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1. OBJECTIVES OF PHASE I PROJECT

The goal of the Phase I project was to test the hypothesis that pendant cyclopentadienyltricar-
bonylrhenium and cyclopentadienyltricarbonyltechnetium tropane conjugates would have high affin-
ity for the dopamine transporter (DAT) in vitro and in vivo. As outlined in the following sections,
we believe we have demonstrated the feasibility of the concept, because we have:

2.

. Demonstrated specific DAT uptake in vivo and metabolic stability of one radio-
labeled cyclopentadienyltricarbonylrhenium compound in rats and baboons.

. Shown that we can make cyclopentadienyltricarbonylrhenium and cyclopentadien-
yltricarbonyltechnetium tropane conjugates by a one-step double ligand transfer
(DLT) exchange reaction.

. Started to explore new methods of synthesizing cyclopentadienyltricarbonylrhen-
iurn and cyclopentadienyltricarbonyltechnetium tropane conjugates under milder
conditions that would be more suited to a “kit” type radiopharmaceutical.

.~CCOMIUSHMEN’I’S

[1231]5 +

Scheme 1. Synthesis of [’231]CpTRtropane ester 3 via [1231]alcohol5 and esterification
with CpTR acid chloride 11.

2.1. Brain uptake of a radiolabeled cyclopentadienyltricarbonyl rhenium tropane

The rhenium tropane 3 was labeled with 1231via the intermediate 2fi-hydroxymethyl-3 &(4-

[]231]iodophenyl)tropane, prepared horn its trimethylstannyl precursor by iododestannylationl
(Scheme 1). The trimethylstannyl precursor 16 was synthesized from 5 by reaction with hexame-

thylditin in the presence of a Pal(O) catalyst.z Labeling with 1231by iododestannylation gave the 1231
alcohol [1231]5;esterification by reaction with the acid chloride of carboxycyclopentadienyltricar-
bonylrhenium 11 in refluxing chloroform yielded [1231]3in 78.2% yield from starting 1231after
HPLC purification. The labeled product was administered to a baboon and imaged on a Ceraspect
camera (Figure 1), As predicted from the in vitro binding data, both the alcohol [1231]5and metal
complex [1231]3demonstrated regional uptake in the striatum, the area of greatest dopamine trans-
porter density, reaching a striatum/cerebellum ratio of 2.8 after 5 h. Analysis of the plasma revealed
presence of the alcohol [1231]3.In separate experiments, we noted that [1231]3readily reverted to the
alcohol [1231]5when treated with acid (pH 3) and that the alcohol also demonstrated localized stri-
atal uptake in baboon brain. To verify that the cyclopentadienyl tricarbonyl metal tropane complex



was taken up intact into the brain, the chemical composition of brain tissues was analyzed in rats

and a baboon after administration of the 1231labeled compound.1
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Figure 1. Baboon SPECT imaging of 1231cyclopentadienyltricarbonylrheniurn ester 3.

Time-activity curve of radioactivity in baboon brain after intravenous injection of
8 mCi [1231]3.Uptake in DA-rich tissue (striaturdcerebellum ratio) continued to
increase throughout the 5-h study.

For rat studies, animals were given 3.7 MBq (100 yCi) tracer in the control state and pre-treated
with a blocking dose of the DAT ligand (3-CIT. After 5, 30, and 60 rein, the brain was removed and
dissected into striatal, cortical, and cerebella regions. For baboons, 300-370 MBq (8-10 mCi) was
administered iv. and SPECT imaging was carried out with a Ceraspect device. In the terminal ex-
periment, the animal was sacrificed at 2 h pi and the brain was removed and dissected into regions.
Tissues were assayed by gamma counter, then homogenized (Brinkmann Polytron) and extracted
with CH3CN; the extracts were analyzed by HPLC on Waters 4 ~ Novapak C-1 8, 8x1 Oradial com-
pression module, CH30H/ H20/Et3N (75/25/0. 1), 1.0 mL/min. Retention times of parent 3 and alco-
hol 5 were determined by injection of authentic standards detected by UV at 254 nm.
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Fi ure 3. Composition of rat brain and plasma after
Figure 2. Rat brain specific uptake (striatum/cere- 5[121]3 administration.
bellum) in control state and with DAT blockade.

Letters A, B and C are in order of lipophilicity as
determined by HPLC. Arrows indicate parent.

Results. In rats, the striatundcerebellum ratio was 2:1 at 1 h and decreased to close to unity in
the presence of ~-CIT (Figure 2). The composition of brain tissue consisted of parent compound



[1231]3and alcohol 5 in the same ratio as that in the injection solution (about 85:1 5); in plasma, addi-
tional hydrophilic metabolize were detected (Figure 3). In baboons, striatum peaked at about 2 h
pi; the striatun-dcerebelh.un ratio was 2:1 at 2 h and increased to 3:1 at 5 h (Figure 1). The chemical
composition of all brain regions paralleled the lipophilic profile in plasma (Figure 4), with a ratio of
about 85:15 ester : alcohol (Table 1). Additional hydrophilic metabolizes accumulated in plasma, but
did not penetrate the brain.

Conclusion. These experiments demonstrate that a cyclopentadiene metal complex of the type
studied in this project can penetrate the brain intact and bind to DAT in vivo.
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Figure 4. Brain tissue uptake-(lefl panel) and metabolize composition (right) 2 h after
administration of 6 mCi [’1~1]3to baboon.

Table 1. Regional brain uptake and metabolize composition of baboon tissues.

Tissues were harvested two hours after administration of the ’231labeled cyclo-
pentadienyltricarbonylrhenium ester [1231]3(Figure 1). The composition in all
brain regions was primarily parent compound, mirroring the values in control
plasma sample. Polar metabolizes accumulated in the plasma in vivo but did not
penetrate the brain.

Radioactivity Uptake Metabolize Composition

Tissue Uptake Ratio to Ratio to Parent Alcohol Ratio Parent/
0/0 ID/g Plasma Cerebellum 0/0 0/0 Alcohol

Caudate 0.0166 13.4 1.96 84.7 13.8 6.1
Putamen 0.0155 12.5 1.83 82.7 13.8 6.0
Frontal Cortex 0.0088 7.1 1.04 87.0 11.2 7.8
Occipital Cortex 0.0084 6.7 0.98 86.5 11.3 7.7
Thalamus 0.0094 7.6 1.11 84.7 12.7 6.7
Cerebellum 0.0085 6.8 1.00 87.5 10.6 8.2
Plasma 2 h 0.0012 1.0 0.15 17.0 7.8 2.2
Plasma Control a 84.2 10.7 7.9

‘ Tracer mixed in vitro with nonradioactive blood.

2.2. Incorporation of rhenium and technetium into cyclopentadienyltricarbonylmetal tro-
pane compounds

Early in the project, we realized that a critical step in obtaining the desired 99mTccyclopentadi-
enyltricarbonyltechnetium tropane radiotracers was the chemistry needed to incorporate the metal
from an available precursor. The conditions described by Wenzel for double ligand transfer with a

ferrocene in the presence of a reducing agent and carbonyl donor3-5 gave variable and generally



poor results with the tropane conjugates. At temperatures high enough to promote metal exchange,
the ligand systems were decomposing. More recent work by Katzenellenbogen and coworkers has
expanded the scope and reliability of the reaction. Application of these innovations to the tropane
system have been much more successful, as shown by the following experiments.
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Scheme 2. DLT reaction of perrhenate with ferrocenes using Katzenellenbogen condi-
tions:6 N-Substituted 2&esters.

2.2.1. Double ligand transfer (DLT) reaction<entral metal atom exchange with a
ferrocene precursor

Exchange with rhenium+ The DLT reaction was applied to the ketone tropane system on a car-
rier level with rhenium using the improved conditions of Katzenellenbogen (Scheme 2). Potassium
perrhenate, chromium (III) chloride, and chromium hexacarbonyl were heated with ferrocene pre-
cursor in methanol at 160°C for one hour. Isolated yields of 52°/0 and 47°/0, respectively, were real-
ized for the iodo (26) and chloro (7) analogs after purification by silica gel chromatography with
hexane/ ether/Et3N (70/28/2). Products were characterized by NMR and mass spectrometry.
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Scheme 3. Synthesis of 2~-hydroxymethyl ferrocene analog and DLT reaction with rhe-
nium.

To arrive at the 2fl-hydroxymethyl analogs, norCCT 12 was reduced with lithium borohydride to
the alcohol and alkylated with 4-bromobutanoylferrocene prepared as for the N-methyl derivatives

DLT Reaction on the ferrocene gave 27% yield of rhenium product.
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Scheme 4. Labeling of ketone analog 18 by DLT reaction of pertechnetate with ferro-
cene 17 using Katzenellenbogen conditions

Exchange with Technetium. The N-ferrocenylpropyl ester derivative 17 was reacted with
[99mTc]pertechnetate using similar conditions (Scheme 4). Reactions were carried out in a 4-mL
heavy walled Pyrex pressure tube with Teflon threaded plug and Viton O-ring (Ace Glass). For
heating, the sealed vessel, containing a l-cm mini magnetic stir bar, was placed in an enclosed alu-
minum block and heated on a stirring hot plate calibrated to maintain the block at the indicated tem-

1 perature (for details, see Spradau and Katzenellenbogenb). In control experiments, it was deter-
mined that a block temperature of 180° corresponded to an internal temperature of 176° in the reac-
tion medium.

In a typical procedure,7 Na 99mTc04 in 0.2–1.5 mL normal saline (10--60 mCi from a 99Mo~9mTc
generator) was evaporated to dryness in the reaction vessel with a stream of nitrogen. Ferrocene pre-
cursor (2.5 mg; 3.9 pmol), 5 mg (12.8 pmol) Cr(CO)G, 1.5 mg (9.5 ~mol) CrC13, and 500 pL
CH30H were added, the tube was sealed, and heated at 180”C for one hour. After cooling to room
temperature, the contents were transferred to a test tube with CHZCIZand evaporated with Nz(g).
The residue was taken up in ca 300 pL CH2C12 or Et20 containing 10% Et3N and loaded on a silica
gel column (either a 3 cm column in a Pasteur pipet, or a silica gel Sep-Pak solid phase extraction
cartridge) and eluted with the same solvent. The eluate was evaporated and the residue was taken up
in CH3CN and analyzed by HPLC (Cl & CH30H/H20/Et3N 83/17/0.2, 1.0 mL/min; Rt 14.6 rein).
Yield was calculated as the recovery from the silica gel column (decay-corrected) times the fraction
eluting in the product peak. HPLC assays were corrected for any radioactivity not eluting (i.e., in-
soluble materials) by measuring the amount injected and comparing it to the total radioactivity col-
lected.

Table 2. Incorporation of 99mTcinto a cyclopentadienyltricarbonyltechnetium tropane

Compound 18 was labeled by DLT reaction with ferro-
cene 17. Labeling was measured after isolation by silica
gel chromatography followed by HPLC analysis.

L
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Exp
Scale Reaction Temperature 99mTcIncor-
(mCi) Time (rein) (“c) poration (’??)

1 7.4 60 170 <().1

2 10.7 60 180 0.3

3 5.9 60 190 <().1

4 3.3 60 190 <().1

5 5.6 73 190 <().1

6 14.5 70 200 <().1

7a 63.0 30 175 9.7 a

7b +20 180 1.5b

8 29.8 30 160 10.3

9 7.3 60 180 20.0
a

Reaction checked by HPLCat 30 min
b Reaction heated an additional 20 min at 175-180°

Temperature control appears to be critical for successful synthesis. At temperatures around
160”C, unreacted ferrocenyl precursor could be observed. On the other hand, at temperatures above
180”C, >90% of the starting 99mTcwas found in earlier eluting peaks, and no ferrocene precursor
could be detected by HPLC. Spradau and Katzenellenbogen had reported that, in contrast to the rhe-
nium reaction, temperatures of 180”C were needed to achieve high yields of 99mTcincorporation in
the labeling of methoxycarbonyl cyclopentadienyltricarbonyltechnetium by DLT reaction on di-

methyl ferrocene- 1,1‘-biscarboxylate.8 Thus, higher reaction temperatures were used for the tech-
netium experiments to start with (Table 2), Modest yields could be achieved at temperatures be-
tween 160 and 180°, but results were not always consistent from experiment to experiment. To de-
termine whether the problem was in the procedure or the nature of the starting materials, a series of
experiments was conducted with the simpler dimethyl ferrocene- 1,1‘-biscarboxylate. Incorporation
of 99mTcin four experiments was 29–72% at temperatures ranging from 160upto215°. Ferrocene
starting material could be detected by HPLC UV detection in all cases.

Table 3. Incorporation of 99mTcinto methoxycarbonyl cyclo-
pentadienyltricarbonyltechnetium by DLT.
Reaction with dimethyl ferrocene- 1,1‘-biscarboxylate using
same apparatus and procedures as for Table 2.. .

Exp
Scale Reaction Temperature 99mTcIncor-
(mCi) Time (rein) (“C) poration (%)

1 13.0 73 215 64.1

2 15.0 50 160-180 72.0

3 2.5 50 170 29.3

4 3.5 24 184 43.5

5 12.1 21 182 a

a
Reaction vessel went dry

I
Reasoning that an aryl ketone group might be more activating than an alkyl ketone, due to addi-

tional electron delocalization, we synthesized the analogous ferrocenyl-carboxyl derivative 32
(Scheme 5) to see if its reactivity would be enhanced. DLT reaction with perrhenate gave 42% iso-



lated yield of rhenium compound 33). To further test the hypothesis, the reaction was carried out on
the model compound benzoyl ferrocene; the yield from this reaction was almost quantitative (92%).
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Scheme 5. Synthesis and DLT reaction of benzoyl ferrocene analogs,

2.2.2. Concerted 3-part condensation with CpN2

Efforts towards synthesizing CpTR and CpTT compounds so f~have centered on the DLT reac-
tion on metalocene precursors. The attraction of this approach is the conceptually simple, one-step,
formation of the desired product and the ready availability of the ferrocene precursors. Another ap-
proach would be to form a rhenium(I) or technetium(I) carbonyl intermediate separately and react
this with a cyclopentadienyl synthon.

Alberto and Schubiger found that perrhenate and pertechnetate could be reduced at room tem-

perature by boron hydride reducing agents in a carbon monoxide atmosphere.9?10 The resulting
low-valent metal carbonyls reacted readily with nitrogen nucleophiles to form coordination com-
plexes; however, the process could not be readily extended to carbon nucleophiles such as cyclo-
pentadienide anion (Alberto, personal communication). Recently, Katzenellenbogen and coworkers
have reported a new method, in which the CpTMetal complex is assembled in situ in a concerted
reaction involving the three components: a cyclopentadiene donor, the substrate containing a suit-

able nucleophile, and a pre-formed Re(I) or Tc(I) carbonyl species.1 1312 Unlike the earlier work,

carbon nucleophiles can be used in the form of boronic acids. 12

The initial target tropane conjugate to test this method was the N-substituted ester analog of the
ketone 7 (Scheme 2, M = Re, X = Cl). To synthesize the needed carboxylate nucleop~le 22,
norCCT 12 was alkylated with the benzyl ester-protected side chain to get N-(3 -benzyloxycarbonyl)-
propyl-norCCT 20. We noted that removal of the benzyl ester by hydrogenolysis with 10% palla-
dium on carbon and hydrogen at atmospheric pressure also resulted in reduction of the chlorine on
the 3fl-phenyl ring. However, subsequent investigations with less active catalysts showed that 3%

palladium on carbon at 35 lb/in2 removed the benzyl group without affecting the chlorine. Neverthe-



less, the CPT analog 21 was subjected to the three-part concerted condensation process. The desired
cyclopentadienyltricarbonylrhenium tropane compound 23 was obtained in only 18°/0isolated yield;
it was postulated that the tricarbonylrhenium salt might be tied up as a cyclic complex 24, reducing
its availability to react with the CpN2 fragment. However, when the reaction was carried out with
the p-chloro compound 22 using an immobilized CpNz reagent, the chloro compound 34 was
formed in good yield (70Yo).

1.L

Hz ‘“vyqco,w 20
20 ~ o 0

0
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Pdlc

%x10%Pd, 15 psi --> 21X= H
3%Pd, 35 psi --> 22X =Cl

CHqCN
[Et4N]2[Br3Re(CO)~] + AgOS02CF3 ~ [(CH3CN)~Re(CO)q] [OS02CF3] + Et4NOS02CFq

Go Et~N/CHqCN
22+’ N2 ..’

<O~N C02C%
+ [Re(CO)3]+ ~

80”C, 45 min
Re(co)30

%

—
’70% 34
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Scheme 6. Synthesis of CpTR tropane conjugates via 3-part concerted condensa-
tion

2.3. New DAT-binding Cyclopentadienyltricarbonylrhenium Tropane Analogs

New cyclopentadienyltricarbonylrhenium tropane conjugates were synthesized and their
binding affinity to the DAT was measured (Table 4). Three of the compounds showed affinity
better than 5 nM; in particular, the 2~-reduced alcohol 28 retained nanomolar affinity, making it
a very attractive candidate for ftiher chemical investigations of the DLT reaction, since the la-

bile ester group at the 2(3- position is avoided. The carboxylate-linked compound 34 also re-
tained affinity, supporting the use of the 3-part concerted condensation method using carboxy-

late nucleophiles proposed for the Phase II investigation. Interestingly, the 3&(4’-phenyl) substi-
tuted ketone 33 was inactive. The ester 7 was included as a control from the previous series; its

binding affinity was in the same order of magnitude as the previous assay (0.5 versus 1.3 nM).13
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Figure5. Structures ofcyclopentadienyltiicarbonylrheniumDATbindingligands
in Table 4

Table 4. New DAT-binding Cyclopentadienyltricarbonylrhenium Tropane Analogs.

See Figure 5 for structures. Affinities (mean + SEM) towards the dopamine
transporter (DAT) and serotonin transporter (5-HTT) were measured in rat stri-
atal and cortical tissues, respectively. Relative potency is calculated as the ratio
of Ki at 5-HTT to that at DAT, so that larger numbers indicate greater selectivity
for the DA transporter. B-CIT was run concurrently as a control.

Compound Position Cp Linkage 2~- DAT
Ki (M)

7 N- Ketone Ester 0.38 * 0,12
28 N- Ketone Alcohol 1.00+0.13
34 N- Carboxy- Ester 3.10+0.66

late
33 3p-4’- Ketone Ester >10,000”

Page 10
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