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A senies of fluorine-18 and 1odie-125 labeled aryi-1,4-dialkylpiperazine analogs, derivatives of GBR
12935, were synthesized as radiotracers for positron emussion tomography or single photon emission
computenzed tomography maging of the brain based on their affimity for the presynaptic dopamine
reuptake system High specific activity fluorine-18 tracers were prepared by nucleophilic aromatic
substitution reactions, 10dine-125 tracers were prepared by 1sotopic exchange reactions In vitro competi-
tive binding studies demonstrated that 1odine substitution 1s tolerated in the 4-position of the phenyl ning
of the phenalkylpiperazine group In viwo regional brain biodistribution studies 1n mice indicated no
selectivity of the radioiodinated higands for the dopamine reuptake site, with striatum/cerebellum
concentration ratios of 1. Similar negative results with the new fluorine-18 derivatives demonstrated that
in vwo selectivity for the dopamine reuptake site appears to be critically dependent on the carbon chain
length between the piperazine ring and the solitary aromatic ing These studies suggest that development
of new radiopharmaceuticals based on the GBR 12935 structure cannot be based solely on considerations

of n vitro binding affimties

Introduction

Potent, highly selective dopamine reuptake inhibitors
1n the aryl-1,4-dialk(en)ylpiperazine series (Scheme 1)
have been recently reported (van der Zee et al , 1980)
An interesting feature of this class of compounds 1s
their hugher selectivity for the dopaminergic uptake
system than for the noradrenergic or serotonimergic
uptake systems compared to previously reported
dopamine reuptake inhibitors such as nomufensine,
mazindol and cocaine. The latter compounds also
have the disadvantage of being potent releasers of
dopamine, a property not shared by the aryl-14-
dialk(en)ylpiperazines (Hoffman et al., 1986). Studies
conducted with a phenylpropenyl derivative,
[PHIGBR 12783 (Chagraowm et al, 1987; Leroux-
Nicollet and Costentin, 1988), and the phenylpropyl
dertvatives [¥F]JGBR 13119 (Kilbourn, 1988) and
(*F]GBR 12909 (Haka et al., 1989), have demon-
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strated that these compounds retain their high affinity
and specificity for the dopamine reuptake system m
viwvo [BFIGBR 12909 has been recently used to image
the presynaptic dopammne reuptake system in the
human brain using positron enmussion tomography
(PET) (Koeppe et al, 1990) An I-125 labeled azido
analog 1n this series was also recently reported to be
a potential photoaffimty label for the dopamine
uptake carrier protein (Grigonadis et al, 1989) An
mportant observation was the high i vutro potency
(K, = 10-20 nM) displayed by this particular analog
despite the incorporation of an 10dine atom and an
azido group 1n the 3 and 4 positions, respectively, of
the solitary aromatic ring. Encouraged by these re-
sults, we have pursued the development of new
radiotracers based on this series of compounds, and
1n particular radiolodinated analogs which might find
more widespread clinical use due to the greater
availability of single photon emission computed
tomography (SPECT) instrumentation.
Examination of the single imited SAR study of the
aryl-1,4-dialkylpiperazines revealed that analogs
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GBR 12935 Ri=Ry=H
GBR 13119 R1=H, Ry =F
GBR 12965 Ri=Ri=F
Scheme 1

bearing small-volume halogen substituents on the
aromatic rings led to highly potent inhibitors (van der
Zee et al., 1980) No signmificant reduction 1n dopa-
mine reuptake inhibition resulted from replacement
of the phenylpropenyl portion of GBR 12783 with a
phenylpropyl group (GBR 12935), and furthermore,
phenethyl or phenylbutyl groups caused only shght
decreases 1n potency (van der Zee er al, 1980)
Our goal n this work was twofold

(1) to explore the effect of shortening the carbon
chain length between the solitary aromatic
ring and the piperazine ring on in viwo specifi-
city for the dopamine reuptake system; and

(2) to determine 1f analogs labeled with 10dine-
125 on an aromatic ring would retain the gh
affinity and specificity displayed by the parent
compounds.

The radiofluorinated derivatives ['*F]3a and ['*F}3b
and the radiowodinated analogs ['*1|8a, ['**1]8b,
['*I}8¢ and ['**I]12 were synthesized and their regional
in vwo brain distnbution m CD-1 mice were com-
pared to ['®*F]GBR 13119 and ["®FIGBR 12909, the
['*F]fluorinated ligands currently beng evaluated in
PET studies of the dopamine reuptake system

Experimental

Melting points were obtained with a Fisher—Johns
melting point apparatus and are uncorrected Infra-
red spectra were recorded on a Perkin—Elmer 727B
spectrometer. '"H-NMR spectra were obtained on a
Bruker WM-360 (360 MHz) instrument with tetra-
methylsilane as internal standard. Mass spectra were
obtained on a Finmigan 4021 GCMS/DS (low resol-
ution) or a UG70-250-S (high resolution) istrument
3-Iodophenylacetic acid was purchased from Sapon
Laboratories, Aurora, OH All other chemical
reagents were purchased from Aldrich Chemical
Company, Milwaukee, WI Flash chromatography
was performed by the method of Still et al (1978)
Elemental analyses were performed by Spang,
Microanalytical Laboratories, Eagle Harbor, MI

Thin-layer chromatography of the radioactive
products was performed on either Whatman Ko6F
silica gel glass-backed plates (20cm, 250 um) or
Whatman KCI18F reversed phase glass-backed plates

(20 cm, 200 pm) TLC chromatograms were scanned
for radioactivity using a Berthold Model LB 2832
TLC-linear analyzer equipped with a Model LB 500
data acquisition system.

HPLC was carnied out on a Beckmann Instrument
Model 344 liquid chromatograph equipped with a
Beckman Model 155-00 u.v detector Radioactivity
was momtored with either a Beckman Model 170
radioisotope detector or a Radiomatic Instruments
Model DR/IC Flo-one radioactive flow detector with
a Model CU data acquisition system upgrade con-
taining a 340 pL solid scinullant cell For the punfi-
cation of the I-125 labeled tracers a Phenomenex
Ultremex C-18, 5um (4 6 x 150 mm) column was
used with 0 1 M ammonium acetate, pH=168 (A)
and 95% ethanol (B) mixtures under the following
condiions For ['*I|8a A'B 1:4; flow rate 1 mL
min ', retention time 10 6 muin; For ['*I|8b A B 1 4,
flow rate 1 5mL min~'; retention time 11 0 min For
[**18¢ A B 13 87, flowrate 1.2 mL min ', retention
ume 70 min For ['*1]12 A B 15 85, flow rate 1 mL
mim~', retention time 90mn. Ultraviolet ab-
sorbance was monitored at 233nm in the above
cases Specific activity determinations for the radio-
1odinated tracers ['*I]8a, ['*I]8b and [‘*’I]8¢ were
estimated from a standard curve relating mass to
uv absorbance peak area as described previously
(Van Dort et al., 1988) utiizing the HPLC conditions
described above For ['®I]12 a u Bondapak cyano
column, 10 gm, (3 9 x 300 mm) was used with 0 1 M
ammontum acetate (pH = 6 8) acetomitnile (1 1) ata
flow rate of 2 mL mun~' and u.v detection at 237 nm
The retention time of ['*I]12 was 7.9 mun under these
conditions

High specific activity, no-carrier-added [*F]-
fluoride 10n was prepared by irradiation of a ['*O]-
water target, as previously described (Mulholland
et al, 1989) Na['®I] 1odide was obtained from
Nordion Ltd, Ontarnio, Canada as a no-carrier-added
solution in 0 1 N NaOH (pH = 10-12)

Preparation of 1-(2-hydroxyethyl)-4-(benzyl)-piper -
azwme (2a) and 1-(2-hydroxyethyl)-4-(2-phenylethyl)-
piperazine (2b)

Synthesis of these intermediate alcohols was based
on methods previously reported (van der Zee et al,
1980) 1-(2-Hydroxyethyl)piperazine (1equiv.) 1n
ethanol was condensed with the appropnate hahde
[benzyl chloride or 2-bromoethylbenzene (1 equiv)]
under reflux conditions The crude mixture was evap-
orated and the product 1solated by repeated hquid—
liquid extractions (chloroform.2 N HCI, followed by
partitioning between 6 N NaOH chloroform) The
final organic layer was washed with brine and dnied
(Na,S0,). The 1solated products were suitable for use
mn the subsequent condensation reactions

1-(2-Hydroxyethyl)-4-(benzyl)piperazine 2(a)
'"H-NMR (free base, CDCl;) & 7.24-732
(m, 5H, Ar), 362 (t,2H, —CH,—OH), 3 57 (s, 2H,
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benzylic), 2.51-2.66 (m,10H,—NCH,) EIMS
(70eV), m/e (rel. nt.): 220 (M +, 2.2) 202 (9.8), 190
(24.8), 189 (47.8), 146 (11.4), 134 (6.2), 119 (8.4), 98
(7.3), 91 (100).

1-(2-Hydroxyethyl)-4-(2-phenylethyl)piperazine (2b)

'"H-NMR (free base, CDCl,) &: 717-7.32

(m, 5SH, Ar), 361 (1, 2H, —CH,—OH), 2.78-2 84
(dd, 2H, benzyhc), 2.48-2.63 (m, 12H,—NCH,).
EIMS (70 eV), m/e (rel 1nt.): 234 (M +, 0.68), 189 (1),
160 (2 24), 143 (100).
Synthesis  of  1-[2-{(4'-["*F]fluorophenyl)(pheny!)
methoxy Jethyl]-4-(benzyl)piperazine (3a) and 1-[2-
{(4 - ["*F]fluorophenyl )(phenyl )methoxy Jethyl]- 4- (2-
phenylethyl )piperazine (3b)

These fluorine-18 labeled derivatives were prepared
m a manner identical to that recently described for
{®*FIGBR 12909 and ["*FIGBR 13119 (Kilbourn and
Haka, 1988). In brnef, 4-[*F]flucrobenzhydryl
chloride (1) was prepared in no-carrier-added form
through a three step reaction: nucleophilic substi-
tution of the mitro group in 4-nitrobenzophenone
with F-18, reduction of the ketone to the alcohol
followed by chlorination with SOCI,. 1 was then
condensed with the approprately substituted 2-
hydroxyethylpiperazine derivative to give 3a—c
(Scheme 2) The products were 1solated by silica gel
Sep-Pak chromatography, and radiochemical purities
and specific activities determined by TLC and HPLC
Isolated products were prepared for i viwo studies by
evaporation of organic solvent and dissolution
09% bactenostatic saline contamnmg up to 10%
ethanol

2-(3-Iodophenyl Jethanol (5a)

A solution of 3-1odophenylacetic acid 4a (10g,
3.82 mmol) in dry THF (5 mL) was treated dropwise
with stirning at 0°C under argon with a 1 0 M solution
of BH; in THF (4 96 mL, 4.96 mmol). The solution
was stirred at 0° to 5°C for 1 h and the excess BH,; was

@ ~
. HO/\/N N-—(CH,)q

n/
@ 3a n=1
18f 3b n=2
3c n=3
Scheme 2

destroyed by treatment dropwise at 0°C with a sol-
ution of 3mL of THF H,0 (1:1). The reaction
muxture was poured into saturated aqueous K,CO,
(25 mL), extracted with Et,O (3 x 25mL) and the
organic layers drnied (MgSQ,), filtered and evapor-
ated. Punification by flash chromatography (silica gel,
CHCI;:CH,OH, 97:3) yielded 0.92 g (97%) of pure
Sa as a colorless o1l: 'H-NMR (CDCl;) 6: 7.60 (s, 1H),
7.57(d,1H,J=78Hz),720(d, 1H,J = 7.6 Hz), 7 05
(t, I H,J=77Hz), 3.85 (t,2H,J=65Hz), 281
(t,2ZH,J =6.5Hz), 145 (brs,iH) HRMS m/e
247.9685 (CyH,I0 requires 247.9698). EIMS (70 eV)
m/e (relative intensity) 248 (M+, base) 218(56),
217(58), 91(69), 90(52), 89(29), 86(18), 84(26), 77(15),
65(15), 63(17), 49(30), 39(15).

3-(3-Todophenyl)propanol (5b)

Similarly, diborane reduction of 3-(3-iodo-
phenyl)propionic acid 4b gave 5b in 95% yield. 1.r.
(Nujol) 3330 cm ™! (OH); 'H-NMR (CDCl;) § 757
(s,1H), 753 (d,1H,J=79Hz), 7.16 (d, 1H, J=
79Hz), 702 (t,1H,J=77Hz), 367 (t,2H,J=
6 4 Hz), 2.66 (t,2H,J =77 Hz), 1.91-1.83 (m, 2H),
1 34 (brs, IH). HRMS m/e 2619851 (CoH 10O re-
quires 261.9855). EIMS (70eV) m/e (relative inten-
sity) 264(13), 262(98), 244(61), 218(56), 217(36),
117(84), 115(34), 104(41), 103(27), 91(base), 90(42),
89(29), 78(28), 77(34), 51(23), 43(29).

3-(4-Iodophenyl)propanol (5c)

By a similar approach diborane reduction of 3-
(4-10dophenyl)propionic acid 4¢ gave 5¢ mn 95%
yield. 'H-NMR (CDCl;) 6. 7.59 (d,2H,J=
83Hz), 694 (d,2H,J=83Hz), 3.64 (t,2H,J=
6 40 Hz), 2 65 (t,2H,J = 7 41 Hz), 1.87-1 83 (m, 2H),
158 (brs, 1H). HRMS m/e 261.9847 (C;H,,10 re-
quires 261 9855) EIMS (70eV) m/e (relative inten-
sity) 262(12), 244(10), 217(10), 117(10), 91(9), 74(23),
73(24), 71(9), 61(14), 59(36), 45(base), 43(43), 42(18),
41(20)

2-(3-Iodophenyl)ethyl tosylate (6a)

A stirred solution of the alcohol Sa (0.74 g,
2 98 mmol) and pyridine (0 56 g, 7 15 mmol) in dry
CH,Cl, (5 mL) was treated under argon with p-tolu-
enesulfonyl chlonde (0.68 g, 3.58 mmol) 1n one por-
tion at 0°C The reaction was allowed to warm to
room temperature and stirred a further 3 h. Volatiles
were removed under high vacuum and the residue
partitioned between saturated aqeuous NaHCO,
(25 mL) and EtOAc (25 mL). The aqueous layer was
further extracted with EtOAc (2 x 25 mL), the com-
bined organmic layers washed with H,O (25 mL) and
dried (Na,SO,) The solvent was evaporated and
the residue flash chromatographed (sihica-gel, hex-
anes' EtOAc, 3.1) to afford 1.05 g (87%) of pure 6a
as a colorless o1l. 'H-NMR (CDCl;) §: 7.66 (d, 2H,
J=83Hz), 754 (d,1H,J=78Hz), 741 (s, 1H),
7.29(d,2H,J =8.3 Hz), 7.09 (d, 1H, J = 7.6 Hz), 6.98
(t,1H, J=77Hz), 419 (t,2H, J=6 7Hz), 2 88 (t,
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2H, J=6.7Hz), 244 (s,3H) HRMS m/e 401.9779
(C,sHsISO, requires 401.9787) EIMS (70eV) m/e
(relative intensity) 405(2), 231(11), 230(base), 217(18),
155(11), 103(16), 91(40), 90(17), 65(13)

3-(3-Iodophenyl)propyl tosylate (6b)

Simularly tosylation of alcohol 5b gave 6b 1n 75%
yield '"H-NMR (CDCl,) 6 779 (d,2H,J =8 | Hz),
7.51(d, 1H,J =7 7Hz), 7.44 (s, 1H), 7.35(d, 2H, J =
83Hz) 704 (d,IH,J=76Hz), 697 (t, 1H, J=
77Hz), 402 (t, 2H, J=61Hz), 2.59 (t, 2H,
J=7.6Hz), 246 (s, 3H), 1 97-1 89 (m, 2H) HRMS
m/e 4159932 (C,H,,ISO, requires 415 9943). EIMS
(70eV) m/je (relative ntensity) 416(20), 245(12),
244(base), 217(10), 118(15), 117(46), 115(13), 104(10),
91(33), 65(10)

3-(4-lodophenyl)propyl tosylate (6a)

Simularly tosylation of alcohol 5¢ gave 6¢ 1n 86%
yield 'H-NMR (CDCl,) § 777 (d,2H,J = 8 2 Hz),
754(d,2H,J=82Hz),735(d,2H,J =8.4 Hz), 6 82
(d,2H,J=81Hz), 400 (t,2H,J=61Hz), 260
(t,2H,J =74 Hz), 247 (s,3H), 192 (pentet, 2H,
J=77Hz) HRMS m/e HRMS mje 4159934
(C,H,,ISO, requires 4159943) EIMS (70eV) m/e
(relative intensity) 416(7), 245(13), 244(base), 217(13),
118(9), 117(43), 116(9), 115(17), 104(11), 103(7),
91(25), 90(12), 89(8), 78(7). 77(8), 65(11)

1-[2-{Diphenyimethoxy Jethylpiperazine (7)

A well stirred mixture of piperazine (3 14 g,
36.45 mmol) and K,CO, (3 36 g, 24 31 mmol) 1n dry
toluene (10 mL) was treated dropwise under reflux
with a solution of benzhydryl f-chloroethyl ether
(van der Zee er al, 1980) (30g, 12.16 mmol) 1n
toluene (10 mL) Following reflux for 5h the cooled
mixture was diluted with toluene (30 mL) extracted
with H,O (2 x 50 mL) and the organic layers dried
(Na,S0O,) Flash chromatography (sihca gel,
CHCl, CH,OH NH,OH, 8 2 01) of the crude
product gave 2 18 g (60%) of pure 7 as a colorless o1l
'"H-NMR (CDCly) 6 736-721 (m.10H), 537 (s,
1H), 360 (t,2H,J =6 1 Hz), 2 89(t, 4H, J =4 8 Hz),
267(t,2H,J=61Hz),2 50 (br, m,4H), 2 11 (s, IH)
HRMS m/e 297.1968 (C,¢H,sN,O requires 297

1967). CIMS (methane), m/e (relative ntensity),
297(78), 295(19), 195(14), 168(13), 167(base), 113(18),
99(14), 86(12)

- {2- (Diphenyimethoxy Jethyl } - 4- (2- (3- 1odopheny!)
ethyl}piperazine (8a)

The tosylate derivative 6a (027 g, 0.67 mmol) 1n
dry toluene (3 mL) was added dropwise under argon
to a warm (75°C) stirred suspension of the piperazine
derivative 7 (020g, 067 mmol) and anhydrous
K,CO;(0.19 g, 1 35 mmol) in dry toluene (3 mL) The
reaction mixture was refluxed for 24 h The cooled
muxture was then poured into H,O (25 mL) extracted
with toluene (2 x 25 mL) and the combined organic
layers washed with H,O (25 mL) and dried (Na,SO,)
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Flash chromatography (sihca gel, CHCl,: CH,0H,
98:2) of the crude product afforded 0.32 g (90%) of
pure 8a as an ol A portion of this material was
converted to the dihydrochlonde salt by treatment of
an ethanol solution with ethereal HCI. Recrystalliza-
tion from isopropanol afforded white crystals m p
204-206°C (d). 'H-NMR (free base, CDCl;) 8. 7 56
(s, 1H), 752 (d, IH,J =7 7 Hz), 7 35-7 20 (m, 10H),
7.15(d, IH,Y=7.7Hz), 700 (t, 1H,J = 7.7 Hz), 5 37
(s, 1H), 360 (t,2H,J =61 Hz), 2 75-2 41 (m, 14H).
Anal caled for (C;H, N,IO 2HCI) C, 54.10, H,
555, N, 467 Found: C, 54 18; H, 561, N, 461

1-{2- (Diphenylmethoxy Jethyl }- 4~ {3- (3-10dophenyl)
propyl Jpwperazine (8b)

Simularly treatment of the piperazine derivative 7
with 3-(3-10dophenyl)propyl tosylate (6b) afforded 8b
after workup 1n 60% yield, m.p for the dihydrochlo-
ride salt 185-186°C (d) (1sopropanol) 'H-NMR (free
base, CDClL;)é 754 (s, 1H), 749 (d, 1H,J =7 7 Hz),
734-720 (m, 10H), 7.12 (d, 1H, J=7.7Hz), 698
(t, 1H, J=77Hz), 537 (s,1H), 359 (t,2H, J =
6 1 Hz), 267 (t,2H,J =6.0 Hz) 2 58-2.30 (m, 12H)
1 76 (m, 2H) Anal calcd for (C,s H,, N,10-2HCI). C,
54 82, H,575,N.457 Found C, 5488; H $§66; N,
453

1- {2- (Diphenylmethoxy Jethyl } - 4~ {3- (4-10dophenyl)
propyl jpiperazine (8)

Similarly treatment of the piperazine derivative 7
with 3-(4-10dophenyl)propy! tosylate (6¢) afforded 8¢
after workup 1n 70% yield, m p for the dihydrochlo-
ride salt 190-192°C (d) (ethanol) 'H-NMR (free
base, CDCl;) 6 758 (d,2H,J =83 Hz), 735-721
(m, 10H), 6.93 (d, 2H, J =8.3 Hz), 537 (s, 1H), 3 60
(t,2H,J =6 1 Hz), 2 68 (t,2H,J = 59 Hz), 2 58-2 31
(m, 12H), 177 (pentet,2H). Anal caled for
(C;sH;3NLIO 2HCL) C, 5482, H, 575, N, 457.
Found C, 5481, H, 575, N, 445

4-Fluoro-4’-1odobenzophenone (9)

A well stirred suspension of 4-iodobenzoyl chloride
(100g, 375mmol) in dry fluorobenzene (5 mL) un-
der argon was treated with AICl; (1 00 g, 7 5§ mmol)
1n one portion at room temperature Following 2 h of
reflux the clear warm solution was poured over a
mixture of crushed ice and concentrated HCl The
product was extracted into CHCl; (3 x 25 mL) and the
combined organic layers washed with aqueous 10%
Na,CO; (75 mL), H,O (75 mL), and dried (Na,SO,).
Following removal of solvent the residue was recrys-
talhzed from EtOH to give 110 g (90%) of white
shiny flakes, m.p 129-130°C. 1r (KBr) 1640cm™',
"H-NMR(CDCl;)57 87-7 80(m, 4H),7 49(d, 2H, J =
8 SHz), 7 17 (m, 2H) Anal calcd for (C,; Hy FIO) C,
47 88; H, 247 Found C, 4774, H, 2 61

4-Fluoro-4'-10dobenzhydrol (10)

Asolutionof 9(1 0 g,3 | mmol)indry THF (10 mL)
was treated dropwise with stirring at 0-5°C with a
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1 0 M solution of BH; in THF (4.0 mL, 4.0 mmol).
The solution was allowed to warm to room temperature
and stirred a further 3h. The excess BH; was de-
stroyed by treatment dropwise at 0°C with a solution
of 25 mL of THF .H,O (1:1). The reaction mixture
was poured into saturated aqueous K,CO, (50 mL),
extracted with Et,0 (3 x 50 mL)and the organiclayers
dried (MgS0,), filtered and evaporated. Punfication
by flash chromatography (silica gel, hexanes: EtOAc;
4.1) afforded 0.96 g (94%) of pure 10 as a colorless
oll. '"H-NMR (CDCl;) 6 7.65 (d, 2H, J =84 Hz),
7.32-7.29 (m, 2H), 7.10 (d, 2H, J = 8.1 Hz), 7 02-6.99
(m,2H), 5.75 (d, 1H, J=32Hz), 229 (d, 1H,
J =3.4Hz). Anal. caled for (C;H,,FIO) C, 47 58;
H, 32.07. Found C, 47.74, H, 3 16

4-Fluoro-4'-10dobenzhydryl chioride (11)

A solution of 10 (0.73 g, 2 22 mmol) in dry CHC,
(5 mL) was treated in one portion at room tempera-
ture under argon with excess SOCl, (S§mL,). The
reaction muixture was refluxed for 2h and volatiles
were removed under reduced pressure The residue
was partitioned between CHCl; (25mL) and H,0
(25mL) The aqueous layer was further extracted
with CHCl; and the combined organic layers dned
(Na,S0,), filtered and evaporated under reduced
pressure Flash chromatography (sihca gel, hex-
anes: EtOAc 19 1) of the crude product gave 073 g
(95%) of 11 as a colorless o1l. tH-NMR (CDCl,) 6.
768 (d,2H,J=85Hz), 7.36-732 (m,2H), 7.13
(d,2H, J =8.5Hz), 705-701 (m, 2H), 6 04 (s, 1H)
HRMS m /e 345 9413 (C,; Hy CIFI requires 345 9421)
EIMS (70eV) mj/e (relative intensity) 346(12),
312(16), 311(base), 185(21), 184(43), 183(92), 182(12),
92(20), 91(50), 86(34), 84(49), 82(20), 81(16), 63(17),
51(14), 50(16), 49(25), 47(24), 39(14), 35(15).

1-[2- {4- Fluorophenyl)(4-10dophenyl )methoxy Jethyl ]-
4-(3-phenylpropyl)pperazine(12)

1-(2-hydroxyethyl)-4-(3-phenylpropyl)piperazine
(van der Zee et al, 1980) (0.36 g, 1.44 mmol) and 11
(0 50 g, 1.44 mmol) were combined 1n a 1 mL glass
V-vial (Pierce) sealed with a Teflon hiner and cap and
heated at 165°C for 45 min. The dark brown residue
was dissolved in the minimum volume of hot THF and
added to a 100 mL mixture of Et,O saturated brine
(1 1). The Et,0 layer was removed, the aqueous layer
extracted with Et,O (1 x 50 mL) and the combined
organic layers dried (Na,SO,), filtered and evapor-
ated under reduced pressure Flash chromatography
of the residue (sihica gel, CHCl;.CH,0OH; 98.2)
afforded 0.53 g (66%) of pure 12 as a pale yellow oil.
A portion was converted to the dihydrochlonde salt
and recrystallized from isopropanol:Et,O, m.p.
211-213°C (d). 'H-NMR (free base, CDCl,) 4* 7.64
(d, 2H, J =8.4 Hz), 7.30-7.23 (m, 5H), 7 18 (d, 2H,
J=78Hz), 17.06 (d,2H,J=84Hz), 7.01-6.96
(m, 2H), 529 (s, 1H), 3 55 (t,2H,J = 6.0 Hz), 2.67-
2.34 (m, 14H), 1.81 (m,2H). Anal. caled for

(CxHy,N,FIO-2HCI). C, 53.09; H, 541; N, 4.42.
Found: C, 53.12; H, 5.58, N, 4.60.

Radioiodination

In a typical procedure, a solution of (NH,),SO,
(5.0mg 1in 15uL of deiomzed H,0), 8a (20 ug of
dihydrochloride salt in 40 4L 1n EtOH), and 9.1 mCi
of Na'®I were combined and the muxture was heated
to dryness at 145°C in an o1l bath. Air was then
slowly passed through the reaction vial for 2 min and
the dry reaction mixture maintained at 145°C for
25 min. After cooling, the reaction mixture was dis-
solved in EtOH (250 u L) and subjected to radio-TLC
analysis (silica; CHCl;: CH,OH; 19.1) The solution
was passed through an amon-exchange column
(Amberlite IRA 400, OH form, strongly basic) to
remove residual ['#I)iodide. Further elution with
EtOH (250 uL) provided 5.41 mCi (59%) of crude
radioactive product of ca 90% radiochemical purity.
Further purification was accomplished by reversed
phase HPLC as described which provided the tracers
1 98% chemical and radiochemical purity as deter-
mined by analytical HPLC. The HPLC purified
radiotracers were diluted with 0 9% bacteriostatic
saline to a final ethanol concentration of 10% for
in vwo biological evaluations.

The specific activity values (Ci mmol~') and 1so-
lated radiochemical yields (shown 1n parentheses) for
the radiolodinated tracers ['**I]8a, ['*’1}8b, ['**I]8¢ and
['*1]12 were 200 (37%), 249 (50%), 239 (57%) and
266 (63%) respectively.

Tissue distribution studies

CD-1 mice (20-25g, Charles River, Wilmington,
MA) were injected via the tail vein under light ether
anesthesia with either the fluorine-18 labeled ligands
(7-10 uC1) or the 10dine-125 labeled ligands
(3-10 uC1). The amimals were sacrificed by decapi-
tation at designated time intervals and the brain
rapidly removed and dissected into regions of interest
(Glowinski and Iverson, 1966) (striatum, cerebral
cortex, cerebellum and remainder of brain tissue).
Blood samples were also obtained. All samples were
assayed for radioactivity in an automatic y counter
and then weighed. Data were calculated as % ID/g
for all tissues.

In vitro binding studies

In wvitro competition studies for the binding of
PH]JGBR 12935 were performed as previously de-
scribed (Richfield, 1991). Brains from adult male
Sprague-Dawley rats (180-200 g) were obtained after
rapid decapitation and frozen by immersion 1n
1sopentane at —30°C. Brains were mounted on tissue
pedestals and warmed to - 18°C, coronal sections
8-15 um were cut on a cryostat microtome and thaw
mounted onto gelatin coated slides. Shdes were dehy-
drated at 20°C for several minutes and then frozen at
—25°C until used in assays. The final [’H]JGBR 12935
binding buffer was a 50 mM sodium phosphate buffer
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(pH 7 5), adjusted to a final sodium concentration of
120 mM with sodium chlonde, 0 001% ascorbic acid,
0.025% fatty acid free bovine serum albumin and
075 uM trans-flupentixol Competition studies were
performed at a [PHJGBR 12935 concentration of
0.25nM and included various concentrations of un-
labeled competitors Equilibrium occurred at 30 h.
Specific binding was determined by subtracting the
amount bound 1n the presence of 25 uM mazindol
(nonspecific binding) from the amount bound 1n the
absence of mazindol (total binding). Dried shdes were
placed in an x-ray cassette with carbon-14 plastic
standards, previously calibrated with tritiated bramn
paste sections, and apposed to LKB ultrofilm *H at
25°C for 21 days The LKB ultrofilm *H was devel-
oped in Kodak D19 for 4 min at room temperature
and fixed in Kodak rapid fix for 3 5min All binding
data were determined directly from film densities 1n
regions of interest using a video based densitometer
(MCID BRS, Imaging Research, Inc). Linear and
nonhinear methods were used to determine inhibitory
constants (K;) One and two site nonlinear analyses
were performed using computer assisted modeling
program (London Software, Inc, Cleveland, OH)
Competition models were constrained by having the
K, for PH]GBR 12935 fixed to a single value deter-
mined by independent saturation experiments

Results

Chenustry and radiochemustry

Preparation of the fluorine-18 analogs with
benzyl or phenethyl chains was straightforward,
and followed the synthetic route (Scheme 2) that
we have previously described for the preparation
of the phenylpropyl compound [*F]JGBR 13119
(Haka et al, 1989, Kilbourn and Haka, 1988) The

R1<@ (CH,)p-COOH

Ry
4a R,
4_b.R1=H,R2=I,n=2

H,R2=|,n=1

4c Ry =,R;=H n=2

MARCIAN E VAN DORT et a/

required 1-phenylalkyl-4-(2-hydroxyethyl)piperazines
(2a, 2b or 2c) were prepared according to the pro-
cedure of van der Zee et al. (1980) and reacted
with 4-["*Flfluorobenzhydry! chlonde (Haka et al.,
1989). The final products, isolated by silica gel
chromatography, were obtained in high radiochemi-
cal purities (>95%) and high specific activities
(> 1000 Ci/mmol)

The synthesis of the 1odinated analogs was based
on the methodology reported imitially by van der Zee
and coworkers (van der Zee er al, 1980). The
synthetic route outlined for the 3-iodophenylalkyl
homologs 8a, 8b and 8¢ required the tosylate analogs
6a, 6b and 6c, respectively, which were prepared as
shown i Scheme 3. Diborane reduction of the ap-
propriate  3-iodophenylalkanoic acid proceeded
smoothly to give the alcohol which was converted to
the tosylate by treatment with p-toluenesulfonyl
chlonide in pynidine/CH,Cl, Condensation of the
tosylates 6a, 6b or 6¢ with 7 in the presence of K, CO,
n refluxing toluene afforded 8a, 8b or 8c 1n 60-90%
1solated yields (Scheme 4)

The synthesis of the analog bearing 10dine 1n the
benzyhydryl portion of the molecule (12) utihzed a
different synthetic approach (Scheme 5) similar to
that used mn the preparation of the fluorine-18 labeled
compounds. Friedel-Crafts acylation of fluoroben-
zene with 4-10dobenzoyl chloride gave 4-i0do-4-
fluorobenzophenone 9 which was reduced with
diborane to the benzhydryl alcohol analog 10 Treat-
ment of 10 with SOCI, 1n refluxing CHCI, yielded the
benzhydryl chloride 11, which was condensed with
1-(3-phenylpropyl)-4-(2-hydroxyethyl)piperazine  at
165-C to afford 12 1n 66% yield. Radioiodination was
accomplished by the ammomum sulfate catalyzed
sohd state 1sotope exchange technique previously
reported (Mangner et al, 1982) Unreacted Na'*1

BH,

=7 . R (CH,,)n- CH,OH

THE ‘_f;:j>— Zn-=2
R,

%a R, =H, Ry =Ln=1
5b R,
§£R1=I,R2=H,n=

=H, Ry =l,n=2
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was removed by passage of an ethanol solution of
the crude labeled product through an anion
exchange column Further purification by reversed
phase HPLC provided the radiohigands in 37-63%
1solated radiochemucal yield and 98% chemical and
radiochemical purity. Specific activities were deter-
mined to be greater than 200 Ci mmol~!. All radio-
todinated hgands showed less than 3% radiolytic
decomposition when stored at 5°C i the HPLC
elution solvent (0 1M ammonwuum acetate,
pH = 6.8:EtOH; 1:4) for up to 1 week The radio-
tracers were formulated immediately prior to 1v
administration by dilution with 0.9% bacteriostatic
saline.

—
|_n
\ ]

In vuro biological results

The abilities of the new 10dinated derivatives 8a—c,
12 and GBR 12909 to compete for PH]JGBR 12935
binding were determined (Table 1). For compounds
8a-b and 12, substitution with iodine produced a
significant (4- to 13-fold) loss in affimty. In the case
of 10dine substitution in the 4-position of the single
aromatic ring (8¢), however, the in vitro affinity was
not significantly different from that of GBR 12909
(13 nM).

In vivo biological results

The regional mouse brain distnibutions of the
radiolabeled analogs are reported 1n Tables 2 and 3.

I
1. BH, THF @ cl

S S
2. SOCL2 @
11
F
O oy
o\/\N N
O
F
12

Scheme §
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Table 1 Inhibition of *H)JGBR 12935
binding by various GBR analogs

Compound K,(nM)
8a 176 + 14 1
8b 530+141
8¢ 2141123
12 562483
GBR 12909 13+90
GBR 12935 1-2*

*K, value from van der Zee et al (1980)

For the fluorine-18 labeled analogs (Table 2), no
specific uptake and retention of the radiotracer in the
stmatum was evident, with striatum-to-cerebellum
concentration ratios near unity for both the benzyl
(3a) and phenethyl (3b) compounds. Uptake and
retention of radiotracer in nontarget tissue (cerebel-
lum) and blood levels of radioactivity were not
significantly different from that we have previously
reported with [*F]JGBR 13119 or [®*F]GBR 12909
(Kilbourn, 1988, Haka et a/, 1989)

For all of the radioiodinated higands (Table 3), the
striatal accumulations at 60 min post-injection were
consistently less than 50% of that observed with
[®*FIGBR 13119, and the denivatives labeled in the
solitary aromatic ring all showed a much higher
uptake of radioactivity 1n nontarget tissues such as
the cerebellum and cortex With the 10dine 1n the
benzhydryl portion of the molecule, as 1n 12, levels of
radioactivity 1n the nontarget tissues, cerebellum and
cortex, were very similar to those found with
[*FIGBR 13119 For all four iodinated radiotracers
the striatum-to-cerebellum concentration ratio never
increased to greater than 1 The relative regional
distributions of radioactivity did not change at later
times, and with the exception of 8¢, radioactivity
levels siowly decreased with time. For the radioiodin-
ated higands, blood levels of radioactivity at 1 and 5h
were also comparable to those seen with [¥*F]|GBR
13119, except for 12 which displayed much higher
levels The identity of the radioactivity 1n blood was
not determined for any of the radioiodinated com-
pounds

Discussion

The aryl-1,4-chalkylpiperazines, exemphfied by
GBR 12935 (Scheme 1, R, =R, =H), are the first
reported dopamine reuptake inhibitors having both
high affimity and selectivity. In this study structural

MARCIAN E VAN DORT et al

modifications were conducted on GBR 12935 to
ascertain the effect on i vwo selectivity of

(1) cham length between the solitary phenyl ring
and the piperazine ring; ’

(2) location of the 10dine atom at various positions
on the aromatic rings

The data shown in Table 2 forms a limited i viwo
structure—chstribution relationship study of fluortne-
18 labeled diarylalkylpiperazines Dopaminergic ter-
minals are known to be highly concentrated 1n strniatal
tissue and wirtually absent 1n the cerebellum
(Grigoriadis et al , 1989) The striatum to cerebellum
concentration ratio (STR/CER) therefore serves as a
useful index of dopaminergic specificity The goal of
this study was to reduce the hpophilicity of ['*FJGBR
12909 and hopefully improve the target-to-nontarget
(STR/CER) ratio Unexpectedly, the shortening of
the phenylpropyl chain of [¥FJGBR 13119 by two
(3a) or one (3b) methylene groups caused a complete
loss of selective binding of the radiotracer in mouse
bran This was surprising, since the original SAR
study of this class of compounds (van der Zee et al ,
1980) reported only a 3-fold decrease in in vitro
binding affinity in going from a phenylpropy! (GBR
12935, IC,,;=2nM) to the phenethyl analog
(IC5, = 6 7nM), although a larger decrease was re-
ported for the benzyl analog (ICs, = 34 nM). The loss
of specific i vwo binding with such small changes 1n
m vitro 1C, values 1s mghly unusual For both of the
chain-shortened analogs the stnatal uptake of
fluorine-18 was reduced to that of the cerebellum
(giving STR/CER values near unity), and those levels
were very comparable to the cerebellar levels found
with [®F]JGBR 13119, the parent phenylpropyl
analog Thus, the low STR/CER ratios can be as-
cribed to loss of specific binding rather than increased
nonspecific binding As all of these molecules are
labeled in the same position, metabolic differences
should be mummized All of the mono-fluoro
compounds, GBR 13119, 3a and 3b, are chiral but
were studied as racemic muxtures, the influence of this
chirality on binding to the DA uptake site 1s
unknown

In Table 2 1t can also be found for comparison the
previously published regional brain distnbutions of
[*FIGBR 12909 and a thiophene ring substituted
analog, thenyl-['*FIGBR 13119, (1-[(4-[**F]fluoro-
phenyl)(2-thienyl)methoxy)ethyl]-4-(3-phenylpropyl)

Table 2 In vwo regional bram distribution of ['*FJGBR analogs 60 min after 1v admimistration to CD-1 mice®

Striatum
Compound Striatum Cortex Cerebellum Blood Cerebetlum % ID/Brain
["*F]3a 067+003° 073+003 0724003 060+005 0941006 036+002
['*F]3b 050+009 038+003 041+£004 073+006 117+014 026+003
{'*F]3¢ (GBR 13119) 280+011 098+008 066+006 089+016 424+048 044+ 004
[**FIGBR 12909 1824059 091+016 070+012 1284025 270+028 055+017
Thienyl-[*F]JGBR 13119 2504035 10+021 063+016 078+006 414+048 0471005

23-28 animals per data point
*Data reported as % ID/g (mean + SD)
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Table 3 In vwo regional brain distribution of ['*IJGBR Analogs after 1 v admmustration to CD-1 mice®

Time Striatum
Compound (h) Striatum Cortex Cerebellum Blood Cerebellum % ID/Brain
['**1]8a 10 106+013° 1214019 109+017 0741007 097 055+010
50 013+003 016+004 0121+003 0281002 108 0071001
['*1]8b 10 1234023 1274019 126+019 113+010 098 0594008
50 0424011 041+009 0451011 087+ 005 093 020+£005
['*1)8¢ 10 116+045 1304048 123+045 0561015 094 0601022
50 1774049 2224061 176+048 0411008 100 095+026
['®112 10 079+019 083+019 085+020 322+058 093 0394008
50 040+005 0434+005 043+007 248+030 093 0224002

#3--5 amimals per data point
"Data reported as % 1D/g (Mean + SD)

piperazine) (Kilbourn, 1989). We have consistently
observed a lower striatal uptake and lower STR/CER
ratio for [¥F]JGBR 12909 when compared with
[*FIGBR 13119, even though these two compounds
differ by only a single fluorine atom Different mn vivo
behavior for such a small structural change was
unexpected Fluorine substitutions on aromatic rings
can have large effects on i vwo pharmacology where
the strongly electron-withdrawing fluorine atom
affects the i1omzation of other ring substituents
(hydroxyls, amines) or participates in through-space
interactions with groups on other portions of the
molecule However, this should not be the case with
GBR 12909, as such groups are absent A clear
explanation of the lower selectivity of the bis-fluoro
analog 1s thus lacking Finally, the substitution of one
of the phenyl rings with a thiophene ring provides a
derivative with essentially the same i vwo distn-
bution as [®F]JGBR 13119, indicating that some
modifications of the structure are tolerated

Substitution of GBR 12935 and analogs with 10d-
ine proved umformly unsuccessful, a complete loss of
selective n viwo accumulation n the striatum was
observed (Table 3) despite an i vitro binding affimity
for compound 8¢ which was essentially 1dentical to
GBR 12909 The sensitivity of the dopamine uptake
carrier binding site to the length of the phenylalkyl
chain, seen for the fluorine-18 compounds, was re-
inforced by the  vitro binding results for the 3-10do
analogs 8a (IC;, = 176 nM) and 8b (IC;; = 53 nM).
The nonspecific binding of compounds 8a—c, as evi-
denced by radiotracer accumulation in cerebellum
and cortex, 1s generally higher than that seen with the
fluorinated derivatives and this would be consistent
with an expected increase in the lipophilicity upon
10dine substitution Surprisingly, substitution of an
10dine for a fluorine, as in the conversion of GBR
12909 to compound 12, did not increase the apparent
nonspecific binding, as radiotracer levels in cerebel-
lum are quite similar Thus, although cerebellum
radiotracer levels are a first approximation of
nonspecific binding, caution should be exercised in
comparing different radiotracers due to possible
differences 1n radiotracer metabolism and delivery.
This is perhaps supported by the very different blood
level of radicactivity found for the sole analog
with the 1odine in the benzhydryl ether half of the
molecule.

The i viwo biodistribution results obtained with
the 1odinated ligands are most easily explained on the
basis of a combination of lower affimty for the
dopamine uptake site and high nonspecific binding of
these lipophilic compounds to hydrophobic cellular
constituents. Recently, high affinity binding of this
class of drugs to a second site, identified as a cyto-
chrome P450IID1 enzyme, has been reported during
in vitro studies with [*H] GBR 12935 (Niznik et al.,
1990). Why the iodination of GBR 12935 should
increase binding to this site 1s unclear. It should be
noted, however, that significantly different m vivo
biodistributions were observed for compounds 8b
and 8¢, which differ only in the position of the 10dine
on the aryl nng The 4-10dophenylpropyl derivative
8¢ continues to accumulate 1 all brain tissues at Sh,
and even at 24 h does not return to the low levels
observed with the 1someric compound 8b (data not
shown). Clearly these two compounds, which should
have nearly 1dentical physiochemical characteristics,
show markedly different in vivo behavior, whether
this 1s due to binding to a second site, or result from
differences 1in metabohsm and clearance, remains
unresolved. We do know, based on thyroid radio-
activity levels (data not shown), that the mn wvivo
detodination of these analogs 1 h after 1.v. injection 1s
low (< 5%) and thus does not likely contribute greatly
to differences in the biodistributions of 8b and 8¢

These i vivo studies have demonstrated some
important requirements of the binding site of the
dopamine uptake carrier as they relate to design of
new radiopharmaceuticals. First, a three carbon-
chain spacer between the piperazine nng nitrogen and
the single phenyl ring appears optimal for an i vwo
radiotracer Second, large substituents such as 10dine
can be tolerated with mimmal losses of wn wvitro
binding affinity, but such 10dinated derivatives ex-
hibit uniformly poor i vwo behavior Small sub-
stituents such as fluorine at the 4’-positions of the
diphenylmethoxy group (GBR 13119, GBR 12909)
are well tolerated, but large groups such as 10dine
have a negative effect These results complement the
original SAR study of van der Zee er al. (1980) which
showed decreases 1n in vitro binding affinities upon
substitutions with methyl, methoxy and chloro
groups.

In conclusion, the fluorine-18 labeled analogs pre-
pared here do not appear to offer any advantage over
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currently available radiotracers such as [*F]JGBR
13119 and [®*F]JGBR 12909 for i vwo study of the
dopamine reuptake system The radioiodinated
derivatives we have prepared also do not show prom-
1se as hgands for SPECT mmaging of the dopamine
reuptake system
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