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ABSTRACT 

We have designed and synthesized a series of indole-based σ2 receptor ligands containing 

5,6-dimethoxyisoindoline or 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline as 

pharmacophore. In vitro competition binding assays showed that all ten ligands possessed 

low nanomolar affinity (Ki = 1.79–5.23 nM) for σ2 receptors and high subtype selectivity (Ki 

(σ2)/Ki (σ1) = 56–708). Moreover, they showed high selectivity for σ2 receptor over the 

vesicular acetylcholine transporter (>1000-fold). The corresponding radiotracers [18F]16 

and [18F]21 were prepared by an efficient one-pot, two-step reaction sequence with a 

home-made automated synthesis module, with 10–15% radiochemical yield and 

radiochemical purity of >99%. Both radiotracers showed high brain uptake and σ2 receptor 

binding specificity in mice. 
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1. INTRODUCTION 

The sigma-2 (σ2) receptor (molecular weight ~ 21.5 kDa1) is believed to play important 

roles in the regulation of cellular differentiation.2 It has been shown to be upregulated in 

various types of tumor cells,3-7 with approximately 10-fold higher expression in proliferating 

than quiescent tumors.8-10 Thus the σ2 receptor has been suggested to be a biomarker for 

the proliferative status of solid tumors.11-12 Moreover, the σ2 receptor interacts with Ca2+ 

channels and participates in various central nervous system (CNS) processes,13-15 with 

potential impact on learning and memory.16 Hence it is also considered a therapeutic target 

for the treatment of brain disorders.17-19 

Over the years, substantial efforts have been directed toward the development of in vivo 

imaging agents for the investigation of σ2 receptors in human diseases.11-12 However, up to 

date, 

N-{4-[6,7-dimethoxy-3,4-dihydroisoquinolin-2(1H)-yl]butyl}-2-(2-[18F]fluoroethoxy)-5-methylb

enzamide ([18F]ISO-1) is the only radiotracer that has been tested in humans for tumor 

imaging.20-22 [18F]ISO-1 showed high uptake and clear visualization of EMT-6 tumors in 

female Balb/c mice. However, it is less suitable for imaging σ2 receptors in the brain due to 

its low brain uptake (~ 0.76% injected dose (ID)/g at 2 min).20 Our aim was to develop 

radioligands with high affinity for σ2 receptors, good selectivity, high uptake and favorable 

kinetics for use in brain imaging. 

 

Figure 1. Design concept for the indole-based compounds. 

 

2-[4-(indol-1-yl)butyl]-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline23 (1, Figure 1) was 

reported to have nanomolar affinity and acceptable selectivity for σ2 receptors, and hence 

chosen as the lead compound to design a series of indole-based derivatives. The design 

concept is shown in Figure 1. At first, a fluoroethoxy group was introduced at different 

positions of the indole ring to enable the incorporation of 18F for PET imaging. Second, the 

length of the carbon chain between the indole ring and the 
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6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline moiety was modified to explore the linker 

effect on pharmacokinetic properties of the compounds. Finally, the 

6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline moiety was replaced by another σ2-preferring 

5,6-dimethoxyisoindoline moiety to lower the lipophilicity. Herein we report the synthesis of 

these novel indole-based derivatives, together with the 18F-labeled radiotracers [18F]16 and 

[18F]21 and their evaluation for imaging σ2 receptors in the brain. 

 

2. RESULTS 

2.1 Chemistry. 

The synthetic routes for the indole-based derivatives 13−−−−22 are depicted in Scheme 1. 

Intermediates 5−7 were obtained by reaction of the hydroxyindols 2−4 with 

1-bromo-2-fluoroethane under basic conditions. Based on a recently reported method,23 

N-alkylation of compounds 5−7 with the corresponding bromide provided compounds 8−12. 

Subsequent reaction with 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline or 

5,6-dimethoxyisoindoline then afforded compounds 13−−−−22 in yields of 34−94%. 

 

Scheme 1. Reagents and conditions: (a) 1-bromo-2-fluoroethane, CH3CN, K2CO3, 90 °C, 6 

h, for 5, 92%, for 6, 69%, and for 7, 70%; (b) DMF, KOH, Br(CH2)mBr, TBAF, r.t, 2 h, 24−82%; 
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(c) CH3CN, 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline/5,6-dimethoxyisoindoline, K2CO3, 

90 °C, 6 h, 34−94%. 

The target compounds were characterized by 1H NMR, 13C NMR and high-resolution 

mass spectrometry (HRMS). Chemical purities of ≥ 95% were identified by high performance 

liquid chromatography (HPLC) analysis (see Supporting Information). 

 

Table 1. Binding affinities of indole-based compoundsa 

Compd m n Position 

of 

OCH2CH2F 

Ki(σ1) 

(nM) 

Ki(σ2) 

(nM) 

Ki(σ1)/ 

Ki(σ2) 

Ki(VAChT) 

(nM) 

Ki(VAChT)/

Ki (σ2) 

1b 4 1 - 140.7 ± 5.7 3.66 ± 0.83 38.4 - - 

13 3 0 4- 270 ± 17 4.51 ± 0.33 59.9 - - 

14 3 1 4- 293 ± 6 5.23 ± 0.57 56.0 - - 

15 4 0 4- 371 ± 105 1.79 ± 0.86 207.5 34280 ± 8443 19151 

16 4 1 4- 1698 ± 548 2.40 ± 0.58 707.7 3570 ± 88 1488 

17 5 0 4- 426 ± 54 3.28 ± 0.18 129.8 - - 

18 5 1 4- 262 ± 134 2.82 ± 0.67 92.7 - - 

19 4 0 5- 187 ± 1.41 3.27 ± 0.19 57.6 - - 

20 4 1 5- 471 ± 107 2.74 ± 0.17 172.1 36865 ± 205 13454 

21 4 0 6- 376 ± 351 2.63 ± 0.48 143.2 35355 ± 7729 13443 

22 4 1 6- 263 ± 107 3.24 ± 0.21 81.3 - - 

Haloperidol  4.95 ± 1.74 20.7 ± 0.07 4.2 - - 

aValues are the mean ± standard deviation (SD) of at least two experiments performed in 

triplicate. bFrom reference23. 

 

2.2 In Vitro Radioligand Competition Binding Assays. 

The affinities of compounds 13−−−−22 for the σ1 and σ2 receptors and the vesicular 

acetylcholine transporter (VAChT) were determined using radioligand competition binding 

assays (σ1 receptor: (+)-[3H]-pentazocine; σ2 receptor: [3H]-1,3-di-o-tolylguanidine ([3H]DTG); 

VAChT: (-)-[3H]vesamicol) as reported previously.24-25 The results are provided in Table 1. In 

general, the introduction of a fluoroethoxy group maintained the nanomolar affinity of the 

indole-based analogs for σ2 receptors (Ki(σ2) = 1.79−−−−5.23 nM) and increased the subtype 

selectivity (Ki(σ1)/Ki(σ2) = 56−−−−708). The presence of the fluoroethoxy group at 4-position of 

the indole group led to higher subtype selectivity compared with the 5- or 6-position (15 vs 

19 and 21, 16 vs 20 and 22). The length of the carbon linker between the indole group and 
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the 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline (or 5,6-dimethoxyisoindoline) moiety 

significantly influenced the subtype selectivity. The presence of four carbon units is favorable 

for σ2 receptor affinity and subtype selectivity (15 vs 13 and 17, 16 vs 14 and 18). 

Compounds with either the 5,6-dimethoxyisoindoline or 

6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline moiety displayed similar affinity for σ2 

receptors (13 vs 14, 15 vs 16, 21 vs 22). 

Considering the σ2 receptor affinity, subtype selectivity, lipophilicity and positions of the 

fluoroethoxy substitution, compounds 15, 16, 20 and 21 were further tested for their VAChT 

affinity. All four compounds proved to be of high selectivity for σ2 receptors over VAChT 

(Ki(VAChT)/Ki(σ2) = 1488−−−−19151). The corresponding radioligands [18F]16 (fluoroethoxy 

group at the 4-position) and [18F]21 (fluoroethoxy group at the 6-position) were synthesized 

to investigate their binding and kinetic properties in vivo. 

 

2.3 Radiochemistry. 

The precursors for radiolabelling were synthesized as outlined in Scheme 2. Protection 

of compound 4-hydroxyindole (2) or 6-hydroxyindole (4) with 3,4-dihydro-2H-pyran, followed 

by reaction with 1,4-dibromobutane provided compound 24 or 28. N-Alkylation of 

6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline and 5,6-dimethoxyisoindoline with 24 and 28 

gave compounds 25 and 29, respectively. Deprotection afforded compounds 26 and 30. 

Scheme 3 depicts the radiosynthesis of [18F]16 and [18F]21, which were prepared by an 

efficient one-pot, two-step reaction sequence with a home-made automated synthesis 

module.26 In the first step, 2,2’-(ethane-1,2-diyl)bis(4-methylbenzenesulfonate) reacted with 

Kryptofix 2.2.2/K+[18F]F- complex to provide 2-[18F]fluoroethyl-1-tosylate. Alkylation of the 

precursors 26 and 30 with 2-[18F]fluoroethyl-1-tosylate (32) in the presence of Cs2CO3 gave 

radioligands [18F]16 and [18F]21, respectively. After purification via semi-preparative HPLC, 

[18F]16 and [18F]21 were obtained in decay-corrected radiochemical yields of 10−15% (n = 4) 

and 16−21% (n = 7), respectively, and radiochemical purity (RCP) of > 99%. Specific 

activities were 29 (n = 1) and 26−34 GBq/µmol (n = 2), respectively, for [18F]16 and [18F]21. 

In order to identify the radiotracer, [18F]16 and its reference compound 16, and [18F]21 

and its reference compound 21 were co-injected and their HPLC profiles assessed using 

acetonitrile and water containing 0.1% trifluoroacetic acid (TFA) (45:55, v/v) as mobile phase 

at a flow rate of 1 mL/min. The respective HPLC chromatograms are presented in Figure 2. 

The retention times were observed to be 13.18 and 13.27 min for 16 and [18F]16, and 10.78 
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and 10.86 min for 21 and [18F]21, respectively. The differences in retention times were in 

accordance with the time lag due to the volume and flow rate within the distance between 

the UV and radioactivity detectors of our HPLC system, thus indicating co-elution of the 

radiolabeled species with the unlabeled reference compounds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. Reagents and conditions: (a) DHP, TFA, CH2Cl2, 1 h，for 23, 36%, and for 27, 

83%; (b) DMF, Br(CH2)4Br, KOH, TBAF, r.t, 2 h, for 24, 72%, and for 28, 47%; (c) K2CO3, 

6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline/5,6-dimethoxyisoindoline, 90°C, 6 h, for 25, 

69%, and for 29, 83%; (d) HCl (1 mol/L), NaOH (1 mol/L), r.t., 1 h, for 26, 33%, and for 30, 

33%. 
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Scheme 3. Radiosyntheses of [18F]16 and [18F]21. Reagents and conditions: (a) Kryptofix 

2.2.2, Cs2CO3, DMSO, 100 °C, 5 min; (b) 32, DMSO, 140 °C, 25 min. 
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Figure 2. HPLC co-elution profiles of 16 and [18F]16 (A), and 21 and [18F]21 (B), with UV 

trace (λ = 254 nm) in black and radiotrace in red. Conditions: CH3CN/H2O (containing 0.1% 

TFA) = 45/55, v/v, flow rate = 1 mL/min. 

 

2.4 Evaluation of the Radioligands. 

2.4.1 Lipophilicity. 

A shake-flask method was employed for the determination of the apparent distribution of 

the radiotracers as previously reported.26 The log D7.4 values were measured to be 2.35 ± 

0.11 (n = 3) and 2.17 ± 0.13 (n = 3), respectively, for [18F]16 and [18F]21. 

 

2.4.2 In vitro stability. 

The in vitro stability of [18F]16 and [18F]21 in saline was evaluated after 4 h of incubation 

at room temperature by measuring the RCP, which was maintained at > 99% as shown in 

Figure 3. 
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Figure 3. In vitro stability analysis: analytical radio-HPLC chromatograms of [18F]16 and 

[18F]21 in saline at room temperature at 4 h after synthesis. 

 

2.4.3 Biodistribution studies in male ICR mice. 

To evaluate the kinetics of [18F]16 and [18F]21, biodistribution studies were performed in 

male ICR mice at 2, 15, 30, 60 and 120 min after radiotracer injection. The results are 

summarized in Tables 2 and 3. Both [18F]16 and [18F]21 showed high initial brain uptake with 

3.29 ± 0.51% ID/g and 4.55 ± 0.43% ID/g at 2 min, respectively, followed by a relatively fast 

clearance from the brain. The brain-to-blood ratios were highest at 15 min after injection, 

with 3.02 and 4.53 for [18F]16 and [18F]21, respectively. Relatively low accumulation of the 

radiotracers was observed in the bone, with 4.04 ± 0.60% ID/g and 5.46 ± 1.42% ID/g, 

respectively, at 120 min, indicating little defluorination of [18F]16 and [18F]21 in vivo. 

To verify the binding specificity of [18F]16 and [18F]21 to σ2 receptors in vivo, blocking 

studies were carried out by pre-administration of haloperidol (2.7 µmol/kg, 1 mg/kg, 0.1 mL) 

or compound 21 (3 µmol/kg, 1.2 mg/kg, 0.1 mL) at 5 min prior to radiotracer injection. 

Results are presented in Figure 4. For [18F]16, pretreatment with haloperidol reduced the 

brain uptake by 26% (p = 0.001) and the brain-to-blood ratio by 35% (p = 0.001). 

Pretreatment with compound 21 reduced the brain uptake by 24% (p = 0.001) and the 

brain-to-blood ratio by 65% (p < 0.001). Moreover, pretreatment with compound 21 reduced 

the radiotracer uptake in the liver by 62% (p < 0.001) and the liver-to-blood ratio by 83% (p < 

0.001). For [18F]21, pretreatment with haloperidol reduced the brain uptake by 32% (p < 

0.001) and the brain-to-blood ratio by 38% (p = 0.002). Pretreatment with compound 21 

reduced the brain uptake by 21% (p = 0.004) and the brain-to-blood ratio by 68% (p < 0.001). 

Radiotracer uptake in the liver and the liver-to-blood ratio were reduced by 54% (p < 0.001) 
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and 81% (p < 0.001), respectively, by pretreatment with compound 21. These data provide 

evidence for the binding specificity of [18F]16 and [18F]21 in vivo. 

 

Table 2. Biodistribution of [18F]16 in male ICR micea 

Organ 2 min 15 min 30 min 60 min 120 min 

Blood 2.19 ± 0.25 1.00 ± 0.07 0.94 ± 0.17 1.04 ± 0.13 1.05 ± 0.07 

Brain 3.29 ± 0.51 3.01 ± 0.24 2.19 ± 0.18 1.34 ± 0.13 1.01 ± 0.03 

Heart 10.02 ± 1.76 3.21 ± 0.29 2.24 ± 0.34 1.56 ± 0.16 1.50 ± 0.11 

Liver 8.33 ± 0.83 20.44 ± 2.56 24.26 ± 3.67 23.41 ± 3.09 17.12 ± 1.82 

Spleen 4.56 ± 1.04 8.35 ± 1.01 7.59 ± 0.57 5.37 ± 0.65 3.76 ± 0.32 

Lung 31.57 ± 4.67 9.77 ± 1.93 7.28 ± 0.9 3.67 ± 0.90 2.87 ± 0.30 

Kidney 18.19 ± 2.33 16.77 ± 1.11 10.49 ± 0.84 6.63 ± 0.62 4.91 ± 0.49 

Stomachb 7.31 ± 1.13 11.94 ± 0.81 14.5 ± 1.94 19.43 ± 2.35 20.97 ± 1.38 

Small 

intestineb 
1.25 ± 0.22 2.92 ± 0.44 1.98 ± 0.21 3.44 ± 1.15 3.83 ± 0.26 

Muscle 4.08 ± 0.85 2.79 ± 0.33 1.78 ± 0.38 1.25 ± 0.12 1.05 ± 0.03 

Bone 2.12 ± 0.40 3.77 ± 0.20 4.47 ± 0.70 4.53 ± 0.57 4.04 ± 0.60 

Brain/blood 1.50 3.02 2.37 1.30 0.96 

aData are expressed as percentage of injected dose per gram (% ID/g), means ± SD, n = 5. 

bPercentage of injected dose per organ. 

 

Table 3. Biodistribution of [18F]21 in male ICR micea 

Organ 2 min 15 min 30 min 60 min 120 min 

Blood 2.15 ± 0.23 0.75 ± 0.04 0.63 ± 0.09 0.54 ± 0.06 0.49 ± 0.04 

Brain 4.55 ± 0.43 3.39 ± 0.29 2.28 ± 0.16 1.14 ± 0.07 0.97 ± 0.17 

Heart 9.01 ± 0.83 2.60 ± 0.30 1.39 ± 0.55 1.14 ± 0.26 1.13 ± 0.10 

Liver 8.87 ± 0.91 23.30 ± 0.98 31.60 ± 3.93 29.66 ± 2.04 26.24 ± 4.00 

Spleen 6.06 ± 1.44 8.60 ± 0.29 8.26 ± 1.63 5.32 ± 0.44 4.11 ± 0.34 

Lung 39.54 ± 8.12 9.25 ± 1.52 6.23 ± 0.94 5.12 ± 1.65 3.11 ± 0.64 

Kidney 17.77 ± 1.91 11.07 ± 0.86 6.83 ± 0.90 4.26 ± 0.37 3.87 ± 0.25 

Stomachb 7.33 ± 0.57 12.77 ± 0.85 14.83 ± 1.33 16.62 ± 2.00 21.51 ± 2.60 
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Small 

intestineb 
1.42 ± 0.15 2.64 ± 0.43 2.38 ± 0.39 2.44 ± 0.45 2.48 ± 0.78 

Muscle 3.83 ± 0.38 2.23 ± 0.30 1.63 ± 0.16 0.92 ± 0.13 0.84 ± 0.05 

Bone 3.46 ± 0.43 4.73 ± 0.43 5.66 ± 1.12 3.70 ± 0.74 5.46 ± 1.42 

Brain/blood 2.12 4.53  3.67 2.12 2.02 

aData are expressed as percentage of injected dose per gram (% ID/g), means ± SD, n = 5 

bPercentage of injected dose per organ. 

 

 

 

Figure 4. Effects of pretreatment with haloperidol (0.1 mL, 1.0 mg/kg) or compound 21 (0.1 

mL, 3 µmol/kg) on organ biodistribution of [18F]16 and [18F]21 at 30 min after intravenous 

injection. Student’s t test (independent, two-tailed) was performed, and p < 0.05 (except for 

haloperidol in the liver). 

 

2.4.4 Effect of P-gp on brain uptake of [18F]16 and [18F]21. 

P-glycoprotein (P-gp) is highly expressed at the blood-brain barrier (BBB) and restricts 

the brain entry of its substrates.27 To test whether [18F]16 and [18F]21 are substrates for P-gp 

in vivo, cyclosporine A (50 mg/kg, 0.1 mL), an inhibitor of P-gp, was intravenously injected 

via the tail vein at 1 h prior to radiotracer injection. Radioligand distribution results are 

summarized in Figure 5. Cyclosporine A significantly increased the initial brain uptake of 

[18F]16 and [18F]21 by 201% and 51%, respectively, at 2 min postinjection. At the same time, 

the accumulation in the blood was maintained at the same level for [18F]16 (2.19 ± 0.49% 

ID/g vs 2.13 ± 0.46% ID/g) and [18F]21 (2.15 ± 0.23% ID/g vs 1.95 ± 0.38% ID/g). These data 

suggest that [18F]16 and [18F]21 may be substrates for P-gp. 
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Figure 5. Effects of P-gp on brain uptake of [18F]16 and [18F]21 in mice. Student’s t test 

(independent, two-tailed) was performed, and p < 0.01 for brain. 

 

 

Figure 6. Analytical radio-HPLC chromatograms of the mouse brain extracts at 30 min after 

injection of [18F]21 (370 µCi, 0.1 mL, 7% ethanol in saline). 

 

2.4.5 Analysis of radiometabolite in the brain. 

A very important step in the development of brain imaging agent is to determine whether 

any radiometabolites of the radiotracer can enter the brain and confound the measurement 

of binding signal. Since the higher brain uptake and brain-to-blood ratio favors [18F]21, its 

radioactive species in the brain were analyzed in brain samples obtained from mice at 30 

min after radiotracer injection, as previously reported.26 The results are shown in Figure 6. 

In the brain, ≥ 95% of the radioactivity signal represented the parent tracer [18F]21, indicating 

no entry of any radioactive metabolites into the brain. 
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3. DISCUSSION 

The σ2 receptor has been proposed as a potential biomarker for the proliferative status of 

solid tumors.8-12 More recently it has also been suggested to play an important role in 

various brain disorders.13-15 and thus as a potential target for noninvasive imaging of 

neuronal/synaptic loss in neurodegenerative diseases using positron emission tomography 

(PET).28 However, there is no suitable PET radiotracer available for imaging σ2 receptors in 

the brain. In this study, we designed and synthesized a series of indole-based σ2 receptor 

ligands in an effort to develop 18F-labeled radiotracers with high affinity, selectivity and 

suitability for imaging the σ2 receptors in brain. 

  In vitro binding assays showed that these new compounds with fluoroethoxy moiety 

(13−22) possessed nanomolar affinity for σ2 receptors and high subtype selectivity. Moreover, 

compounds 15, 16, 20, and 21 displayed extremely high selectivity for σ2 receptors over 

VAChT (>1000-fold). Among the indole-based analogues, compound 16 with a 

6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline moiety and the fluoroethoxy group at 

4-position of the indole ring displayed the highest subtype selectivity. Compound 21 with a 

5,6-dimethoxyisoindoline moiety and the fluoroethoxy group at 6-position of the indole ring 

displayed nanomolar affinity for σ2 receptors, >100-fold subtype selectivity, and >10000-fold 

selectivity for σ2 vs. VAChT. The corresponding radiotracers [18F]16 and [18F]21 were thus 

prepared for further in vitro and in vivo evaluation. 

  Radioligand [18F]21 (log D7.4 = 2.17) displayed lower lipophilicity than [18F]16 (log D7.4 = 

2.35), consistent with the lower lipophilicity of the 5,6-dimethoxyisoindoline moiety. The log 

D7.4 values of both [18F]16 and [18F]21 are within the desirable range (log D = 1−3) for good 

BBB permeability required for brain imaging probes.29 Both [18F]16 and [18F]21 also 

displayed excellent stability in vitro. 

  In biodistribution studies in mice, [18F]16 (3.29 % ID/g at 2 min) and [18F]21 (4.55 % ID/g at 

2 min) showed higher initial brain uptake levels than the previously reported σ2 radioligand 

[18F]ISO-1 (0.76 % ID/g at 2 min).20 The brain-to-blood activity ratios of [18F]16 and [18F]21 at 

15 min after injection were also high. In addition, pretreatment with haloperidol and 

compound 21 significantly reduced radiotracer accumulation in the brain and liver, providing 

evidence for specific binding of [18F]16 and [18F]21 to σ2 receptors in vivo. 

  Ex vivo experiments were conducted to determine whether [18F]16 and [18F]21 are 

potential substrates for P-gp, as P-gp is highly expressed at the BBB and actively transports 

different lipophilic drugs out of the brain capillary endothelial cells. Pretreatment with the 
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P-gp inhibitor cyclosporine A at 60 min prior to radiotracer injection increased brain uptake of 

[18F]16 and [18F]21 by approximately 2.0-fold and 0.5-fold, respectively, while levels in the 

blood were not changed. These data indicate that [18F]16 and [18F]21 may be substrates for 

P-gp. The relatively lower initial brain uptakes of [18F]16 and [18F]21 (less than 5 % ID/g) 

could be attributed to the observation that both compounds appear to be weak substrates for 

P-gp, which might limit their utility in translational imaging studies. However, it is well known 

that a substrate of P-gp is species dependent.30-31 Evaluation of [18F]16 and [18F]21 in higher 

animal species is warranted to further investigate this point. 

  Another important aspect for a brain radiotracer is the absence of radiometabolites able to 

cross the BBB into brain. [18F]21 displayed higher brain uptake and brain-to-blood ratios 

than [18F]16, and its radioactivity profile in the brain of male ICR mice was determined at 30 

min after radioligand injection. The parent tracer [18F]21 was found to be the only radioactive 

species in the mouse brain, indicating that radiometabolites generated in the periphery did 

not enter the brain. 

   

4. Conclusion 

We have successfully designed and synthesized a series of indole-based analogs with 

nanomolar affinity for σ2 receptors and high subtype selectivity as well as high selectivity for 

σ2 over VAChT. Radioligands [18F]16 and [18F]21 displayed suitable lipophilicity and high 

stability in vitro. Biodistribution results in ICR mice indicated that these two 18F-labeled 

tracers displayed high brain uptake and high brain-to-blood ratios. Blocking studies 

confirmed specific binding of [18F]16 and [18F]21 to σ2 receptors in vivo. In vivo metabolic 

studies indicated no presence of radioactive metabolites from [18F]21 in the brain. Taken 

together, both of these two new radioligands appear to be suitable in vivo imaging agents for 

the σ2 receptors and further development is warranted. 

 

5. Experimental section 

5.1. General method 

All the chemicals or reagents were obtained from commercial suppliers without further 

purification. All synthesized compounds were monitored by thin-layer chromatography (TLC) 

on silica gel. 1H NMR spectra were recorded on a Bruker Avance III (400 MHz) NMR 

spectrometer in CDCl3 solutions at room temperature and with tetramethylsilane (TMS) as 

an internal standard. 13C NMR spectra were recorded on a Bruker Avance III (100 MHz) 

NMR spectrometer. Chemical shifts (δ) are reported in ppm downfield from TMS and 
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coupling constants (J) in Hertz (Hz). Mass spectra were acquired on a Quattro micro API 

ESI/MS instrument (Waters, USA). High-resolution mass spectrometry (HRMS) was 

performed on a LCT Premier XE ESI-TOF mass spectrometer (Waters, USA). High 

performance liquid chromatography analysis and purification were performed on a Waters 

600 system (Waters Corporation, USA) equipped with a Waters 2489 UV-VIS detector and a 

Raytest Gabi NaI (Tl) scintillation detector (Raytest, Germany). Samples were separated on 

an Agela Venusil MP C18 column (250 × 4.6 mm, 5 µm) using 40% acetonitrile (containing 

0.1% trifluoroacetic acid, TFA) and 60% water (containing 0.1% TFA) as mobile phase at a 

flow rate of 4 mL/min. Samples were analyzed using 45% acetonitrile (containing 0.1% TFA) 

and 55% water (containing 0.1% TFA) as mobile phase at a flow rate of 1 mL/min. 

Normal male ICR mice (22–24 g, 4–5 weeks) were purchased from Vital River 

Experimental Animal Technical Co., LTD. All procedures of the animal experiments were 

carried out according to the relevant laws and institutional guidelines. The protocol was 

approved by the Institutional Animal Care and Use Committee of Beijing Normal University. 

 

5.2. Chemistry 

5.2.1. 4-(2-fluoroethoxy)-indole (5) 

Compound 2 (202.2 mg, 1.52 mmol) and 1-bromo-2-fluoroethane (347.6 mg, 2.74 mmol) 

were dissolved in CH3CN (30 mL), followed by addition of K2CO3 (637.1 mg, 4.61 mmol). 

The mixture was heated under reflux and stirred at 90 °C for 6 h. After cooling and filtration, 

the solvent was removed under reduced pressure. The residue was purified by silica gel 

column chromatography (petroleum ether/ethyl acetate/triethyamine = 10:5:1, v/v/v) to afford 

5 (249.9 mg, 92%) as a pale yellow solid, MP: 119.0−120.2 °C. 1H NMR (400 MHz, CDCl3): δ 

8.16 (s, 1H, indole N-H), 7.13–7.04 (m, 3H, Ar-H), 6.71–6.69 (m, 1H, Ar-H), 6.52 (dd, J = 7.5, 

0.6 Hz, 1H, Ar-H), 4.83 (dt, J = 47.4, 4.2 Hz, 2H, F-CH2), 4.38 (dt, J = 27.6, 4.3 Hz, 2H, 

O-CH2). ESI-MS, [M+H]+: m/z = 180.2. 

 

5.2.2. 5-(2-fluoroethoxy)-indole (6) 

The procedure described for the synthesis of 5 was applied to compound 3 (215.8 mg, 

1.62 mmol), 1-bromo-2-fluoroethane (400.2 mg, 3.15 mmol) and K2CO3 (626.6 mg, 4.53 

mmol) to afford 6 (201.7 mg, 69%) as a pink oil. 1H NMR (400 MHz, CDCl3): δ 8.15 (s, 1H, 

indole N-H), 7.28–7.16 (m, 3H, Ar-H), 6.97 (dd, J = 8.8, 0.2 Hz, 1H, Ar-H), 6.55–6.53 (m, 1H, 

Ar-H), 4.80 (dt, J = 47.5, 4.2 Hz, 2H, F-CH2), 4.27 (dt, J = 27.6, 4.2 Hz, 2H, O-CH2). ESI-MS, 
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[M+H]+: m/z = 180.2. 

 

5.2.3. 6-(2-fluoroethoxy)-indole (7) 

The procedure described for the synthesis of 5 was applied to compound 4 (500.0 mg, 

3.76 mmol), 1-bromo-2-fluoroethane (732.5 mg, 5.77 mmol) and K2CO3 (1643.5 mg, 11.91 

mmol) to afford 7 (470.1 mg, 70%) as a white solid. Mp: 92.3−93.9 °C. 1H NMR (400 MHz, 

CDCl3): δ 8.05 (s, 1H, indole N-H), 7.53 (d, J = 8.6, 1H, Ar-H), 7.09 (s, 1H, Ar-H), 6.91 (s, 1H, 

Ar-H), 6.84 (d, J = 8.6, 1H, Ar-H), 6.50 (s, 1H, Ar-H), 4.78 (dt, J = 47.5, 4.0 Hz, 2H, F-CH2), 

4.25 (dt, J = 27.9, 4.1 Hz, 2H, O-CH2). ESI-MS, [M+H]+: m/z = 180.2. 

 

5.2.4. 1-(3-bromopropyl)-4-(2-fluoroethoxy)-indole (8) 

Tetrabutylammonium fluoride (85.0 mg, 0.33 mmol) and potassium hydroxide (278.6 mg, 

4.97 mmol) were added to a solution of 5 (178.2 mg, 0.99 mmol) in DMF (2 mL). The 

reaction mixture was stirred at 0 °C for 1 h. Then 1,3-dibromopropane was added and the 

mixture was stirred for 1 h at room temperature. The solvent was removed. The residue was 

washed with saturated sodium chloride, extracted with dichloromethane and dried. The 

solvent was removed under reduced pressure. The residue was purified by silica gel 

chromatography (petroleum ether/ethyl acetate) = 10:1, v/v) to afford 8 (70.6 mg, 24%) as a 

yellow oil. 1H NMR (400 MHz, CDCl3): δ 7.14 (t, J = 8.0 Hz, 1H, Ar-H), 7.07 (d, J = 3.2 Hz, 1H, 

Ar-H), 7.04 (d, J = 8.3 Hz, 1H, Ar-H), 6.66 (dd, J = 3.1, 0.7 Hz, 1H, Ar-H), 6.53 (d, J = 7.7 Hz, 

1H, Ar-H), 4.84 (dt, J = 47.5, 4.2 Hz, 2H, F-CH2), 4.38 (dt, J = 27.7, 4.3 Hz, 2H, O-CH2), 4.32 

(t, J = 6.4 Hz, 2H, indole N-CH2), 3.30 (t, J = 6.1 Hz, 2H, Br-CH2), 2.37–2.31 (m, 2H, CH2). 

 

5.2.5. 1-(4-bromobutyl)-4-(2-fluoroethoxy)-indole (9) 

The procedure described for the synthesis of 8 was applied to compound 5 (290.1 mg, 

1.62 mmol), tetrabutylammonium fluoride (84.6 mg, 0.33 mmol), potassium hydroxide (278.3 

mg, 4.97 mmol) and 1,4-dibromobutane (1071.6 mg, 4.96 mmol) to afford 9 (376.6 mg, 74%) 

as a yellow oil. 1H NMR (400 MHz, CDCl3): δ 7.10 (t, J = 8.0 Hz, 1H, Ar-H), 6.98–6.95 (m, 2H, 

Ar-H), 6.63 (d, J = 3.1 Hz, 1H, Ar-H), 6.49 (d, J = 7.7 Hz, 1H, Ar-H), 4.80 (dt, J = 47.5, 4.2 Hz, 

2H, F-CH2), 4.33 (dt, J = 27.8, 4.2 Hz, 2H, O-CH2), 4.09 (t, J = 6.8 Hz, 2H, indole N-CH2), 

3.32 (t, J = 6.5 Hz, 2H, Br-CH2), 2.00–1.92 (m, 2H, CH2), 1.83–1.76 (m, 2H, CH2). ESI-MS, 

[M+H]+: m/z = 314.0. 
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5.2.6. 1-(5-bromopentyl)-4-(2-fluoroethoxy)-indole (10) 

The procedure described for the synthesis of 8 was applied to compound 5 (193.4 mg, 

1.08 mmol), tetrabutylammonium fluoride (83.9 mg, 0.32 mmol), potassium hydroxide (181.7 

mg, 3.24 mmol) and 1,5-dibromopentane (744.4 mg, 3.24 mmol) to afford 10 (293.8 mg, 

82%) as a yellow oil. 1H NMR (400 MHz, CDCl3): δ 7.12 (t, J = 8.0 Hz, 1H, Ar-H), 7.01–6.98 

(m, 2H, Ar-H), 6.64 (d, J = 3.1 Hz, 1H, Ar-H), 6.51 (d, J = 7.7 Hz, 1H, Ar-H), 4.83 (dt, J = 47.5, 

4.0 Hz, 2H, F-CH2), 4.38 (dt, J = 28.0, 4.0 Hz, 2H, O-CH2), 4.12 (t, J = 7.0 Hz, 2H, indole 

N-CH2), 3.37 (t, J = 6.7 Hz, 2H, Br-CH2), 1.90–1.82 (m, 4H, CH2), 1.50–1.42 (m, 2H, CH2). 

 

5.2.7. 1-(4-bromobutyl)-5-(2-fluoroethoxy)-indole (11) 

The procedure described for the synthesis of 8 was applied to compound 6 (201.0 mg, 

1.12 mmol), tetrabutylammonium fluoride (113.7 mg, 0.44 mmol), potassium hydroxide 

(248.6 mg, 4.44 mmol) and 1,4-dibromobutane (1001.4 mg, 4.64 mmol) to afford 11 (162.6 

mg, 46%) as a yellow oil. 1H NMR (400 MHz, CDCl3): δ 7.25 (d, J = 8.6 Hz, 1H, Ar-H), 7.13 (s, 

1H, Ar-H), 7.08 (s, 1H, Ar-H), 6.94 (d, J = 7.8 Hz, 1H, Ar-H), 6.43 (s, 1H, Ar-H), 4.78 (d, J = 

47.5 Hz, 2H, F-CH2), 4.26 (d, J = 28.1 Hz, 2H, O-CH2), 4.13 (t, J = 4.9 Hz, 2H, indole N-CH2), 

3.37 (t, J = 4.0 Hz, 2H, Br-CH2), 1.99 (s, 2H, CH2), 1.85 (s, 2H, CH2). ESI-MS, [M+H]+: m/z = 

314.0. 

 

5.2.8. 1-(4-bromobutyl)-6-(2-fluoroethoxy)-indole (12) 

The procedure described for the synthesis of 8 was applied to compound 7 (389.6 mg, 

2.17 mmol), tetrabutylammonium fluoride (85.1 mg, 0.33 mmol), potassium hydroxide (258.6 

mg, 4.62 mmol) and 1,4-dibromobutane (1432.1 mg, 6.63 mmol) to afford 12 (309.4 mg, 

45%) as a yellow oil. 1H NMR (400 MHz, CDCl3): δ 7.51 (d, J = 8.5 Hz, 1H, Ar-H), 6.99 (d, J = 

2.4 Hz, 1H, Ar-H), 6.86 (s, 1H, Ar-H), 6.81 (d, J = 8.6 Hz, 1H, Ar-H), 6.43 (d, J = 2.4 Hz, 1H, 

Ar-H), 4.80 (dt, J = 47.5, 3.8 Hz, 2H, F-CH2), 4.28 (dt, J = 27.8, 3.9 Hz, 2H, O-CH2), 4.09 (t, J 

= 6.8 Hz, 2H, indole N-CH2), 3.38 (t, J = 6.5 Hz, 2H, Br-CH2), 2.04–1.97 (m, 2H, CH2), 

1.90–1.82 (m, 2H, CH2). ESI-MS, [M+H]+: m/z = 314.1. 

 

5.2.9. 1-[3-(5,6-dimethoxyisoindolin-2-yl)butyl]-4-(2-fluoroethoxy)-indole (13) 

 Compound 8 (70.6 mg, 0.24 mmol) and 5,6-dimethoxyisoindoline (68.5 mg, 0.38 mmol) 

were dissolved in CH3CN (30 mL), followed by addition of K2CO3 (138.8 mg, 1.00 mmol). 

The mixture was heated under reflux and stirred at 90 °C for 6 h. After cooling and filtration, 



  

18 

 

the solvent was removed under reduced pressure. The residue was purified by silica gel 

chromatography (petroleum ether/ethyl acetate/triethyamine) = 10:10:1, v/v/v) to afford 13 

(56.8 mg, 59%) as a pale yellow oil. 1H NMR (400 MHz, CDCl3): δ 7.15–7.06 (m, 3H, Ar-H), 

6.77 (s, 2H, Ar-H), 6.66 (dd, J = 3.1, 0.5 Hz, 1H, Ar-H), 6.52 (d, J = 7.2 Hz, 1H, Ar-H), 4.84 

(dt, J = 47.5, 4.2 Hz, 2H, F-CH2), 4.37 (dt, J = 27.8, 4.3 Hz, 2H, O-CH2), 4.27 (t, J = 6.7 Hz, 

2H, indole N-CH2), 3.87 (s, 10H, O-CH3, Ar-CH2-N), 2.65 (t, J = 6.7 Hz, 2H, N-CH2), 

2.08–2.05 (m, 2H, CH2).
 13C NMR (100 MHz, CDCl3) δ (ppm): 152.43, 148.63, 137.94, 

131.86, 127.08, 122.29, 119.61, 106.14, 103.84, 100.64, 98.63, 82.35 (J = 169.2, F-CH2), 

67.49 (J = 20.6, O-CH2), 59.32, 56.34, 52.75, 44.12, 29.56. ESI-TOF MS calcd for 

C23H28FN2O3 [M+H]+: 399.2084; found: 399.2076. 

 

5.2.10. 

2-{3-[4-(2-fluoroethoy)-indol-1-yl]propyl}-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline (14) 

The procedure described for the synthesis of 13 was applied to compound 8 (59.7 mg, 

0.20 mmol), 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline (56.6 mg, 0.29 mmol) and K2CO3 

(81.8 mg, 0.59 mmol) to afford 14 (39.4 mg, 48%) as a yellow oil. 1H NMR (400 MHz, CDCl3): 

δ 7.13–7.04 (m, 3H, Ar-H), 6.65 (dd, J = 3.1, 0.3 Hz, 1H, Ar-H), 6.62 (s, 1H, Ar-H), 6.53–6.50 

(m, 2H, Ar-H), 4.84 (dt, J = 47.5, 4.2 Hz, 2H, F-CH2), 4.37 (dt, J = 27.8, 4.3 Hz, 2H, O-CH2), 

4.24 (t, J = 6.7 Hz, 2H, indole N-CH2), 3.86 (s, 3H, O-CH3), 3.85 (s, 3H, O-CH3), 3.52 (s, 2H, 

Ar-CH2-N), 2.85 (t, J = 5.8 Hz, 2H, Ar-CH2), 2.67 (t, J = 5.8 Hz, 2H, N-CH2), 2.43 (t, J = 6.8 

Hz, 2H, N-CH2), 2.09 (t, J = 6.8 Hz, 2H, CH2).
 13C NMR (100 MHz, CDCl3): δ 152.23, 147.57, 

147.26, 137.75, 126.83, 126.70, 126.32, 122.04, 119.41, 111.49, 109.58, 103.68, 100.47, 

98.44, 82.16 (J = 169.2, F-CH2), 67.31 (J = 20.5, O-CH2), 55.96, 55.93, 55.63, 54.63, 50.99, 

44.03, 28.84, 27.63. ESI-TOF MS calcd for C24H30FN2O3 [M+H]+: 413.2240; found: 

413.2236. 

 

5.2.11. 1-[4-(5,6-dimethoxyisoindolin-2-yl)butyl]-4-(2-fluoroethoxy)-indole (15) 

The procedure described for the synthesis of 13 was applied to compound 9 (82.0 mg, 

0.27 mmol), 5,6-dimethoxyisoindoline (73.6 mg, 0.41 mmol) and K2CO3 (206.1 mg, 1.49 

mmol) to afford 15 (73.3 mg, 68%) as a yellow oil. 1H NMR (400 MHz, CDCl3): δ 7.11 (t, J = 

8.0 Hz, 1H, Ar-H), 7.02 (dd, J = 10.8, 5.7 Hz, 2H, Ar-H), 6.72 (s, 2H, Ar-H), 6.64 (dd, J = 3.1, 

0.7 Hz, 1H, Ar-H), 6.51 (d, J = 7.6 Hz, 1H, Ar-H), 4.83 (dt, J = 47.4, 4.2 Hz, 2H, F-CH2), 4.37 

(dt, J = 27.7, 4.2 Hz, 2H, O-CH2), 4.16 (t, J = 6.9 Hz, 2H, indole N-CH2), 3.89 (s, 4H, 

Ar-CH2-N), 3.85 (s, 6H, O-CH3), 2.74 (t, J = 7.4 Hz, 2H, N-CH2), 1.97–1.93 (m, 2H, CH2), 
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1.64–1.60 (m, 2H, CH2).
 13C NMR (100 MHz, CDCl3): δ 152.44, 148.57, 137.86, 131.86, 

126.67, 122.24, 119.63, 106.09, 103.73, 100.64, 98.66, 82.34 (J = 170.2, F-CH2), 67.43 (J = 

20.7, O-CH2), 59.37, 56.32, 55.70, 46.65, 28.27, 26.53. ESI-TOF MS calcd for C24H30FN2O3 

[M+H]+: 413. 2240; found: 413. 2236. 

 

5.2.12. 2-{4-[4-(2-fluoroethoy)-indol-1-yl]butyl}-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline 

(16) 

The procedure described for the synthesis of 13 was applied to compound 9 (47.6 mg, 

0.15 mmol), 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline (51.2 mg, 0.26 mmol) and K2CO3 

(123.5 mg, 0.89 mmol) to afford 16 (22.5 mg, 34%) as a yellow oil. 1H NMR (400 MHz, 

CDCl3): δ 7.09 (t, J = 8.0 Hz, 1H, Ar-H), 7.01 (dd, J = 7.3, 5.8 Hz, 2H, Ar-H), 6.63 (d, J = 3.0 

Hz, 1H, Ar-H), 6.58 (s, 1H, Ar-H), 6.50 (d, J = 8.9 Hz, 2H, Ar-H), 4.83 (dt, J = 47.4, 4.2 Hz, 2H, 

F-CH2), 4.37 (dt, J = 27.7, 4.2 Hz, 2H, O-CH2), 4.14 (t, J = 7.0 Hz, 2H, indole N-CH2), 3.83 (d, 

J = 3.0 Hz, 6H, O-CH3), 3.48 (s, 2H, Ar-CH2-N), 2.79 (t, J = 5.8 Hz, 2H, Ar-CH2), 2.64 (t, J = 

5.9 Hz, 2H, N-CH2), 2.51–2.47 (m, 2H, N-CH2), 1.93–1.88 (m, 2H, CH2), 1.63–1.55 (m, 2H, 

CH2).
 13C NMR (100 MHz, CDCl3): δ 151.75, 147.03, 146.72, 137.16, 126.13, 126.00, 

125.71, 121.55, 118.96, 110.92, 109.04, 103.07, 99.98, 97.95, 81.65 (J = 170.3, F-CH2), 

66.81 (J = 21.0, O-CH2), 57.18, 55.44, 55.42, 55.23, 50.55, 45.98, 28.19, 27.67, 24.07. 

ESI-TOF MS calcd for C25H32FN2O3 [M+H]+: 427.2397; found: 427.2394. 

 

5.2.13. 1-[5-(5,6-dimethoxyisoindolin-2-yl)pentyl]-4-(2-fluoroethoxy)-indole (17) 

The procedure described for the synthesis of 13 was applied to compound 10 (60.0 mg, 

0.18 mmol), 5,6-dimethoxyisoindoline (85.5 mg, 0.47 mmol) and K2CO3 (129.6 mg, 0.94 

mmol) to afford 17 (37.1 mg, 48%) as a yellow oil. 1H NMR (400 MHz, CDCl3): δ 7.11 (t, J = 

8.0 Hz, 1H, Ar-H), 7.02 (t, J = 5.9 Hz, 2H, Ar-H), 6.74 (s, 2H, Ar-H), 6.64 (d, J = 3.1 Hz, 1H, 

Ar-H), 6.51 (d, J = 7.7 Hz, 1H, Ar-H), 4.83 (dt, J = 47.4, 4.2 Hz, 2H, F-CH2), 4.37 (dt, J = 27.7, 

4.2 Hz, 2H, O-CH2), 4.10 (t, J = 7.0 Hz, 2H, indole N-CH2), 3.90–3.85 (m, 10H, Ar-CH2N, 

O-CH3), 2.68 (t, J = 7.4 Hz, 2H, N-CH2), 1.90–1.87 (m, 2H, CH2), 1.60–1.58 (m, 2H, CH2), 

1.41 (t, J = 7.7 Hz, 2H, CH2).
 13C NMR (100 MHz, CDCl3): δ 152.43, 148.58, 137.81, 131.94, 

126.64, 122.19, 119.62, 106.07, 103.68, 100.66, 98.57, 82.23 (J = 169.2, F-CH2), 67.42 (J = 

20.7, O-CH2), 59.40, 56.30, 56.09, 46.69, 30.37, 28.77, 24.91. ESI-TOF MS calcd for 

C25H32FN2O3 [M+H]+: 427.2391; found: 427.2390. 

 

5.2.14. 
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2-{5-[4-(2-fluoroethoy)-indol-1-yl]pentyl}-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline (18) 

The procedure described for the synthesis of 13 was applied to compound 10 (60.0 mg, 

0.18 mmol), 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline (75.3 mg, 0.39 mmol) and K2CO3 

(123.8 mg, 0.89 mmol) to afford 18 (38.2 mg, 47%) as a yellow oil. 1H NMR (400 MHz, 

CDCl3): δ 7.11 (t, J = 8.0 Hz, 1H, Ar-H), 7.01 (t, J = 5.9 Hz, 2H, Ar-H), 6.64 (dd, J = 3.1, 0.5 

Hz, 1H, Ar-H), 6.59 (s, 1H, Ar-H), 6.51 (d, J = 7.4 Hz, 2H, Ar-H), 4.83 (dt, J = 47.5, 4.2 Hz, 2H, 

F-CH2), 4.47 (dt, J = 27.7, 4.2 Hz, 2H, O-CH2), 4.11 (t, J = 7.1 Hz, 2H, indole N-CH2), 3.84 (s, 

6H, O-CH3), 3.53 (s, 2H, Ar-CH2-N), 2.81 (t, J = 5.8 Hz, 2H, Ar-CH2), 2.68 (t, J = 5.9 Hz, 2H, 

N-CH2), 2.46 (t, J = 7.4 Hz, 2H, N-CH2), 1.90–1.84 (m, 2H, CH2), 1.65–1.58 (m, 2H, CH2), 

1.42–1.36 (m, 2H, CH2).
 13C NMR (100 MHz, CDCl3): δ 151.28, 146.56, 146.25, 136.66, 

125.70, 125.52, 125.27, 121.06, 118.46, 110.48, 108.61, 102.54, 99.49, 97.43, 81.15 (J = 

170.3, F-CH2), 66.32 (J = 21.0, O-CH2), 54.96, 54.93, 54.83, 50.08, 45.53, 29.21, 27.68, 

25.88, 23.92. ESI-TOF MS calcd for C26H34FN2O3 [M+H]+: 441.2547; found: 441.2545. 

 

5.2.15. 1-[4-(5,6-dimethoxyisoindolin-2-yl)butyl]-5-(2-fluoroethoxy)-indole (19) 

The procedure described for the synthesis of 13 was applied to compound 11 (80.0 mg, 

0.26 mmol), 5,6-dimethoxyisoindoline (93.6 mg, 0.52 mmol) and K2CO3 (222.0 mg, 1.61 

mmol) to afford 19 (101.8 mg, 94%) as a yellow solid. MP: 91.8−92.5 °C. 1H NMR (400 MHz, 

CDCl3): δ 7.24 (s, 1H, Ar-H), 7.11–7.10 (m, 2H, Ar-H), 6.92 (d, J = 8.8 Hz, 1H, Ar-H), 6.72 (s, 

2H, Ar-H), 6.41 (d, J = 2.7 Hz, 1H, Ar-H), 4.77 (dt, J = 47.4, 4.0 Hz, 2H, F-CH2), 4.26 (dt, J = 

28.1, 4.0 Hz, 2H, O-CH2), 4.15 (t, J = 6.9 Hz, 2H, indole N-CH2), 3.89 (s, 4H, Ar-CH2-N), 3.85 

(s, 6H, O-CH3), 2.74 (t, J = 7.3 Hz, 2H, N-CH2), 1.97–1.93 (m, 2H, CH2), 1.64–1.60 (m, 2H, 

CH2).
 13C NMR (100 MHz, CDCl3): δ 152.84, 148.57, 131.91, 131.80, 129.03, 128.65, 112.59, 

110.39, 106.07, 104.40, 100.76, 82.42 (J = 170.0, F-CH2), 68.37 (J = 20.5, O-CH2), 59.36, 

56.30, 55.69, 46.63, 28.27, 26.56. ESI-TOF MS calcd for C24H30FN2O3 [M+H]+: 413.2240; 

found: 413.2238. 

 

5.2.16. 2-{4-[5-(2-fluoroethoy)-indol-1-yl]butyl}-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline 

(20) 

The procedure described for the synthesis of 13 was applied to compound 11 (80.0 mg, 

0.26 mmol), 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline (99.6 mg, 0.52 mmol) and K2CO3 

(146.1 mg, 1.06 mmol) to afford 20 (85.2 mg, 77%) as a yellow oil. 1H NMR (400 MHz, 

CDCl3): δ 7.24 (s, 1H, Ar-H), 7.11–7.08 (m, 2H, Ar-H), 6.90 (d, J = 8.9 Hz, 1H, Ar-H), 6.58 (s, 
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1H, Ar-H), 6.48 (s, 1H, Ar-H), 6.40 (d, J = 2.7 Hz, 1H, Ar-H), 4.77 (dt, J = 47.4, 3.9 Hz, 2H, 

F-CH2), 4.25 (dt, J = 28.0, 4.0 Hz, 2H, O-CH2), 4.14 (t, J = 6.9 Hz, 2H, indole N-CH2), 3.84 (s, 

3H, O-CH3), 3.83 (s, 3H, O-CH3), 3.53 (s, 2H, Ar-CH2-N), 2.81 (s, 2H, Ar-CH2), 2.70 (s, 2H, 

N-CH2), 2.52 (t, J = 7.2 Hz, 2H, N-CH2), 1.94–1.90 (m, 2H, CH2), 1.64–1.61 (m, 2H, CH2).
 

13C NMR (100 MHz, CDCl3): δ 152.16, 147.04, 146.72, 131.22, 128.36, 127.98, 126.07, 

125.69, 111.89, 110.91, 109.72, 109.02, 103.74, 100.05, 81.73 (J = 170.0, F-CH2), 67.70 (J 

= 20.4, O-CH2), 57.14, 55.44, 55.41, 55.23, 50.51, 45.95, 28.16, 27.67, 24.10. ESI-TOF MS 

calcd for C25H32FN2O3 [M+H]+: 427.2397; found: 427.2394. 

 

5.2.17. 1-[4-(5,6-dimethoxyisoindolin-2-yl)butyl]-5-(2-fluoroethoxy)-indole (21) 

The procedure described for the synthesis of 13 was applied to compound 12 (80.0 mg, 

0.26 mmol), 5,6-dimethoxyisoindoline (86.2 mg, 0.48 mmol) and K2CO3 (148.6 mg, 1.08 

mmol) to afford 21 (66.6 mg, 62%) as a yellow solid. MP: 105.7−106.8 °C. 1H NMR (400 

MHz, CDCl3) δ (ppm): 7.51 (d, J = 8.6 Hz, 1H, Ar-H), 7.02 (d, J = 3.0 Hz, 1H, Ar-H), 6.87 (s, 

1H, Ar-H), 6.81 (d, J = 8.6 Hz, 1H, Ar-H), 6.73 (s, 2H, Ar-H), 6.43 (d, J = 3.0 Hz, 1H, Ar-H), 

4.75 (dt, J = 47.5, 4.0 Hz, 2H, F-CH2), 4.25 (dt, J = 28.0, 4.0 Hz, 2H, O-CH2), 4.12 (t, J = 7.0 

Hz, 2H, indole N-CH2), 3.89 (s, 4H, Ar-CH2-N), 3.85 (s, 6H, O-CH3), 2.75 (t, J = 7.2 Hz, 2H, 

N-CH2), 1.97–1.92 (m, 2H, CH2), 1.65–1.61 (m, 2H, CH2).
 13C NMR (100 MHz, CDCl3): δ 

154.31, 147.91, 136.06, 131.14, 126.63, 123.00, 121.04, 108.92, 105.41, 100.42, 94.37, 

81.66 (J = 170.3, F-CH2), 67.51 (J = 20.4, O-CH2), 58.69, 55.63, 54.91, 45.71, 27.24, 25.77. 

ESI-TOF MS calcd for C24H30FN2O3 [M+H]+: 413.2240; found: 413.2239. 

 

5.2.18. 2-{4-[5-(2-fluoroethoy)-indol-1-yl]butyl}-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline 

(22) 

The procedure described for the synthesis of 13 was applied to compound 12 (150.0 mg, 

0.48 mmol), 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline (151.1 mg, 0.78 mmol) and K2CO3 

(216.4 mg, 1.57 mmol) to afford 22 (188.9 mg, 92%) as a yellow solid. MP: 85.1−86.4 °C. 1H 

NMR (400 MHz, CDCl3): δ 7.51 (d, J = 8.6 Hz, 1H, Ar-H), 7.02 (d, J = 3.0 Hz, 1H, Ar-H), 6.82 

(s, 1H, Ar-H), 6.80 (d, J = 8.6 Hz, 1H, Ar-H), 6.58 (s, 1H, Ar-H), 6.49 (s, 1H, Ar-H), 6.42 (d, J 

= 2.9 Hz, 1H, Ar-H), 4.75 (dt, J = 47.4, 4.0 Hz, 2H, F-CH2), 4.25 (dt, J = 27.9, 4.0 Hz, 2H, 

O-CH2), 4.10 (t, J = 7.0 Hz, 2H, indole N-CH2), 3.84 (d, J = 2.7 Hz, 6H, O-CH3), 3.52 (s, 2H, 

Ar-CH2-N), 2.81 (t, J = 5.4 Hz, 2H, Ar-CH2), 2.70 (t, J = 5.1 Hz, 2H, N-CH2), 2.52 (t, J = 7.3 

Hz, 2H, N-CH2), 1.94–1.88 (m, 2H, CH2), 1.67–1.60 (m, 2H, CH2).
 13C NMR (100 MHz, 
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CDCl3): δ  154.31, 147.04, 146.73, 136.04, 126.65, 126.04, 125.66, 123.02, 121.04, 110.89, 

109.00, 108.91, 100.42, 94.41, 81.66 (J = 170.0, FCH2), 67.70 (J = 20.5, OCH2), 57.10, 

55.43, 55.41, 55.24, 50.49, 45.76, 28.16, 27.40, 24.06. ESI-TOF MS calcd for C25H32FN2O3 

[M+H]+: 427.2397; found: 427.2396. 

 

5.2.19. 4-[(tetrahydro-pyran-2-yl)oxy]-indole (23) 

A mixture of 2 (108.2 mg, 0.81 mmol) and 3,4-dihydro-2H-pyran (189.6 mg, 2.25 mmol) 

in CH2Cl2 (25 mL) was added to TFA (19.9 mg, 0.14 mmol). The mixture was heated under 

reflux and stirred at 40 °C for 1 h. After cooling and filtration, the solvent was removed under 

reduced pressure. The residue was purified by silica gel chromatography (petroleum 

ether/ethyl acetate) = 20:1, v/v) to afford 23 (63.4 mg, 36%) as a white solid. MP: 

63.4−64.9 °C. 1H NMR (400 MHz, CDCl3): δ 8.16 (s, 1H, indole N-H), 7.15–7.00 (m, 3H, 

Ar-H), 6.81–6.51 (m, 2H, Ar-H), 5.63 (t, J = 3.1 Hz, 1H, CH), 4.04–3.98 (m, 1H, O-CH2A), 

3.65–3.61 (m, 1H, O-CH2B), 1.99–1.92 (m, 2H, CH2), 1.72–1.53 (m, 4H, CH2). ESI-MS, 

[M+H]+: m/z = 218.1. 

 

5.2.20. 1-(4-bromobutyl)-4-[(tetrahydro-pyran-2-yl)oxy]-indole (24) 

The procedure described for the synthesis of 8 was applied to compound 23 (210.0 mg, 

0.97 mmol), tetrabutylammonium fluoride (109.6 mg, 0.42 mmol), potassium hydroxide 

(113.2 mg, 2.02 mmol) and 1,4-dibromobutane (645.9 mg, 2.99 mmol) to afford 24 (245.4 

mg, 72%) as a yellow oil. 1H NMR (400 MHz, CDCl3): δ 7.09–6.52 (m, 5H, Ar-H), 5.65 (t, J = 

4.1 Hz, 1H, CH), 4.16 (t, J = 6.8 Hz, 2H, indole N-CH2), 4.06–3.99 (m, 1H, O-CH2A), 

3.68–3.62 (m, 1H, O-CH2B), 3.39 (t, J = 6.5 Hz, 2H, Br-CH2), 2.01–1.91 (m, 4H, CH2), 

1.89–1.63 (m, 6H, CH2). ESI-MS, [M+H]+: m/z = 352.1. 

 

5.2.21. 

6,7-dimethoxy-2-(4-{4-[(tetrahydro-pyran-2yl)oxy]-indol-1-yl}butyl)-1,2,3,4-tetrahydroisoquin

oline (25) 

The procedure described for the synthesis of 13 was applied to compound 24 (273.1 mg, 

0.78 mmol), 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline (222.5 mg, 1.15 mmol) and K2CO3 

(897.9 mg, 6.50 mmol) to afford 25 (250.0 mg, 69%) as a yellow oil. 1H NMR (400 MHz, 

CDCl3): δ 7.13 (t, J = 7.9 Hz, 1H, Ar-H), 7.04 (dd, J = 8.1, 6.0 Hz, 2H, Ar-H), 6.81 (d, J = 7.7 

Hz, 1H, Ar-H), 6.64–6.52 (m, 3H, Ar-H), 5.66 (s, 1H, CH), 4.16 (t, J = 6.8 Hz, 2H, indole 



  

23 

 

N-CH2), 4.03–4.01 (m, 1H, O-CH2A), 3.86 (s, 6H, O-CH3), 3.66–3.64 (m, 1H, O-CH2B), 3.51 

(s, 2H, Ar-CH2-N), 2.82 (t, J = 5.4 Hz, 2H, Ar-CH2), 2.67 (t, J = 5.7 Hz, 2H, N-CH2), 2.51 (t, J 

= 7.3 Hz, 2H, N-CH2), 2.22–1.95 (m, 4H, CH2), 1.93–1.59 (m, 6H, CH2). ESI-MS, [M+H]+: 

m/z = 465.3. 

 

5.2.22. 1-{4-[6,7-dimethoxy-3,4-dihydroisoquinolin-2(1H)-yl]butyl}-4-hydroxyindole (26) 

To the solution of compound 25 (230.3 mg, 0.50 mmol) in THF (10 mL) was added HCl 

(1 mol/L, 30 mL). The mixture was stirred at 40 °C for 30 min, followed by addition of NaOH 

(1 mol/L, 35 mL). After cooling and filtration, the solvent was removed under reduced 

pressure. The residue was purified by silica gel chromatography (petroleum ether/ethyl 

acetate/triethyamine) = 5:10:1, v/v/v) to afford 26 (62.1 mg, 33%) as a yellow solid. MP: 

166.6−167.8 °C. 1H NMR (400 MHz, CDCl3): δ 9.28 (s, 1H, indole O-H), 7.16 (d, J = 3.1 Hz, 

1H, Ar-H), 6.88–6.86 (m, 2H, Ar-H), 6.62 (s, 1H, Ar-H), 6.56 (s, 1H, Ar-H), 6.44 (d, J = 3.1 Hz, 

1H, Ar-H), 6.35 (dd, J = 5.2, 3.1 Hz, 1H, Ar-H), 4.11 (t, J = 6.9 Hz, 2H, indole N-CH2), 3.67 (d, 

J = 2.1 Hz, 6H, O-CH3), 3.36 (s, 2H, Ar-CH2-N), 2.66 (t, J = 5.5 Hz, 2H, Ar-CH2), 2.53 (t, J = 

5.7 Hz, 2H, N-CH2), 2.39 (t, J = 7.1 Hz, 2H, N-CH2), 1.79–1.75 (m, 2H, CH2), 1.47–1.43 (m, 

2H, CH2). ESI-TOF MS calcd for C23H29N2O3 [M+H]+: 381.2172; found: 381.2174. 

 

5.2.23. 6-[(tetrahydro-pyran-2-yl)oxy]-indole (27) 

The procedure described for the synthesis of 23 was applied to compound 4 (982.2 mg, 

7.37 mmol), 3,4-dihydro-2H-pyran (1892.9 mg, 22.50 mmol) and TFA (220.2 mg, 1.53 mmol) 

to afford 27 (230.3 mg, 14%) as a white solid. MP: 55.1−56.6 °C. 1H NMR (400 MHz, CDCl3): 

δ 8.03 (s, 1H, indole N-H), 7.52 (d, J = 8.0 Hz, 1H, Ar-H), 7.15–7.09 (m, 2H, Ar-H), 6.90 (d, J 

= 8.0 Hz, 1H, Ar-H), 6.49–7.48 (m, 1H, Ar-H), 5.43 (t, J = 3.2 Hz, 1H, C-H), 4.03–3.97 (m, 1H, 

O-CH2A), 3.64–3.60 (m, 1H, O-CH2B), 2.01–1.88 (m, 2H, CH2), 1.71–1.56 (m, 4H, CH2). 

ESI-MS, [M+H]+: m/z = 218.1. 

 

5.2.24. 1-(4-bromobutyl)-6-[(tetrahydro-pyran-2-yl)oxy]-indole (28) 

The procedure described for the synthesis of 8 was applied to compound 27 (420.0 mg, 

1.93 mmol), tetrabutylammonium fluoride (108.9 mg, 0.42 mmol), potassium hydroxide 

(220.2 mg, 3.93 mmol) and 1,4-dibromobutane (1248.4 mg, 5.78 mmol) to afford 28 (322.3 

mg, 47%) as a yellow oil. 1H NMR (400 MHz, CDCl3): δ 6.99 (d, J = 3.2 Hz, 1H, Ar-H), 

6.58–6.49 (m, 3H, Ar-H), 6.13 (d, J = 3.1 Hz, 1H, Ar-H), 5.35 (t, J = 3.4 Hz, 1H, CH), 4.25 (t, 
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J = 6.7, 2H, indole N-CH2), 4.19–4.16 (m, 1H, O-CH2A), 3.90–3.88 (m, 1H, O-CH2B), 3.69 (t, 

J = 11.3 Hz, 2H, Br-CH2), 2.60–2.45 (m, 6H, CH2), 2.37–2.23 (m, 4H, CH2). ESI-MS, [M+H]+: 

m/z = 352.1. 

 

5.2.25. 1-[4-(5,6-dimethoxyisoindolin-2-yl)butyl]-6-[(tetrahydro-pyran-2-yl)oxy]-indole (29) 

The procedure described for the synthesis of 13 was applied to compound 28 (208.9 mg, 

0.59 mmol), 5,6-dimethoxyisoindoline (184.5 mg, 0.95 mmol) and K2CO3 (247.2 mg, 1.79 

mmol) to afford 29 (230.3 mg, 86%) as a yellow oil. 1H NMR (400 MHz, CDCl3): δ 7.50 (d, J = 

8.6 Hz, 1H, Ar-H), 7.06–7.02 (m, 2H, Ar-H), 6.89 (dd, J = 8.6, 2.1 Hz, 1H, Ar-H), 6.73 (s, 2H, 

Ar-H), 6.42 (d, J = 3.1 Hz, 1H, Ar-H), 5.44 (t, J = 3.2 Hz, 1H, C-H), 4.11 (t, J = 7.0 Hz, 2H, 

indole N-CH2), 3.99–3.97 (m, 1H, O-CH2A), 3.86 (s, 6H, O-CH3), 3.84 (s, 4H, Ar-CH2-N), 

3.63–3.59 (m, 1H, O-CH2B), 2.71 (t, J = 4.0 Hz, 2H, N-CH2), 1.95–1.57 (m, 10H, CH2). 

 

5.2.26. 1-[4-(5,6-dimethoxyisoindolin-2-yl)butyl]-6-hydroxyindole (30) 

The procedure described for the synthesis of 26 was applied to compound 29 (220.2 mg, 

0.49 mmol), 1 mol/L HCl (30 mL) and 1 mol/L NaOH (35 mL) to afford 30 (60.0 mg, 33%) as 

a white solid. MP: 150.5−151.9 °C.1H NMR (400 MHz, CDCl3): δ 7.44 (d, J = 8.4 Hz, 1H, 

Ar-H), 6.98 (d, J = 3.2 Hz, 1H, Ar-H), 6.82 (d, J = 1.9 Hz, 1H, Ar-H), 6.72 (s, 2H, Ar-H), 6.65 

(dd, J = 8.5, 2.2 Hz, 1H, Ar-H), 6.41 (d, J = 3.1 Hz, 1H, Ar-H), 4.07 (t, J = 6.9 Hz, 2H, indole 

N-CH2), 3.92 (s, 4H, Ar-CH2-N), 3.85 (s, 6H, O-CH3), 2.75 (t, J = 8.0 Hz, 2H, N-CH2), 

1.97–1.89 (m, 2H, CH2), 1.69–1.62 (m, 2H, CH2). ESI-TOF MS calcd for C22H27N2O3 [M+H]+: 

367.2016; found: 367.2017. 

 

5.3. In vitro radioligand competition studies 

All the procedures for the radioligand competition studies for σ receptors and VAChT 

were previously described.24-25 Detailed procedures are provided in the Supporting 

Information. 

 

5.4. Radiochemistry 

The syntheses of radiotracers were performed in a home-made synthesis module.26 

Detailed procedures are provided in the Supporting Information. Specific activity was 

determined with a HPLC-based method. For animal experiments, the radiotracer was 

formulated as a saline solution containing no more than 7% ethanol. 
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5.5. Determination of log D value 

The log D value of [18F]16 and [18F]21 was determined by measuring the distribution of 

the radiotracer between 1-octanol and potassium phosphate buffer (PBS, 0.05 mol/L, pH 

7.4).26 Detailed procedures are provided in the Supporting Information. 

 

5.6. In vitro stability studies 

The in vitro stability of [18F]16 and [18F]21 were evaluated by monitoring the 

radiochemical purity at different time points according to literature procedures.26 Detailed 

procedures are provided in the Supporting Information. 

 

5.7. Biodistribution studies 

The biodistribution experiments were performed in normal male ICR mice (22–24 g, 4–5 

weeks). Detailed procedures are provided in the Supporting Information. 

 

5.8. Effect of P-gp on the Brain Uptake of [18F]16 and [18F]21 in Mice 

To investigation of the effect of P-gp on the brain uptake of [18F]16 and [18F]21, mice 

were injected via the tail vein with cyclosporine A (50.0 mg/kg, 0.1 mL) 60 min prior to 

radiotracer injection. Detailed information is provided in the Supporting Information. 

 

5.9. In vivo metabolic stability of [18F]21 

The in vivo metabolic fate of [18F]21 was performed in male ICR mice. Detailed 

procedures are provided in the Supporting Information. 
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