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Chapter 2 

2 Cross-coupling of [11C]methyllithium for 11C-labelled PET 

tracer synthesis 
 

 

The cross-coupling of aryl bromides with [11C]CH3Li for the labelling of a variety of tracers for positron 

emission tomography (PET) is presented. The radiolabelled products were obtained in excellent 

yields, at rt and after short reaction times (3-5 min) compatible with the half-life of 11C (20.4 min). 

The automation of the protocol on a synthesis module is investigated, representing an important step 

towards a fast method for the synthesis of 11C-labelled compounds for PET imaging. 
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2.1 Introduction 

Positron emission tomography (PET) relies on the synthesis of radioactive tracers to image 

(patho)physiological processes. 11C is a suitable radionuclide for labelling of such tracers, but its short 

half-life (20.4 min) represents a major hurdle in the development of new labelling strategies. So far, 

the vast majority of radiolabelling with 11C is performed via nucleophilic substitution reactions using 

[11C]CH3I1 or [11C]CH3OTf,2 as well as carbonylation reactions using [11C]CO and [11C]CO2.3 While these 

procedures allow for 11C-heteroatom and sp3-sp3 bond formation, cross-coupling reactions offer 

unique opportunities for creating 11C-tolyl functionalities, thereby drastically expanding the current 

labelling possibilities. Cross-coupling reactions to introduce 11C have been explored,4 as illustrated by 

Sonogashira,5 Heck6, or Suzuki7 coupling reactions (Scheme 2.1a). A common drawback of these 

transformations is their inherently low reactivity, which limits their use to a few privileged substrates. 

In addition, all these 11C-cross coupling reactions are difficult to translate to routine clinical settings, 

where PET-tracers are produced using automated synthesis modules. A more versatile protocol 

involves Stille coupling, which was first used in 1995 by Andersson et al.8 and was then applied to 

synthesize a wide variety of clinically relevant PET tracers.9 Nevertheless, Stille coupling reactions 

involve highly toxic tin reagents and are generally carried out at elevated temperatures, which often 

result in moderate to low radiochemical yields. Recently, a promising cross-coupling of [11C]CH3ZnI 

has been reported (Scheme 2.1b), although further studies toward relevant tracers are necessary to 

assess its full potential.10 Therefore, there is a clear need for alternative, fast and versatile methods 

for 11C-C bond formation to provide access to new classes of 11C-labelled compounds for clinical use. 

Scheme 2.1 Approaches to 11C labelling via cross-coupling 

 

2.2 Aim of the project 

Taking advantage of the reactivity of organolithium reagents,11 [11C]CH3Li was reported to introduce 
11C employing nucleophilic substitution reactions and synthesized from [11C]MeI (production detailed 

in the experimental section). The high reactivity of [11C]CH3Li allowed for short reaction times, 

enabling direct, as well as indirect, labelling.12 Recent reports extensively studied the cross-coupling 

with non-radioactive organolithium reagents (including MeLi) to provide greener, faster (up to 5 sec 

under ambient conditions), and highly selective catalytic methods. Thus, already showing the general 

scope, solvent effects, functional group compatibility, and the potential of this protocol for the 

synthesis of a variety of compounds,13 as well as its applicability in the radiosynthesis of 

[11C]Celecoxib.14 This novel reactivity in cross-coupling reactions broadens the potential applications 

of [11C]CH3Li for direct labelling, and was envisioned as a useful methodology for radiolabelling of 
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clinically interesting PET tracers (Scheme 2.1c). Here, the versatility of this synthetic approach is 

assessed through cross-coupling-based radiolabelling with [11C]CH3Li of three relevant classes of PET 

tracers: PiB-like compounds, estradiol derivatives and vesamicol derivatives. These tracers may have 

future potential in amyloid detection, breast cancer imaging and for early diagnosis of 

neurodegenerative diseases, respectively. 

2.3 Optimisation with non-radiolabelled methyllithium 

[11C]Pittsburgh Compound B (PiB) is used routinely in the clinic for the imaging of β-amyloid sheets in 

the brain, enabling early diagnosis of Alzheimer’s disease.15 Besides PiB, several other compounds 

containing benzothiazole or benzoxazole cores exhibit good affinity for amyloid plaques.16 Moreover, 

benzothiazole and benzoxazole heterocycles are present in a range of drugs with various applications 

such as anti-tumour or anticonvulsant agents,17 thereby representing an interesting target for 

labelling. First, the cross-coupling reaction of the aryl bromides of interests was optimized with CH3Li 

to afford the reference compounds. When subjecting bromo-benzoxazole 1 to the cross-coupling 

reaction, employing catalytic conditions previously described (5% Pd(PtBu3)2 oxidized for 30 min),13 

no conversion was observed (Table 2.1, entry 1), probably due to incomplete conversion of the 

Pd(PtBu3)2 into the oxygen-activated catalyst. Aiming for full oxidation, a solution of Pd(PtBu3)2 in 

toluene was stirred under O2 atmosphere for 24 h before it was added to the reaction mixture. With 

this highly active catalyst, full conversion of 1 was achieved in 5 min at ambient temperature, and the 

reference compound 3 was obtained in 87% isolated yield (Table 2.1, entry 2). Notably, the oxidized 

active catalyst solution did not lose its catalytic activity upon storage for least several weeks under 

dry conditions. In the case of the bromo-benzothiazole 2, no product formation was observed using 

5% of activated catalyst (Table 2.1, entry 3). This lack of reactivity was attributed to the coordination 

of palladium with the thiazole moiety, in accordance with previous reports that describe thiazoles as 

excellent coordinating ligands for several metals.18 Therefore, an additional Lewis acid was envisioned 

to strongly coordinate to 2, allowing the catalytic reaction to occur. Indeed, upon addition of BF3
.Et2O, 

the conversion toward the coupled product 4 increased drastically (Table 2.1, entries 4 and 5). 

Alternatively, a higher catalyst loading could be used to compensate for the reduced reactivity in the 

presence of coordinating moieties (Table 2.1, entry 6). 
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Table 2.1 Optimization of the cross-coupling reaction for potential amyloid imaging agents 

 

Entry Substrate Catalyst Additive Conv. (%)a 

1 1 5% ox. 30 min None 0 

2 1 5% ox. 24 h None >99 (87) 

3 2 5% ox. 24 h None 0 

4 2 5% ox. 24 h 1 eq BF3
.Et2O 50 

5 2 5% ox. 24 h 2 eq BF3
.Et2O 85 (79) 

6 2 10% ox. 24 h 1 eq BF3
.Et2O 90 

Reaction conditions: Aryl bromide (0.5 mmol) in toluene (2 mL). Additive used if necessary. Pre-oxidized catalyst 

added as a 10 mg/mL solution in toluene. Organolithium reagent was added over 5 min, followed by quenching with 

MeOH. a) Conversion obtained from GC-MS analysis, yield of isolated product is given in parentheses. 

Another clinically relevant class of tracers selected to test the fast introduction of 11C via CH3Li cross-

coupling are estradiol analogues, which are known to bind to estrogen receptors. They proved to be 

useful in molecular imaging, especially since the introduction of 16α-[18F]fluoro-17β-estradiol for the 

detection of breast cancer.19 The cross-coupling between brominated estradiol 5a and CH3Li was 

unsuccessful in the presence of free alcohol and phenol moieties (Table 2.2, entry 1), but proceeded 

fast and in excellent yield with protected alcohols (Table 2.2, entry 2), leading to the 2-methyl 

estradiol 6a after deprotection. Tert-butyldimethylsilyl (TBDMS) was chosen as protecting group, as 

it offers the perfect balance between stability under the reaction conditions and easy deprotection, 

which was achieved in 2 min under acidic conditions. The efficiency of the cross-coupling with 5b also 

demonstrates that crowded aryl bromides are suitable substrates, as the coupling reaction takes place 

in 5 min, ortho to the bulky TBDMS protecting group. 

Table 2.2 Optimization of the cross-coupling to access products with hydroxyl functionalities 

 

Reaction conditions: Aryl bromide (0.5 mmol) in toluene (2 mL). Catalyst pre-oxidized 24 h (5 mol %) added as a 10 

mg/mL solution in toluene. Organolithium reagent added over 5 min, followed by quenching with MeOH. a) 

Conversion obtained from GC-MS analysis, yield of isolated product is given in parentheses. b) Hydroxyl functionalities 

deprotonated with n-BuLi prior to catalyst addition. 

Entry Substrate Conv. (%)a 

1 5a 0 

2b 5b >99 (90) 

3b trans-7 >99 (85) 
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Encouraged by these results, we focused on PET tracers for an entirely different clinical target and 

investigated the reactivity of vesamicol compounds towards the organolithium cross-coupling. 

Vesamicol derivatives have been identified as ligands for vesicular acetylcholine transporters 

(VAChT)20 and became leading compounds in the quest for early diagnosis of neurodegenerative 

diseases.21 Therefore, numerous derivatives based on this lead structure were synthesized and 

evaluated in vitro,22 leading to the development of [18F]fluorethoxybenzovesamicol, a tracer applied 

in the clinic for specific mapping of VAChT.23 Moreover, vesamicol can also bind to sigma receptors,24 

whose targeting is of great significance as they play a role in psychiatric disorders.25 Therefore, a 

reliable and efficient labelling method for such substrate is highly desirable. When performing the 

cross-coupling reaction of precursor 7 with CH3Li, it was observed that protection of the alcohol is not 

necessary (Table 2.2, entry 3), in contrast to what was observed for estradiol substrates. The cross-

coupling could be performed directly on the lithium alkoxide, formed in situ by the addition of 1 eq. 

of n-BuLi, affording p-methyl-trans-vesamicol 8 in 85% isolated yield (5 min reaction time at rt). In this 

case, the lithium alkoxide formed is remote from the reactive site, thereby not having the detrimental 

effect previously observed on the cross-coupling reaction. 

2.4 Radiolabelling 

With the optimal conditions in hands for each of the substrates, their radiolabelling was pursued. 

Radiolabelled compounds were prepared by a cross-coupling reaction with [11C]CH3Li, which was 

obtained via lithium-halogen exchange by bubbling the standard 11C-reagent [11C]CH3I into a solution 

of n-BuLi in dry toluene (see experimental section). The radiolabelled products obtained are 

presented in Figure 2.1. 

 Figure 2.1 Radiolabelling with [11C]CH3Li of relevant PET tracers 
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Potential amyloid imaging agents 9 and 10 were isolated in good radiochemical yields, respectively 

44 and 34% RCY, excellent radiochemical purity of >99%, and with high molar activity (2.2 ± 1.2 

GBq/μmol). Compound 10 was previously reported as a labelled compound [11C]6-Me-BTA-2, where 

the radionuclide was incorporated at the methylamine position. The suitability of this molecule as 

PET tracer was evaluated in vitro, showing good binding affinity (Ki = 64 nM) with aggregated Aβ 

fibrils.26 By introducing a 11C-methyl group directly on the heterocyclic core, we provide a 

complementary strategy to introduce 11C, allowing for potential modifications on the amine part. 

Using the above described conditions, [11C]methyl-estradiols 11 and 12 were synthesized and isolated 

in excellent radiochemical yields (≥51%) and radiochemical purities (>99%). Notably, the overall 

reaction time could be kept to 5 min, including the deprotection step. To the best of our knowledge, 

this is the first reported radiolabelling method for these molecules. Steroid 11 was previously 

identified as an estradiol agonist, with improved metabolic stability, capable of significantly 

downregulating estrogen receptor production and upregulation the production of progesterone 

receptors.27 Binding affinity data gathered on the non-radiolabelled analogue of 12 indicates a 

preference for estrogen receptor β (IC50 = 25 nM) over subtype α (IC50 = 125 nM).28 This 5-fold 

difference suggests a possibility for selective imaging of estrogen receptor β using compound 12. The 

cross-coupling methodology was also successfully applied to vesamicol, affording the isolated p-

[11C]methyl-trans-vesamicol analogue 13 in high RCY. The labelled product 13 was previously 

prepared by Stille coupling and its (+)-enantiomer showed specific uptake for sigma-1 receptors, both 

in vitro and in rodent brains.29 It should be emphasized that, compared to the reported Stille coupling, 

our protocol exhibits much higher radiochemical yields (7.7 to 19% via Stille coupling vs 45 ± 5% 

reported here) and proceeds at lower temperature (80 °C vs rt). By providing a more efficient route 

towards a selective sigma-1 tracer, we demonstrate the potential of the labelling by cross-coupling of 

[11C]CH3Li to provide clinically relevant 11C-PET tracers. As shown for FEOBV, benzovesamicol type of 

structures exhibits better selectivity towards VAChT than vesamicol. Therefore, the labelling of a 

benzovesamicol scaffold to obtain the p-[11C]methyl-trans-benzovesamicol 14 was also performed. 

Again, the radiolabelled compound was isolated in high yield (55% RCY) with a radiochemical purity 

>99%. By offering a 11C alternative to the established 18F-labelling methods available for these 

structures, we facilitate the development of 11C-tracers, which are notably advantageous by reducing 

the radiation dose, especially when performing repeated studies. 

In order to transform the above described radiochemical cross-coupling reaction into an ‘’easy to use’’ 

labelling method, automation of the manual protocol was explored using the cassette-based 

synthesis module Eckert & Ziegler. The possibility of performing this reaction in an automated 

module, which is commercially available and complies with good manufacturing practices (GMP), is 

an important step towards its use in preclinical and clinical PET-studies. Initially, direct translation of 

the manual protocol to the automated module did not lead to product formation, as most of the 

lithium reagent was found to be reactive in contact with the plastic tubing and connections of the 

cassette. However, increasing the amount of n-BuLi from 1.0 to 1.6 eq. circumvented the loss of the 

radioactive [11C]CH3Li in the system, thereby recovering similar conversion (up to 50% towards 13) to 
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the one obtained by manual labelling. Although the purification was not performed in the automated 

module, the crucial steps of [11C]CH3Li formation and subsequent cross-coupling reaction could be 

successfully automated. 

2.5 Conclusion 

In conclusion, a new labelling methodology using [11C]CH3Li was developed and successfully applied 

to the synthesis of various clinically relevant targets, including PiB-like compounds, estradiol 

analogues and vesamicol derivatives. This procedure fulfils the essential requirements of fast reaction 

times, mild conditions, high yield and high molar activity for the introduction of 11C. The labelling by 

cross-coupling of [11C]CH3Li provided the target molecules in radiochemical yields ranging from 33% 

up to 66% and high radiochemical purity, within 30 to 40 min from the end of bombardment (EOB) 

until the isolated compound was collected. Automation of the synthesis was also investigated, 

facilitating future applications. The novel labelling strategy reported here represents a valuable and 

highly practical tool for 11C-labelling, via cross-coupling reaction, of biomedical PET imaging agents. 

2.6 Author contributions 

H. Helbert performed the synthesis, optimisation, radiolabelling experiments, and wrote the 

manuscript. I. F. Antunes assisted with the automation of the radiolabelling procedure. G. Luurtsema, 
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2.8 Experimental section 

4-(6-bromobenzo[d]oxazol-2-yl)-N,N-dimethylaniline (1) 

2-amino-5-bromophenol (0.30 g, 1.6 mmol, 1.0 eq) and 4-

(dimethylamino)benzoic acid (0.26 g, 1.6 mmol, 1.0 eq) were stirred 

with 15 mL of PPA (115% H3PO4 basis) and heated with an alloy liquid metal bath at 180 oC for 4h. After 

cooling down to rt, the reaction mixture was slowly transferred into an aq. sol. of K2CO3. This solution 

was then extracted with 3x50 mL of EtOAc and the combined organic layers were washed with 50 mL of 

H2O. The organic layer was dried over Na2SO4, filtered and the solvent was evaporated to give 1 as a red 

solid (0.50 g, 98% yield). 1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 9.0 Hz, 2H), 7.67 (d, J = 1.8 Hz, 1H), 7.53 

(d, J = 8.4 Hz, 1H), 7.41 (dd, J = 8.5, 1.8 Hz, 1H), 6.76 (d, J = 9.0 Hz, 2H), 3.08 (s, 6H). 13C NMR (75 MHz, 

CDCl3) δ 164.9, 152.7, 151.2, 142.0, 129.3, 127.6, 120.1, 116.6, 113.7, 113.6, 111.7, 40.2. FT-IR (neat, cm-

1): 2897, 2821, 1604, 1507, 810. HR-MS (ESI+), m/z: [M+H]+ Calcd for C15H14BrN2O+: 317.0284; found: 

317.0284. 

 

4-(6-bromobenzo[d]thiazol-2-yl)-N,N-dimethylaniline (2) 

2-amino-5-bromobenzenethiol (0.25 g, 1.2 mmol, 1.0 eq) and 4-

(dimethylamino)benzoic acid (0.20 g, 1.2 mmol, 1.0 eq) were stirred 

with 15 mL of PPA (115% H3PO4 basis) and heated with an alloy liquid metal bath at 180oC for 4 h. After 

cooling down to rt the reaction mixture was slowly transferred into an aq. sol. of K2CO3. The green 

precipitate was filtered and dried before being purified by column chromatography (EtOAc/Pentane : 10 

to 100%) to afford 2 as a green solid (0.26 g, 65% yield). 1H NMR (400 MHz, CDCl3) δ 8.06 – 7.85 (m, 3H), 

7.81 (d, J = 8.7 Hz, 1H), 7.52 (d, J = 8.7 Hz, 1H), 6.74 (d, J = 8.5 Hz, 2H), 3.06 (s, 6H). 13C NMR (151 MHz, 

CDCl3) δ 169.5, 153.5, 152.5, 136.4, 129.5, 129.1, 124.0, 123.4, 121.0, 117.5, 111.8, 40.3. Data in 

accordance with the literature.1 HR-MS (ESI+), m/z: [M+H]+ Calcd for C15H14BrN2S+: 333.0056; found: 

333.0055.  

 

N,N-dimethyl-4-(6-methylbenzo[d]oxazol-2-yl)aniline (3) 

In a dry Schlenk flask, Pd(PtBu3)2 (5 mol%, 5 µmol, 2.6 mg) was dissolved 

in 1 mL of dry toluene, 10 mL of pure oxygen was bubbled through the 

solution and stirred 24 h to achieve full oxidation of the catalyst.2 4-(6-Bromobenzo[d]oxazol-2-yl)-N,N-

dimethylaniline (1) (32 mg, 0.10 mmol, 1.00 eq) was added to the catalyst solution. A 1.6 M solution of 

MeLi (94 µL, 0.15 mmol, 1.5 eq) in Et2O was diluted with toluene to give a 1 mL solution and was added 

at r.t. over 5 min. by the use of a syringe pump. After the addition was completed, the reaction was 

quenched with 0.5 mL of MeOH, and Celite was added to the reaction mixture. The solvent was 

evaporated under reduced pressure to afford the crude product on Celite which was purified by column 

chromatography (Pentane/EtOAc : 95/5) to afford 3 (20.7 mg, 87% yield) as a pink solid. 1H NMR (400 

MHz, CDCl3) δ 8.09 (d, J = 9.0 Hz, 2H), 7.56 (d, J = 8.1 Hz, 1H), 7.32 (s, 1H), 7.11 (d, J = 7.9 Hz, 1H), 6.76 (d, 

J = 9.0 Hz, 2H), 3.06 (s, 6H), 2.48 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 163.8, 152.4, 150.9, 134.4, 129.1, 

125.5, 118.5, 111.8, 111.7, 110.6, 40.3, 21.9. FT-IR (neat, cm-1): 2908, 2822, 1605, 1508, 1374, 1183, 808. 

HR-MS (ESI+), m/z: [M+H]+ Calcd for C16H17N2O+: 253.1335; found: 253.1335. 

 

N,N-dimethyl-4-(6-methylbenzo[d]thiazol-2-yl)aniline (4) 

4-(6-bromobenzo[d]thiazol-2-yl)-N,N-dimethylaniline (3) (33 mg, 0.10 

mmol, 1.0 eq) was loaded in a dry Schlenk flask followed by the addition 

of BF3
.Et2O (12 µL, 0.10 mmol, 1.0 eq). The reaction mixture was stirred for 5 min at rt before Pd(PtBu3)2 

                                                                 
1 B. C. Lee et al. Bioorg. Med. Chem. 2011, 19, 2980–2990 
2 For details on catalyst preparation, see also: D. Heijnen  et al. Angew. Chem. Int. Ed. 2017, 56, 3354–3359 
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(10 mol%, 10 µmol, 5.6 mg) was added. A 1.6 M solution of MeLi (94 µL, 0.15 mmol, 1.5 eq) in Et2O was 

diluted with toluene to give a 1 mL solution and was added at rt over 5 min by the use of a syringe pump. 

After the addition was completed, the reaction was quenched with 0.5 mL of MeOH, and Celite was 

added to the reaction mixture. The solvent was evaporated under reduced pressure to afford the crude 

product on Celite which was purified by column chromatography (Pentane/EtOAc : 95/5) to afford 4 (21 

mg, 79% yield) as a yellow solid. 1H NMR (400 MHz, DMSO-d6) δ 7.91 – 7.75 (m, 4H), 7.28 (d, J = 8.9 Hz, 

1H), 6.81 (d, J = 8.9 Hz, 2H), 3.02 (s, 6H), 2.43 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 168.0, 152.3, 134.6, 

134.5, 128.9, 127.7, 121.8, 121.3, 111.9, 40.4, 21.6. Data in accordance with the literature.3 HR-MS (ESI+), 

m/z: [M+H]+ Calcd for C16H17N2S+: 269.1107; found: 269.1106.  

 

4-bromoestradiol and 2-bromoestradiol (5a) 

To a 50 mL solution of estradiol (700 mg, 2.56 mmol, 1.00 eq) in CHCl3 was added dropwise a 30 mL 

solution of N-Bromosuccinimide (480 mg, 2.69 mmol, 1.05 eq) in CHCl3. The reaction mixture was stirred 

and heated with an oil bath at reflux for 2.5h. The solvent was evaporated and the residue was dissolved 

in minimal amount of MeOH, addition of H2O caused the formation of a precipitate which was filtered 

and washed with cold H2O. The solid was dried in vacuo. EtOH was added, the precipitate filtered and 

dried to afford 4-bromoestradiol as a white solid (0.40 g, 45% yield). The liquid fraction was evaporated 

and the residue was recrystallized from hexane/acetone mixture to afford 2-bromoestradiol as a white 

solid (0.32 g, 36% yield). 

Spectral data for 4-bromoestradiol: 1H NMR (400 MHz, DMSO-d6) δ 9.79 (s, 

1H), 7.09 (d, J = 8.5 Hz, 1H), 6.73 (d, J = 8.4 Hz, 1H), 4.47 (d, J = 4.8 Hz, 1H), 

3.55 – 3.45 (m, 2H), 2.85 – 2.74 (m, 1H), 2,60 – 2,51 (m, 1H), 2.27 – 2.18 (m, 

1H), 2.15 – 2.04 (m, 1H), 1.92 – 1.78 (m, 3H), 1.57 (q, J = 11.5, 9.8 Hz, 1H), 

1.45 – 1.00 (m, 7H), 0.63 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 154.9, 139.5, 

135.9, 128.1, 116.3, 115.6, 83.1, 52.5, 46.8, 45.8, 40.8, 39.6, 34.0, 33.0, 30.1, 

29.4, 25.8, 14.3. Data in accordance with the literature4 

 

Spectral data for 2-bromoestradiol (5a): 1H NMR (400 MHz, DMSO-d6) δ 

9.78 (s, 1H), 7.24 (s, 1H), 6.60 (s, 1H), 4.47 (s, 1H), 3.57 – 3.43 (m, 1H), 2.68 

– 2.62 (m, 2H), 2.23 – 2.13 (m, 1H), 2.09 – 1.99 (m, 1H), 1.91 – 1.70 (m, 1H), 

1.62 – 1.49 (m, 1H), 1.41 – 1.00 (m, 1H), 0.63 (s, 3H). 13C NMR (101 MHz, 

DMSO-d6) δ 154.6, 140.0, 135.8, 132.4, 119.2, 109.5, 83.1, 52.5, 46.3, 45.9, 

41.4, 39.6, 33.0, 31.7, 29.8, 29.1, 25.9, 14.3. Data in accordance with the 

literature.4 

 

bis(tert-butyldimethylsilane protected 2-bromoestradiol (5b) 

2-Bromoestradiol (5a) (50 mg, 0.14 mmol, 1.0 eq) and 

imidazole (0.12 mg, 1.7 mmol, 12 eq) were dissolved in 1 mL 

of DMF, TBDMSCl (0.15 g, 1.0 mmol, 7.0 eq) was added 

portion-wise and the reaction mixture was stirred overnight at 

rt. The reaction was quenched by addition of brine and the 

mixture extracted with 3x30 mL of Et2O. The combined organic layer was dried over Na2SO4, filtered and 

the solvent was evaporated. The crude compound was purified by column chromatography (100% 

pentane) to afford 5b as a white powder (78 mg, 94% yield). 1H NMR (400 MHz, CDCl3) δ 7.38 (s, 1H), 

6.56 (s, 1H), 3.63 (t, J = 8.3 Hz, 1H), 2.79 – 2.71 (m, 2H), 2.27 – 2.07 (m, 2H), 1.99 – 1.81 (m, 3H), 1.71 – 

1.59 (m, 1H), 1.53 – 1.07 (m, 7H), 1.03 (s, 9H), 0.89 (m, 9H), 0.74 (s, 3H), 0.23 (s, 6H), 0.04 (s, 3H), 0.02 

                                                                 
3 A. Dey, A. Hajra Org. Lett. 2019, 21 (6), 1686–1689 
4 I. Damljanovic et al. Bull. Chem. Soc. Jpn. 2007, 80 (2), 407–409 
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(s, 3H). 13C NMR (75 MHz, CDCl3) δ 150.4, 137.9, 135.3, 124.7, 118.7, 116.8, 81.9, 49.8, 44.5, 43.6, 38.1, 

37.3, 31.7, 31.1, 27.7, 26.8, 26.0, 26.0, 25.9, 23.4, 18.5, 18.3, 11.5, -4.0, -4.3, -4.6. FT-IR (neat, cm-1): 2926, 

2855, 1471, 1249. HR-MS (ESI+), m/z: [M+H]+ Calcd for C30H52BrO2Si2+: 579.2684; found: 579.2675.  

 

2-methylestradiol (6a) 

Bis(tert-butyldimethylsilane protected 2-bromoestradiol (5b) (50 mg, 86 

µmol, 1.0 eq) was loaded in a dry Schlenk flask, followed by the addition of 

fully oxidized Pd(PtBu3)2 (5 mol%, 4.3 µmol, 2.4 mg) as a 0.25 mL solution in 

toluene. A 1.6 M solution of MeLi (81 µL, 0.13 mmol, 1.5 eq) in Et2O was 

diluted with toluene to give a 1 mL solution and was added at rt over 3 min 

by the use of a syringe pump. After the addition was completed, the reaction was quenched with 1 mL 

of a 4 M HCl solution in MeOH, and stirred another 2 min to achieve full deprotection. Celite was added 

to the reaction mixture. The solvent was evaporated under reduced pressure to afford the crude product 

on Celite which was purified by column chromatography (Pentane/EtOAc : 80/20) to afford 6 (22 mg, 

90% yield) as a white solid. 1H NMR (400 MHz, CDCl3) δ 7.04 (s, 1H), 6.51 (s, 1H), 3.74 (t, J = 8.5 Hz, 1H), 

2.78 (dt, J = 7.0, 3.0 Hz, 2H), 2.37 – 2.26 (m, 1H), 2.21 (s, 3H), 2.19 – 2.07 (m, 2H), 1.95 (dt, J = 12.6, 3.1 

Hz, 1H), 1.91 – 1.81 (m, 1H), 1.75 – 1.63 (m, 1H), 1.56 – 1.14 (m, 9H), 0.78 (s, 3H). 13C NMR (75 MHz, 

cdcl3) δ 151.6, 135.6, 132.5, 127.9, 120.8, 114.9, 82.0, 50.0, 43.9, 43.2, 38.9, 36.7, 30.6, 29.2, 27.3, 26.4, 

23.1, 15.6, 11.1. Data in accordance with the literature5. 

 

bis(tert-butyldimethylsilane protected 4-bromoestradiol 

4-Bromoestradiol (0.50 g, 1.4 mmol, 1.0 eq) and Imidazole 

(1.16 g, 17 mmol, 12 eq) were dissolved in 10 mL of DMF, 

TBDMSCl (1.50 g, 10 mmol, 7.0 eq) was added portion-wise 

and the reaction mixture was stirred at rt for 4 h. The reaction 

was quenched by addition of brine followed by 200 mL of H2O 

and the mixture extracted with 3x50 mL of Et2O. The combined 

organic layer was dried over Na2SO4, filtered and the solvent was evaporated. The crude compound was 

purified by column chromatography (100% pentane) to afford the title compound as a white powder 

(0.75 g, 91% yield). 1H NMR (400 MHz, CDCl3) δ 7.11 (d, J = 8.5 Hz, 1H), 6.69 (d, J = 8.5 Hz, 1H), 3.64 (t, J 

= 8.3 Hz, 1H), 2.95 (dd, J = 18.0, 6.1 Hz, 1H), 2.76 – 2.61 (m, 1H), 2.33 – 2.10 (m, 2H), 2.01 – 1.82 (m, 3H), 

1.66 (q, J = 10.9, 9.6 Hz, 1H), 1.52 – 1.08 (m, 7H), 1.04 (s, 9H), 0.89 (s, 9H), 0.73 (s, 3H), 0.24 (s, 6H), 0.03 

(s, 3H), 0.02 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 153.0, 140.4, 137.8, 127.2, 119.3, 84.4, 52.3, 47.0, 46.1, 

40.6, 39.8, 34.2, 33.7, 30.2, 29.3, 28.5, 28.5, 28.4, 25.9, 21.0, 20.8, 14.0, -0.3, -1.5, -1.8, -2.1. HR-MS 

(APCI+), m/z: [M+H]+ Calcd for C30H52BrO2Si2+: 579.2684; found: 579.2680. 

 

4-methylestradiol 

Bis(tert-butyldimethylsilane protected 4-bromoestradiol (0.12 g, 0.20 mmol, 

1.0 eq) was loaded in a dry Schlenk flask, followed by the addition of fully 

oxidized Pd(PtBu3)2 (5 mol%, 10 µmol, 5.2 mg) as a 0.5 mL solution in toluene. 

A 1.6 M solution of MeLi (0.19 mL, 0.30 mmol, 1.5 eq) in Et2O was diluted 

with toluene to give a 1 mL solution and was added at rt over 3 min by the 

use of a syringe pump. After the addition was completed, the reaction was quenched with 1 mL of a 4 M 

HCl solution in MeOH, and the mixture stirred another 2 min to achieve full deprotection. Celite was 

added to the reaction mixture. The solvent was evaporated under reduced pressure to afford the crude 

product on Celite which was purified by column chromatography (Pentane/EtOAc : 80/20) to afford the 

                                                                 
5 Bubert et al. J. Med. Chem. 2007, 50, 4431–4443 
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title compound (36 mg, 63 % yield) as a white solid. 1H NMR (400 MHz, CDCl3) δ 7.06 (d, J = 8.5 Hz, 1H), 

6.63 (d, J = 8.4 Hz, 1H), 4.57 (s, 1H), 3.73 (t, J = 8.5 Hz, 1H), 2.79 (dd, J = 17.4, 6.0 Hz, 1H), 2.71 – 2.56 (m, 

1H), 2.31 (dd, J = 13.3, 3.6 Hz, 1H), 2.25 – 2.06 (m, 5H), 2.04 – 1.88 (m, 2H), 1.80 – 1.65 (m, 1H), 1.46 – 

1.15 (m, 7H), 0.77 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 151.5, 136.8, 133.0, 123.5, 122.0, 112.4, 82.1, 

50.2, 44.4, 43.3, 38.2, 36.9, 30.8, 27.8, 27.6, 26.7, 23.3, 11.3, 11.2. FT-IR (neat, cm-1): 3300, 2920, 2861, 

1277, 1071, 1051, 1010. HR-MS (ESI+), m/z: [M+H]+ Calcd for C19H27O2
+: 287.2006; found: 287.2006. 

 

(+/-)-2-(4-(4-bromophenyl)piperidin-1-yl)cyclohexan-1-ol (7) 

To a solution of 4-(4-bromophenyl)piperidine (2.0 g, 8.3 mmol, 1.0 eq) 

in 20 mL of EtOH was added dropwise cyclohexene oxide (1.8 mL, 18 

mmol, 2.1 eq). The reaction mixture was stirred and heated with an oil 

bath at reflux for 2 d before being cooled to 0 oC. The precipitate was filtered and washed with cold EtOH 

to afford, after drying, 7 as white crystals (2.51 g, 89% yield). 1H NMR (400 MHz, CDCl3) δ 7.41 (d, J = 8.4 

Hz, 2H), 7.09 (d, J = 8.6 Hz, 2H), 4.06 (s, 1H), 3.39 (td, J = 9.8, 4.5 Hz, 1H), 2.93 (d, J = 11.3 Hz, 1H), 2.82 – 

2.65 (m, 2H), 2.45 (tt, J = 12.1, 3.9 Hz, 1H), 2.29 – 2.06 (m, 3H), 1.91 – 1.53 (m, 7H), 1.34 – 1.11 (m, 4H). 
13C NMR (101 MHz, CDCl3) δ 147.9, 134.1, 131.3, 122.4, 73.3, 71.3, 56.0, 48.0, 45.1, 36.9, 36.5, 35.9, 28.3, 

26.8, 24.9. FT-IR (neat, cm-1): 3471, 2929, 2854, 2808, 1076. HR-MS (ESI+), m/z: [M+H]+ Calcd for 

C17H25BrNO+: 338.1114; found: 338.1109. 

 

(+/-)-2-(4-(p-tolyl)piperidin-1-yl)cyclohexan-1-ol (8) 

In a dry Schlenk flask, was dissolved (+/-)-2-(4-(4-

bromophenyl)piperidin-1-yl)cyclohexan-1-ol (7) (67 mg, 0.20 mmol, 1.0 

eq) in 1 mL of dry toluene. A solution in 0.5 mL toluene of fully oxidized 

Pd(PtBu3)2 (5 mol%, 10 µmol, 5.6 mg) was added. A 1.6 M solution of MeLi (0.31 mL, 0.5 mmol, 2.5 eq) 

in Et2O was diluted with toluene to give a 1 mL solution and was added at rt over 5 min by the use of a 

syringe pump. After the addition was completed, the reaction was quenched with 0.5 mL of MeOH, and 

Celite was added to the reaction mixture. The solvent was evaporated under reduced pressure to afford 

the crude product on Celite which was purified by column chromatography (DCM/MeOH : 95/5 to 90/10) 

to afford 8 (46 mg, 85% yield) as a yellow solid. 1H NMR (400 MHz, CDCl3) δ 7.26 – 6.97 (m, 4H), 3.40 (t, 

J = 9.3 Hz, 1H), 2.94 (d, J = 11.1 Hz, 1H), 2.87 – 2.67 (m, 2H), 2.46 (t, J = 11.9 Hz, 1H), 2.32 (s, 3H), 2.25 (d, 

J = 9.6 Hz, 2H), 2.14 (d, J = 8.5 Hz, 1H), 1.91 – 1.62 (m, 7H), 1.31 – 1.16 (m, 4H). 13C NMR (151 MHz, CDCl3) 

δ 135.8, 129.2, 126.7, 70.8, 68.8, 53.4, 45.9, 42.3, 33.9, 33.5, 29.1, 25.5, 24.1, 22.6, 21.0. Data in 

accordance with the literature6. HR-MS (ESI+), m/z: [M+H]+ Calcd for C18H28NO+: 274.2165; found: 

274.2168. 

 

(+/-)-3-(4-(4-bromophenyl)piperidin-1-yl)-1,2,3,4-

tetrahydronaphthalen-2-ol 

To a solution of (+/-)4-(4-bromophenyl)piperidine (0.74 g, 3.1 

mmol, 1.0 eq.) in 20 mL of EtOH was added dropwise a solution 

of 2,3-epoxy-1,2,3,4-tetrahydronaphthalene (0.68 g, 4.6 mmol, 

1.5 eq) in 5 mL of EtOH. The reaction mixture was stirred and heated with an oil bath at reflux for 2 d 

before being cooled to 0 oC. The precipitate was filtered and washed with cold EtOH, dried in air, to 

afford the title compound as white crystals (0.90 g, 75% yield). 1H NMR (400 MHz, CDCl3) δ 7.44 (d, J = 

8.3 Hz, 2H), 7.17 – 7.03 (m, 6H), 4.34 (s, 1H), 3.97 – 3.81 (m, 1H), 3.32 (dd, J = 16.1, 5.9 Hz, 1H), 3.08 – 

2.95 (m, 1H), 2.95 – 2.75 (m, 6H), 2.53 (tt, J = 12.0, 3.9 Hz, 1H), 2.39 (t, J = 11.5 Hz, 1H), 1.99 – 1.57 (m, 

4H). 13C NMR (151 MHz, CDCl3) δ 144.9, 134.7, 134.1, 131.7, 129.4, 129.2, 128.7, 126.4, 126.2, 120.1, 

                                                                 
6 K. Shiba et al. Bioorg. Med. Chem. 2006, 14, 2620–2626 
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66.8, 65.9, 53.6, 45.3, 42.4, 38.0, 34.1, 33.7, 26.4. FT-IR (neat, cm-1): 3160, 2937, 2914, 2844, 1086. HR-

MS (ESI+), m/z: [M+H]+ Calcd for C21H25BrNO+: 386.1114; found: 386.1112. 

 

 

 

3-(4-(p-tolyl)piperidin-1-yl)-1,2,3,4-tetrahydronaphthalen-2-ol 

In a dry Schlenk flask, was dissolved (+/-)-3-(4-(4-

bromophenyl)piperidin-1-yl)-1,2,3,4-tetrahydronaphthalen-2-ol 

(0.20 g, 0.50 mmol , 1.0 eq) in 1 mL of dry toluene. A solution in 0.5 

mL toluene of fully oxidized Pd(PtBu3)2 (5 mol%, 25 µmol, 14 mg) 

was added. A 1.6 M solution of MeLi (0.78 mL, 1.3 mmol, 2.5 eq) in Et2O was diluted with toluene to give 

a 2 mL solution and was added at rt over 5 min by the use of a syringe pump. After the addition was 

completed, the reaction was quenched with 0.5 mL of MeOH, and Celite was added to the reaction 

mixture. The solvent was evaporated under reduced pressure to afford the crude product on Celite 

which was purified by column chromatography (DCM/MeOH : 95/5) to afford the title compound (128 

mg, 80% yield) as an off-white solid. 1H NMR (400 MHz, , CDCl3) δ 7.20 – 7.01 (m, 8H), 4.40 (s, 1H), 3.90 

(q, J = 9.7 Hz, 1H), 3.33 (dd, J = 16.1, 5.8 Hz, 1H), 3.08 – 2.75 (m, 7H), 2.53 (t, J = 12.1 Hz, 1H), 2.39 (t, J = 

11.8 Hz, 1H), 2.34 (s, 3H), 1.98 – 1.68 (m, 4H). 13C NMR (151 MHz, CDCl3) δ 142.9, 135.8, 134.7, 134.0, 

129.3, 129.2, 129.1, 126.7, 126.2, 126.1, 66.6, 65.8, 53.6, 45.3, 42.4, 37.9, 34.2, 33.8, 26.2, 21.0. Data in 

accordance with the literature7. HR-MS (ESI+), m/z: [M+H]+ Calcd for C22H28NO+: 322.2165; found: 

322.2168. 

 

Production of [11C]CH3I 

[11C]CH4 was generated in an IBA Cyclone 18/18 cyclotron by irradiation of a N2/H2 (95/5 ratio) gas 

mixture. The radioactive gas was trapped in a Carboxen® 1000, 60/80 mesh (Sigma Aldrich) at -196 ºC, 

released by warming up to room temperature and allowed to react with iodine at 720 ºC to form 

[11C]CH3I in a gas circulating process (circulating for 260 sec). [11C]CH3I was selectively retained in a 

PoraPak™ N 100/120 (Waters Co.) at room temperature, while unreacted [11C]CH4 was recirculated. At 

the end of the process, the PoraPak™ trap was heated at 200 ºC and [11C]CH3I was distilled under 

continuous helium flow (20 mL/min). The gas stream was passed through a trap containing phosphorous 

pentoxide and Ascarite II® (20-30 mesh) before being bubbled into the trapping vial. Typically, the 

formation [11C]CH3I from [11C]CH4 proceeds in 30 to 50% RCY. The labelling procedure was performed 

starting with 3 - 10 GBq of [11C]CH3I. 

 

General procedure for manual labeling 

To an oven-dried, argon-purged 4 mL vial, containing the aryl bromide (0.2 mmol) in 0.5 mL of dry 

toluene, was added fully pre-oxidized Pd(PtBu3)2 in toluene (0.5 mL, 0.01 mmol). In another oven-dried, 

argon-purged, 4 mL vial, containing a solution of n-BuLi (0.125 mL, 0.20 mmol, 1.6 M in hexanes) in 0.87 

mL of dry toluene, was bubbled [11C]MeI for 4 min with a flow rate of 20 mL/min. This solution was then 

taken up into a syringe and added at room temperature over 3 min via syringe pump into the reaction 

mixture with catalyst. After additional 2 min of stirring, the reaction was quenched by addition of 0.5 mL 

of MeOH. A sample was taken from the reaction mixture and the solvent was evaporated at 50 °C under 

argon flow. The residue was dissolved in 1 mL of the eluent used for HPLC (solvent system described for 

each compound) and injected on HPLC. The product was collected in a 20 mL vial and its activity was 

measured to access the radiochemical yields. A small amount of non-radiolabelled reference compound 

was added to this vial and injected on HPLC to confirm the identity of the labelled product. Radiochemical 

                                                                 
7 A. Sharma, J. Agarwal, R. K. Peddinti, Org. Biomol. Chem. 2017, 15, 1913–1920 
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yields and molar activities are reported in accordance with radiochemistry guidelines.8 An aliquot was 

taken for HPLC analysis and isolation of the final compound, which was extrapolated to the complete 

reaction mixture to access the radiochemical yield. 

 

N,N-dimethyl-4-(6-([11C]-methyl)benzo[d]oxazol-2-yl)aniline (9) 

Compound 9 was synthesized according to the general procedure, 

starting from 4-(6-bromobenzo[d]oxazol-2-yl)-N,N-dimethylaniline 

(1) and using 5 mol% of fully pre-oxidized Pd(PtBu3)2. No additive 

were used. The product 9 was collected after HPLC purification (Column: Phenomenex Luna 5μm C18(2) 

100Å 10x250 mm; eluent: MeCN/H2O with 1% of formic acid (80/20); flow: 5 mL/min, tR = 6.5 min) in 

44% RCY, n = 2. 

 

N,N-dimethyl-4-(6-[11C]methylbenzo[d]thiazol-2-yl)aniline (10) 

Compound 10 was synthesized according to the general procedure, 

starting from 4-(6-bromobenzo[d]thiazol-2-yl)-N,N-dimethylaniline 

(2) and using 10 mol% of fully pre-oxidized Pd(PtBu3)2. 1.5 eq. of BF3.Et2O (37 μL, 0.30 mmol) was used 

as additive and added before addition of the catalyst. The product 10 was collected after HPLC 

purification (Column: Phenomenex Luna 5μm C18(2) 100Å 10x250 mm; eluent: MeCN/H2O with 1% of 

formic acid (80/20); flow: 5 mL/min, tR = 8.6 min) in 33 – 35% RCY, n = 2. 

 

2-[11C]methylestradiol (11) 

Compound 11 was synthesized according to the general procedure, 

starting from bis(tert-butyldimethylsilane protected 2-bromoestradiol 

(5b) and using 5 mol% of fully pre-oxidized Pd(PtBu3)2. At the end of the 

addition of [11C]MeLi, the reaction mixture was directly quenched by 

addition of 1 mL of 4 M HCl solution in MeOH, and stirred for an 

additional 2 min at rt. The product 11 was collected after HPLC purification (Column: SymmetryPrep C18 

7μm 125Å 7.8x300 mm; eluent: MeOH/H2O with 0.1% Formic acid (70/30); flow: 5 mL/min, tR = 7.3 min) 

in 51% RCY, n = 2. 

 

 4-[11C]methylestradiol (12) 

Compound 12 was synthesized according to the general procedure, starting 

from bis(tert-butyldimethylsilane protected 4-bromoestradiol and using 5 

mol% of fully pre-oxidized Pd(PtBu3)2. At the end of the addition of 

[11C]MeLi, the reaction mixture was directly quenched by addition of 1 mL 

of 4 M HCl solution in MeOH, and stirred for an additional 2 min at rt. The 

product 12 was collected after HPLC purification (Column: SymmetryPrep 

C18 7μm 125Å 7.8x300 mm; eluent: MeOH/H2O with 0.1% Formic acid (70/30); flow: 5 mL/min, tR = 10.5 

min) in 55 - 57% RCY, n = 2. 

 

(+/-)-2-(4-(p-[11C]tolyl)piperidin-1-yl)cyclohexan-1-ol (13) 

Compound 13 was synthesized according to the general procedure, 

starting from (+/-)-2-(4-(4-bromophenyl)piperidin-1-yl)cyclohexan-

1-ol (7) and using 5 mol% of fully pre-oxidized Pd(PtBu3)2. 1.0 eq. of 

n-BuLi (0.125 mL, 0.20 mmol, 1.6 M in hexanes) was used to ensure complete deprotonation and added 

before the addition of the catalyst. The product 13 was collected after HPLC purification (Column: 

                                                                 
8 For consensus on nomenclature for radiochemistry see: H. H. Coenen et al. Nucl. Med. Biol. 2017, 55, v–xi 
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SymmetryPrep C18 7μm 125Å 7.8x300 mm; eluent: MeOH/H2O with 0.1% Formic acid (gradient from 

70/30 to 50/50 in 15 min); flow: 5 mL/min, tR = 6.9 min) in 45 ± 5% RCY, n = 4. 

 

(+/-)-3-(4-(p-[11C]tolyl)piperidin-1-yl)-1,2,3,4-

tetrahydronaphthalen-2-ol (14) 

Compound 14 was synthesized according to the general 

procedure, starting from (+/-)-3-(4-(4-

bromophenyl)piperidin-1-yl)-1,2,3,4-tetrahydronaphthalen-

2-ol and using 5 mol% of fully pre-oxidized Pd(PtBu3)2. 1.0 eq. of n-BuLi (0.125 mL, 0.20 mmol, 1.6 M in 

hexanes) was used to ensure complete deprotonation and added before the addition of the catalyst. The 

product 13 was collected after HPLC purification (Column: SymmetryPrep C18 7μm 125Å 7.8x300 mm; 

eluent: MeOH/H2O with 0.1% Formic acid (gradient from 70/30 to 50/50 in 15 min); flow: 5 mL/min, tR = 

8.2 min) in 55 ± 9% RCY, n = 4.  
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