM 500 (500 MHz) 
spectrometer. The chemical shifts were reported in ppm 
downfield from an internal tetramethylsilane standard. Infrared 
spectra were obtained with a Mattson Polaris FT-IR spectro­
photometer. Melting points were determined on a Meltemp 
apparatus and are reported uncorrected. HPLC was performed 
on Model Rabbit HP from Rainin Instrument Co., Inc. (Em­
eryville, CA) using a chiral column (chiralcel-OD, 4.1 X 250 mm; 
Diacel Inc., Los Angeles, C A). The optical rotation of compounds 
was measured on a Perkin-Elmer 243B polarimeter. Mass spectra 
were recorded on the mass spectrometer VG 70-70 HS with 
chemical ionization (CI), using methane or ammonia gas. 
Elemental analyses were performed by Atlantic Microlabs, Inc., 
of Norcross, GA, and were within 0.4% of the theoretical values. 

Materials. Dichloromethane was refluxed and distilled from 
calcium hydride. D-Proline, L-proline, 3-methoxysalicyclic acid, 
oxalyl chloride, and ethyl chloroformate were purchased from 
Aldrich (Milwaukee, WI) and were used without further puri­
fication. (S)-(-)-JV-ethyl-2-(aminomethyl)pyrrolidine was ob­
tained from the resolution of (ftS)-(±)-N-ethyl-2-(aminomethyl)-
pyrrolidine according to the published procedure.60'81 CR)-(+)-
and (S)-(-)-2-(aminomethyl)-l-(4-fluorobenzyl)pyrrolidine were 
synthesized according to the literature.53 

Methyl 5-Iodo-3-methoxysalicylate(l).52 Theesterification 
of 3-methoxysalicylic acid was performed according to the 
literature.30'62 The ester product (1.68 g, 9.20 mmol) was dissolved 
in methanol (35 mL). Sodium iodide (1.38 g, 9.20 mmol) and 
sodium hydroxide (0.34 g, 9.2 mmol) were added, and the solution 

was cooled to 0 °C. To this solution was added aqueous sodium 
hypochlorite (17.25 g, 5 % NaCIO) dropwise. The colorless slurry 
mixture was stirred for 1 h at 0-3 °C and then treated with 10% 
aqueous sodium thiosulfite. The mixture was adjusted to pH 7 
using 5 % aqueous HC1. Ether (50 mL) was added, and the layers 
were separated. The ether layer was washed with brine and dried 
over anhydrous sodium sulfate. After the ether was evaporated, 
the crude orange solid was purified by column chromatography 
(silica gel, CHC13) to obtain 1.2 g (43%) of the iodo product: mp 
104 °C (lit.62 mp, 110-112 °C). The spectra are consistent with 
those published in the literature.62 

2-(2-Fluoroethoxy)-5-iodo-3-methoxybenzoic Acid (3). 
Compound 1 (0.943 g, 3.66 mmol) was dissolved in dried acetone 
(40 mL), and potassium carbonate (1.5 g, 10.86 mmol) was added, 
followed by l-bromo-2-fluoroethane (2.5 g, 19.68 mmol). The 
mixture was refluxed with stirring for 48 h. Acetone was 
evaporated and the residue was dissolved in dichloromethane, 
washed several times with water, and dried over anhydrous 
sodium sulfate. Dichloromethane was evaporated under reduced 
pressure. The crude product was purified by column chroma­
tography (silica gel, ethyl acetate/petroleum ether, 20/80) to 
obtain 0.9 g (86 %) of compound 2. The ester 2 was hydrolyzed 
to the acid 3 by a method based on the published procedure30 to 
provide a white solid in 79% yield: mp 125-126 DC; FT-IR (KBr) 
v 3450 (br, OH), 1740 (strong, CO); »H NMR (CDC13) « 8.05 (d, 
1 H), 7.39 (d, 1 H), 4.78 (m, 1 H), 4.68 (m, 1 H), 4.52 (m, 1 H), 
4.46 (m, 1 H), 3.88 (s, 3 H). Anal. Calcd (CI, high-resolution 
spectrum) for Ci0Hi0O4IF (M + H) 339.96, found 339.96. 

(S)-(-)-2-(2-Fluoroethoxy)-5-iodo-3-methoxy-JV-[(l-ethyl-
2-pyrrolidinyl)methyl]benzamide, FIDA1 (4). Acid 3 (0.50 
g, 1.47 mmol) was dissolved in dichloromethane (12 mL). The 
reaction solution was cooled to 0 °C and oxalyl chloride (0.45 
mL, 5.1 mmol) was added, followed by DMF (30 JJL).30 The 
solution was stirred at 0 °C for 30 min and concentrated in a 
rotary evaporator (bath temperature ~30 °C). The slightly 
yellow, solid acid chloride was redissolved in dichloromethane 
(12 mL). To this acid chloride solution was added the amine 
(S)-(-)-N-ethyl-2-(aminoethyl)pyrrolidine (0.30 g, 2.9 equiv). 
After stirring at room temperature for 20 min, the solvent was 
evaporated under reduced pressure. The residue was redissolved 
in dichloromethane, washed with 5% NaHC03, dried over 
anhydrous sodium sulfate, and filtered; the solvent was removed 
under reduced pressure. The crude oil product was purified by 
column chromatography (silica gel, CH^CWMeOH, 90/10) to 
afford 4 (0.52 g, 81 %) as an oil: [a]D = -43.710° (c = 4.25, MeOH); 
MS m/z 451 (M + H); FT-IR (neat) v 3400 (br, NH of amide), 
1660 (strong, CO); *H NMR (CDC13) 5 8.04 (br, 1 H), 8.01 (d, 1 
H, J = 1.84 Hz), 7.27 (d, 1 H, J = 1.90 Hz), 4.70 (m, 1 H), 4.60 
(m, 1 H), 4.32-4.28 (m, 2 H), 3.86 (s, 3 H), 3.75 (dddd, 1H), 3.27 
(dt, 1H), 3.18 (m, 1H), 2.89 (sext, 1H), 2.70 (m, 1H), 2.26 (sext, 
1 H), 2.18 (q, 1 H), 1.89 (m, 1 H), 1.71 (m, 2 H), 1.62 (m, 1 H), 
1.11 (t, 3 H); 13C NMR (CDCI3) « 163.84,152.90,145.62,131.79, 
128.85,123.95,87.42,82.72,81.36,77.25,76.99,76.74,72.62,72.47, 
62.74,59.32,53.47,50.61,48.28,41.77,28.35,22.51,13.53; optical 
purity = 100 %, tR = 12.28 min (chiralcel OD, 10 % ethanol/hexane, 
1 mL/min). Anal. Calcd for C25H36IO9N2F (tartrate salt) C, H, 
N. 

5-Iodo-2,3-dimethoxybenzoic Acid (5). The procedure is 
the same as the synthesis of 2, except that methyl iodide was 
used as an O-alkylation agent. After workup and purification, 
the methyl 5-iodo-2,3-dimethoxybenzoate was obtained in 96% 
yield. The final compound 5 was obtained in 81% yield: mp 
118-119 °C (lit.62 mp 117-118 °C). The spectra are the same as 
those published in the literature.62 

(S)-(-)-2-(Fluoromethoxy)-3-methoxy-AT-[(l-ethyl-2-pyr-
rolidinyl)methyl]-5-(tri-n-butylstannyl)benzamide (7). 
FIDA1 (4,0.52 g, 1.19 mmol) was dissolved in triethylamine (10 
mL). Palladium(O) acetate (0.02 g, 0.089 mmol), and tetrakis-
(triphenylphosphine)palladium(O) (0.045 g, 0.039 mmol) were 
added, followed by bis(tributyltin) (1.04 mL, 2.05 mmol). The 
mixture was heated to 95-100 °C (oil bath) for 2.5 h. The black 
reaction mixture was filtered and the black solid washed with 
triethylamine. The filtrate was evaporated under reduced 
pressure (temperature < 50 °C). The oil residue was purified by 
column chromatography (Silica gel, EtOAc/MeOH/NH«OH, 90/ 
10/1) to afford a clear oil of 7 (0.31 g, 42 %): FT-IR (neat) v 3400 
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(C=0), 3000-2800 (very strong, nonaromatic CH), 1670 (strong, 
C=0); "H NMR (CDC13) & 8.08 (br, NH), 7.74 (s, 1 H), 7.06 (s, 
1 H), 4.76 (m, 1 H), 4.66 (m, 1 H), 4.35-4.26 (m, 2 H), 3.79 (s, 3 
H), 3.77 (dddd, 1H), 3.28 (br, 1H), 3.18 (br, 1H), 2.91 (br, 1H), 
2.30 (br, 1 H), 2.19 (br, 1 H), 1.90 (br, 1 H), 1.70 (br, 2 H), 1.13 
(t, 3 H), 1.54-0.84 (m, 27 H); l3C NMR (CDCI3) & 166.28,151.63, 
145.76,138.08,130.50,126.08,122.96, 82.95, 81.59, 77.23, 76.97, 
76.72, 72.47, 72.32, 64.10, 56.06, 53.52,49.12,41.50, 30.74, 29.0-
9.69 (18 peaks). Anal. Calcd for C^HsiF^OsSn C, H, N. 

(J*)-(+)-2,3-Dimethoxy-AT-[[l-(4'-fIuorobenzyl)-2-pyrro-
lidinyl]methyl]-5-iodobenzamide, FIDA2 (6). Acid 3 (0.262, 
0.84 mmol) was dissolved in dichloromethane (6 mL), and the 
solution was cooled to 0 °C. To this acid solution were added 
triethylamine (0.15 mL, 1.10 mmol) and ethyl chloroformate (0.1 
mL, 1.0 mmol) in dichloromethane (2 mL) during stirring at 0 
°C. After 1 h, a mixture of (ii)-(+)-2-(aminomethyl)-l-(4-
fluorobenzyDpyrrolidine (0.208 g, 1.0 mmol) and triethylamine 
(0.15 mL, 1.10 mmol) in dichloromethane (5 mL) was added to 
the reaction solution. The mixture was stirred at 0 ° C for another 
1.5 h; the solvent was evaporated under reduced pressure. The 
residue was redissolved in dichloromethane, washed three times 
with water, and dried over anhydrous sodium sulfate. The solvent 
was rotoevaporated, and the crude product was purified by column 
chromatography (silica gel, CH2Cl2/MeOH/NH4OH, 95/5/1) to 
obtain 0.348 g (82%) of FIDA2 6: [a]D = +71° (c = 3, MeOH); 
MS m/z 516 (M+) FT-IR (neat) v 3399 (medium, C=0), 1660 
(strong, C=0); 'H NMR (CDCI3) « 8.35 (br, 1 H), 7.68 (d, 1 H), 
7.26 (m, 2 H), 6.96 (m, 3 H), 3.97 (d, 1 H), 3.88 (s, 3 H), 3.84 (s, 
3 H), 3.81 (dd, 1 H), 3.31 (d, 1 H), 3.24 (d, 1 H), 2.91 (br, 1 H), 
2.75 (br, 1 H), 2.17 (br, 1 H), 1.94 (m, 1 H), 1.68 (br, 2 H), 1.59 
(s, 1 H); optical purity • 100%, tR - 11.92 min (chiralcel OD, 
10%ethanol/hexane,lmL/min). Anal. Calcd for C25H3IO9N2F 
(tartrate salt) C, H, N. 

(•R)-(+)-2,3-Dimethoxy-JV-[[l-(4'-fluorobenzyl)-2-pyrro-
lidinyl]methyl]-5-(tri-ii-butylstannyl)benzaniide (9). Using 
the same procedure as for the synthesis of compound 7,45% of 
the desired product was obtained: :H NMR (CDC13) 8.30 (br, 
CO), 7.73 (d, 1 H, J = 1.08 Hz), 7.22 (m, 2 H), 7.04 (d, 1 H, J = 
0.97 Hz), 6.90 (m, 2 H), 2.94 (d, 1H), 3.82 (s, 3 H), 3.79 (m, 1 H), 
3.78 (s, 3 H), 3.20 (dt, 1H), 3.17 (d, 1 H), 2.85 (br, 1H), 2.71 (br, 
1 H), 2.11 (q, 1 H), 2.09 (m, 1 H), 1.64 (m, 3 H), 1.48-0.80 (m, 
27 H). Anal. Calcd for CsgHsiOaNaFSn C, H, N. 

(J3-(-)-2,3-Dimethoxy-5-iodo-JV-(2-pyrrolidinylmethyl)-
benzamide (15). (R)-(+)-Prolinamide 11, was converted to (R)-
(+)-iV-tritylprolinamine, 12, using the procedure published in 
the literature,66 but with trityl bromide instead of trityl chloride. 
Compound 12 was reduced to (r?)-(-)-2V-tritylprolinamide, 13, 
using sodium borohydride, acetic acid, and dioxane.63 Amine 12 
was condensed with acid 5 on the same basis as the synthesis of 
compound 6, to afford iV-tritylbenzamide (14). Compound 14 
was treated with hydrogen chloride in ethanol to give 15 in 65% 
yield: [«]D • -8.4 °C (c.- 1.4, MeOH); mp 200-202 °C (hydro­
chloride salt); FT-IR (KBr) v 3390 (br, NH), 3300 (sharp, NH 
(amide)), 1660 (strong, C=0); 'H NMR (CDC13) h 8.29 (br, NH), 
7.95 (d, 1 H, J « 1.95 Hz), 7.25 (d, 1 H, J = 1.99 Hz), 3.90 (s, 3 
H), 3.84 (s, 3 H), 3.57 (m, 1 H), 3.47 (m, 1H), 3.39 (m, 1 H), 3.00 
(m, 2 H), 1.93 (m, 1 H), 1.83 (m, 1 H), 1.78 (m, 1 H), 1.50 (m, 1 
H); optical purity = 100%, tR - 8.75 min (chiralcel OD, 10% 
ethanol/hexane, 1 mL/min). Anal. Calcd for C14H20CIIO3N C, 
H,N. 

1MI or 1MI Labeling. Aqueous hydrogen peroxide (50 iiL, 3 % 
w/v) was added to a mixture of 50 ML of compound 7 or 9 (1 
mg/mL of EtOH), 50 ML of 0.1 N HC1, and 5 ML of [126I]- or 
[123I] sodium iodide (2-3 mCi, no carrier added) in a sealed vial. 
The reaction was allowed to proceed at 23 °C for 30 min, after 
which it was terminated by the addition of 0.1 mL of sodium 
bisulfite (300 mg/mL). The reaction mixture was neutralized 
via the addition of saturated NaHCOs solution and then extracted 
with ethyl acetate (3X1 mL). The combined organic layers 
were passed through an anhydrous sodium sulfate column (0.2 
cm X 5 cm) and evaporated to dryness by a stream of nitrogen. 
The residue was dissolved in 100% ethanol (50-100 /tL), and the 
desired product, [128I]- or [123I]FIDA (8 or 10), was isolated from 
unreacted 7 or 9 and a small amount of unknown radioactive 
impurities by HPLC, using a reverse-phase column (PRP-1, 
Hamilton, Inc.) and an isocratic solvent 90% acetonitrile/10% 

pH 7.0 buffer (5 mM, 3,3-dimethylglutaric acid). The appropriate 
fractions were collected, condensed, and extracted with ethyl 
acetate (1X3 mL). The solution containing the no-carrier-added 
product was evaporated to dryness and the residue was dissolved 
in 100% ethanol (purity > 97%, 75% overall yield). The no-
carrier-added products, after dilution with saline, were used for 
the in vivo and in vitro studies. 

18F Labeling. [18F]-19 was prepared by N-alkylation of 15 
with [18F]-4-fluorobenzyl iodide using a modification of the 
published method.68 No-carrier-added aqueous [18F]fluoride (115 
mCi) was prepared by the University of Pennsylvania JSW BC 
3015 cyclotron via the 180(p,n)18F nuclear reaction on a small 
volume enriched-water (98%) target. The target material was 
passed through an AG1-X8 (Bio-Rad) anion exchange resin 
(hydroxide form, 20-30 mg) and converted into [18F]-CsF by 
elution with 0.5 mL of aqueous cesium carbonate (4 mg/mL) into 
a glass reaction vessel. The water was removed in vacuo at 90 
°C under a stream of nitrogen and the [18F]CsF was redissolved 
in a solution of 200 ML of DMSO/7 nh water. A mixture of 16 
in 100 mL of DMSO was added and the reaction mixture was 
heated at 120 °C for 10 min.69 Following Sep pak purification, 
the [18F]-4-fluorobenzaldehyde, 17, was converted to 4-[18F]-
fluorobenzyl iodide, 18, according to the published method.69 

N-Alkylation of 15 was performed by heating a mixture of 15 and 
18 in 500 mL of DMF at 90 °C for 10 min. The crude product 
was purified by C18 reversed-phase HPLC (0.1 M ammonium 
formate/methanol, 20:80) to give 6.8 mCi of [l8F]-19 (10% 
radiochemical yield decay corrected to SOS). The total synthesis 
time was 130 min and the specific activity of [18F]19 was ~800 
mCi/^mol. The radiochemical purity was >99%. 

Biodistribution in Rats. Male Sprague-Dawley rats (225-
300 g), allowed free access to food and water, were used for in 
vivo biodistribution study. While the rats were under ether 
anesthesia, 0.2 mL of a saline solution containing [123I]FIDA 8 
or 10 (8-10 MCi) was injected directly into the femoral vein, and 
rats were sacrificed at various time points postinjection by cardiac 
excision under ether anesthesia. The organs of interest were 
removed and weighed and the radioactivity was counted with a 
Packard 7 automatic counter (Model 5000). The percentage dose 
per organ was calculated by a comparison of the tissue counts to 
suitably diluted aliquots of the injected material. Total activities 
of blood and muscle were calculated under the assumption that 
they were 7% and 40% of the total body ̂ eight, respectively. 

Regional brain distribution in rats was obtained after an iv 
injection of [123I]FIDA 8 or 10. By dissecting, weighing, and 
counting samples from different brain regions (cortex, striatum, 
hippocampus, and cerebellum), the percentage dose/gram of the 
sample was calculated by comparing the sample counts with the 
court of the diluted initial dose. The uptake ratio of each ratio 
was obtained by dividing the percentage dose/gram of each region 
by that of the cerebellum. 

In Vitro Binding. Rat tissue homogenates were prepared as 
described previously.2627 The binding assays were performed by 
incubating 50 nL of tissue preparations containing 40-60 pg of 
protein with appropriate amounts of 126I-labeled ligand and 
competitors in a total volume of 0.2 mL of the assay buffer. After 
an incubation period of 15 min at 37 °C (with stirring), the samples 
were rapidly filtered in a cell harvester (Brandel M-24R) under 
vacuum through Whatman GF/B glass-fiber filters pretreated 
with 0.2% protamine base and washed with 3X5 mL of cold (4 
°C) 50 mM Tris-HCl buffer, pH 7.4. The nonspecific binding 
was obtained in the presence of 10 jtM (-t-)-butaclamol. The 
filters were counted in a 7-counter at an efficiency of 70 %. Both 
Scatchard and competition experiments were analyzed with the 
iterative nonlinear least squares curve-fitting program LIGAND.63 

In Vivo SPECT and PET Imaging of Monkey Brain. Male 
cynomologus monkeys (~ 5 lbs) were anesthetized with ketamine 
(10-20 mg/kg) and maintained on a 1% Isoflurane/99% oxygen 
mixture throughout the imaging procedure. No carrier-added 
[ 18F]- or [ 123I] FIDA2 in saline was administered in the saphenous 
vein. SeriesofSPECTor PET images were obtained on a Picker 
prism camera (using fan beam collimation, 20% window, set at 
159 keV, a similar imaging parameter as that reported previously 
for SPECT).67 Tomographic slices 4 mm thick were obtained, 
and counts in different regions, i.e. basal ganglia, cortex, and 
cerebellum, were obtained. For PET imaging studies, a PENN-
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PET is used and data for different brain regions were obtained 
using a similar regions of interest analysis.64 
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