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1 
Chapter 1 

Perspectives in 11C and 18F radiochemistry 
The state-of-the-art of carbon-11 and fluorine-18 radiochemistry for positron emission tomography 

(PET) is presented. From the latest developments in labelling methodology, a picture of future 

challenges is drawn. The exploration of novel reactivity to allow 11C-labelling, alongside with a 

particular focus in making such reaction compatible for clinical production, is presented to be key in 
11C-tracer discovery. 18F is envisioned to be at the heart of further development in PET. Broadening 

imaging strategies towards pre-targeting approaches, together with the use of modified antibodies 

or peptides, constantly challenges the field of radiofluorination for new and efficient labelling 

methods applicable to complexes molecules. Translation of biorthogonal reactions into radiolabelling 

methods appears as a valuable option to address these issues and is expected to be a significant 

advance in upcoming 18F-tracer developments. 
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1 
1.1 Introduction 

Positron emission tomography (PET) is an imaging technique that provides physio-pathological 

information non-invasively. Because of its high sensitivity, PET became an essential tool for patient 

diagnosis for various pathologies, with widespread applications in oncology, brain disease and the 

evaluation of cardiac function, amongst others.1 PET is also employed to follow-up and evaluate 

treatment efficacy and plays an important role in drug development. To fulfil its functional imaging 

purpose, PET relies on the use of radiotracers, containing  β+ emitting radionuclides, allowing for 

detection of the gamma photons produced upon positron/electron annihilation. Clinically used 

radionuclides include the β+ emitters 11C, 13N, 18F and 68Ga. Radiometals, such as 64Cu and 89Zr, are 

also employed, despite their mixed radioactive decay, which only partially occurs by the productive 

β+ emission. The physical properties of each radionuclide2 and its available production and labelling 

methods (Table 1.1) determine the opportunities and limitations of their clinical applications. The 

extremely short half-life (t1/2 = 10 min) of 13N restricts labelling procedures to enzymatic methods that 

yield 13N-labelled amino acids.3 13N is mostly used in its simplest form, as [13N]NH3, for the imaging of 

myocardial perfusion to diagnose coronal artery disease. The radiometal 68Ga has an advantageous 

half-life of 67.8 min, but suffers from high energy β+ decay, which results in long-range penetrating 

positrons (Rmean = 3.5 mm and up to Rmax = 9.0 mm), ultimately resulting in lower spatial resolution of 

the acquired images. In addition, labelling with 68Ga or other radiometals requires the presence of a 

chelator in the structure of the tracer, thus presenting a strong limitation for tracer design. 11C and 
18F present advantageous physical properties due to their  half-life, allowing for synthetic 

modifications, and low positron energy ranges that ensure a good spatial resolution for PET. 

Considering these factors, it is not surprising to notice the prevalent use of 11C and 18F in clinical 

practice.4 However, labelling procedures for 11C- and 18F-radiotracers need improvements regarding 

reaction time and robustness, as these methods are often considered to be complex and require 

highly specialized operators and infrastructure (specific lab equipment, cyclotron, etc.). 

Table 1.1 Physical properties of the main PET-radionuclides 

Radionuclide Half-life t1/2 Emean (MeV) Rmean (mm) Prevalent labelling method 

11C 20.4 min 0.386 1.2 SN2, carbonylation 
13N 10.0 min 0.492 1.8 Enzymatic 

18F 109.8 min 0.250 0.6 SN2, SNAr, “click” chemistry 
68Ga (89% β+) 67.8 min 0.836 3.5 Chelation 
64Cu (18% β+) 12.7 h 0.278 0.7 Chelation 
89Zr (23% β+) 78.4 h 0.396 1.3 Chelation 

 

The choice of the molecular structure of the radiotracer is crucial in PET and it should fulfil several 

criteria, which include the easy and reproducible production of the PET-tracer, high specificity and 

affinity, high molar activity of the tracer (particularly in case of low target expression), lipophilicity 

that ensures the efficient reaching of the target, and low rate of metabolism. The structures likely to 
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become PET-tracers are too often restricted by the limited number of labelling methods available for 

a given radionuclide and the characteristics of the radionuclide, in particular half-life, regarding the 

scope of applicable transformations. To overcome these limitations, the development of novel 

methodologies is necessary to enable more (late-stage) transformations, ultimately broadening the 

scope of accessible PET-tracers. Such methodology would ideally be fast, enable the introduction of 

radionuclides in metabolically stable positions, and be robust, with special focus on including 

automated syntheses, thereby providing new opportunities in PET-tracer synthesis (extended scope, 

diverse targets, multimodal imaging, etc.) to expect an impact on future developments in PET-

imaging.5 

1.2 11C - Expanding the toolbox  

Carbon is an element present in almost every biologically active molecule, rendering 11C is a valuable 

radionuclide. On the one hand, the half-life of 11C (t1/2 = 20.4 min) offers great opportunities when it 

comes to drug development and the possibility of performing repeated studies during one single day. 

Moreover, as a result of the short half-life, the use of 11C results in lower radiation dose for the patient 

compared with other radionuclides used in nuclear medicine.6 On the other hand, the development 

of synthetic procedures leading from 11C production to tracers for PET-imaging, that would be 

compatible with such a short half-life, represents an important challenge. 11C is produced in a 

cyclotron, by the 14N(p,α)11C nuclear reaction. Addition to the N2-target gas of small amounts 

(typically 5 to 10%) of H2 or O2, results in the production of [11C]CH4 or [11C]CO2 , respectively; these 

simple molecules constitute the two key precursors of 11C-chemistry. In practice, in-target production 

of [11C]CO2 is higher yielding and therefore preferred, with the opportunity of reduction into [11C]CH4 

post-production. Over the past decades, many other building blocks, derived from [11C]CH4 or 

[11C]CO2, have been synthesized and used in labelling procedures (Scheme 1.1). 

Scheme 1.1 Main building blocks available to perform 11C-Chemistry 
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Considering the variety of electrophiles and nucleophiles that can serve as 11C building blocks, it is 

striking to notice the major dominance of labelling procedures by SN2 reactions, with either [11C]CH3I 

or [11C]CH3OTf as electrophile,7 for the synthesis of PET-tracers used in the clinic (Figure 1.1). SN2 

reactions, with [11C]CH3I or [11C]CH3OTf, allow for the formation of heteroatom-11CH3 functionalities, 

known to be prone to metabolic degradation, thereby enabling the access to only a few privileged 

structures via such strategy. Carbonylation reactions, using [11C]CO or [11C]CO2 are less commonly 

used, but have also found applications in the clinical tracer production.8-10 Carbonylation reactions 

have a prominent role to play in 11C-labelling as they provide access to carbonyl functionalities, an 

abundant motif in biologically active molecules. A large part of methylation opportunities remains 

poorly addressed by current labelling methods, including (hetero-)aromatic and aliphatic 

methylations. Thus, it is desirable to drastically expand the labelling toolbox for 11C, giving access to 

the largest possible range of structures to be radiolabelled, in a fast and robust manner, bringing to 

the clinic the best possible PET-tracer for a specific target. 

Figure 1.1 Labelling method used for clinical production of 11C-PET tracers 

 

Data extracted from the NIH, CNS radiotracer table, https://www.nimh.nih.gov/research/research-funded-by-

nimh/therapeutics/cns-radiotracer-table.shtml, Feb 2021. 

Nearly 80% of drugs feature at least one aromatic ring in their molecular structure,11 this sets the 

potential for methylation of (hetero-)aromatic moieties to become an important 11C-labelling 

method. Despite the apparent opportunities, so far, cross-coupling reactions lack of clinical relevance. 

Pioneered by the work of Kumada, Heck and Negishi in the 1970’s, cross-couplings reactions reshaped 

approaches in synthesis by enabling C-C bond formation. With the recent developments in the field 

of cross-coupling reactions, it is now a key transformation in modern organic chemistry with 

widespread applications in medicinal chemistry.12,13 Hence, cross-coupling reactions using building 

blocks accessible for the radiochemist, such as methyl iodide or organometallics accessible from 

methyl iodide, appear as valuable transformations for labelling. While a variety of PET tracers labelled 

via Stille cross-coupling have been reported in the literature, only scarce examples of Sonogashira, 

Heck, or Suzuki couplings can be found.14,15 Recent studies explore the labelling possibilities, using 

more reactive organometallic reagents in Negishi16 or organolithium17 cross-couplings, as well as 

exploiting recent advances in photoredox chemistry.18 Identifying and addressing the limitations that 

often prevented these reactions to successfully make a breakthrough into clinical practice is key for 

64
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further developments. So far, the lack of “easy-to-use” and reliable protocols has been particularly 

restricting, hence moving towards flow systems or reactions allowing to pre-load reagents on 

cartridges seems promising. Another aspect to consider is that the use of Schlenk techniques or other 

methods that ensure a strictly anhydrous and controlled environment essential for the handling of 

highly sensitive reagents is not common practice in most hospitals. Hence, for all these methods to 

be used in clinical settings, the ability to perform radiolabelling under strict inert conditions by using 

appropriate automated modules or develop fast coupling reactions under aqueous conditions would 

represent significant improvements. Likely, the combined efforts of organic chemists and 

radiochemists together will establish cross-coupling procedures as another standard strategy to 

introduce 11C, broadening labelling opportunities as much as it refined synthetic approaches almost 

50 years ago.  

1.3 18F - Towards enhanced bioorthogonality 

Combining a half-life favourable for synthesis (t1/2 = 109.8 min), emission of a low energy positrons 

(Emean = 0.250 MeV ; Rmean = 0.6 mm) and being a small atom easy to incorporate, 18F became the 

radionuclide of choice for many PET-tracers. While the radiation dose for the patient is often higher 

compared to for 11C-tracers, it is largely compensated by the opportunities offered by its longer half-

life. Indeed, the half-life of 18F allows to use tracers with slower pharmacokinetic distribution, and it 

also greatly enhances the practicality of tracer-production, with the opportunity of producing 

multiple doses at once, that can be shipped to different hospitals or used later during the day. 18F is 

produced in large amounts (>100 GBq) from enriched [18O]H2O, in a cyclotron, using the nuclear 

reaction 18O(p,n)18F to afford aqueous [18F]fluoride. Alternatively, [18F]F2 can be produced, but it lacks 

safe and efficient labelling procedures to be widely used as a primary building block. Hence, the vast 

majority of radiolabelling methods start from aqueous [18F]fluoride. This represents a major 

difference compared with standard 19F-fluorinations that typically rely on anhydrous electrophilic 

fluorine sources. Nonetheless, chemists and radiochemists developed a myriad of labelling 

approaches, starting from the single 18F- source and enabling nucleophilic as well as electrophilic 

fluorinations.19 These advances enabled the 18F-fluorination of (hetero-)aryl20 and alkyl21 structures, 

direct 19F-18F fluorine exchange,22 and introduction of a variety of 18F-fluorinated groups, such as –

OCF3, -SCF3, and -CHF2 (figure 1.2a). Notably, these transformations do not only rely on a single type 

of reactivity, which would limit their application, but generally encompass complementary methods. 

By using nucleophilic aromatic substitution, fluorination via iodonium or sulfonium salts, 

deoxyfluorination reactions, or metal catalysed fluorinations, 18F-fluorination of aryls is a good 

example of the diversity of labelling strategies currently available.23 Another illustration of the 

versatility of 18F-fluorination methods are the numerous labelling possibilities available on a single 

scaffold. In the example depicted in figure 1.2b, the celecoxib scaffold has been modified to introduce 
18F in various position, providing tracers that differed in metabolic stability, hydrophilicity, and target 

binding, overall enabling to find the optimal 18F-labelled celecoxib structure suitable for 

cyclooxygenase-2 (COX-2) imaging. Although improvements towards more automated, kit-type 
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labelling, or high molar activity electrophilic fluorination would further expand the applicability of 18F-

fluorination in clinical settings,24 the state-of-the-art in fluorination chemistry appear far more 

advanced than the one of 11C chemistry. 

Figure 1.2 Illustration of the variety of 18F-fluorinations methods 

 
 a} Examples of 18F-labelled motifs accessible via direct fluorination b) Celecoxib derivatives 18F-labelled at multiple 

labelling positions.25-32 

Nonetheless, important challenges in the field remain. The relatively long half-life of 18F (t1/2 = 109.8 

min) allows for the labelling of larger molecules, from small peptides to nanobodies, that are essential 

for the development of immunoPET and innovative pre-targeted strategies.33 The presence of 

numerous functional groups within these larger molecules often requires a high level of functional 

group compatibility and orthogonality in the labelling procedure employed. The direct 18F-fluorination 

of complex molecules is not a trivial transformation, particularly as methodologies are needed that 

do not require protecting groups, perform under mild conditions and at low temperature to ensure 

stability of the substrate.34 To circumvent these limitations, indirect fluorination by chelation of 

Al[18F]F,35 or by using 18F-labelled prosthetic groups has been developed.36 These two-steps labelling 

procedures are based on well-established bioorthogonal reactions (Scheme 1.2) such as multi-

components reactions,37,38 copper catalysed39-42 and strain promoted43,44 azide-alkyne cycloadditions, 

tetrazine trans-cyclooctene cycloadditions,45-47 and photoinduced reactions.48 The recent 

developments in the field of bioorthogonal labelling renders these reactions more and more 

attractive to radiochemists, with impressively high reaction kinetics (up to ~ 106 M-1s-1) they can 

remain extremely fast even at the low concentration used in radiochemistry. Moreover, these 

transformations are often characterized by their selectivity and their robustness as they can often be 

performed in various solvents, in the presence of water, and at different pH, which are all key criteria 

when seeking for a reliable and widely usable labelling methodology. Although, these labelling 

strategies are still to be applied in clinical setting, they greatly contribute to the introduction  of 

innovative imaging techniques with the potential of having a real impact in future PET-developments. 
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Scheme 1.2 Bioorthogonal reactions applied in PET-tracer synthesis 

 

1.4 Outlook 

Arguably, 11C and 18F have played a crucial role in the development of PET-imaging over the last 

decades, and because of their physical properties, the two radionuclides stand out for the future of 

PET. Thereby, progress in the field of PET-imaging is tightly linked to the advances in labelling with 

each of these radionuclides. In both cases, key challenges for future developments and 

implementation of novel radiolabelling protocols can be clearly identified: 

1) Accelerating reactions: In order to expand the scope of methodologies available for labelling, the 

development of organic synthesis methods plays an important role. Indeed, by gathering more 

insights into reaction mechanisms and reaction kinetics, as well as building on recent advances in 

catalysis and emerging fields such as photoredox chemistry,49 novel and fast transformations are 

developed with potential relevance for radiolabelling. Strong collaboration with radiochemists is then 

necessary to fully realize this potential. Procedures that are considered fast (e.g. from minutes to a 

couple of hours), should be more systematically optimized to meet the requirements of radiolabelling 

procedures and reach reaction times from seconds to few minutes. 

2) Easy-to-use protocols: Labelling procedures need to be simple, robust and reliable. Ideally, one-pot 

procedures are preferred, where the radioactive building blocks can be added as the final reagent, to 

limit the exposure for the radiochemist. Kit-type approaches, for example enabling radiosyntheses to 

be fully performed inside cartridges, pre-loaded with all necessary reagents, offer such simplicity and 

should be prioritized in development.16,50 Similarly, synthetic procedures based on the principle of 

flow chemistry42,51-53 or reaction performed in droplets54,55 showed potential for reaction acceleration 
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as well as improved molar activities, making them very attractive for PET-tracer synthesis56 (Figure 

1.3). Finally, demonstrating the feasibility of a labelling protocol on a commercially available synthesis 

module is as an essential step in method development.  

Figure 1.3 Examples of cartridge-based and microfluidic setups for PET-tracer synthesis 

 

a) Negishi cross-coupling of [11C]CH3I on a pre-loaded cartridge.16 b) Representation of a droplet reactor.54 c) [18F]FDG 

synthesis in flow reactors.52 

3) Biocompatibility: To achieve late-stage labelling of challenging, multifunctional substrates, 

including unprotected peptides or antibodies, it is essential to look for labelling strategies with high 

functional group tolerance and bioorthogonality. Suitable biorthogonal reactions should enable 

labelling of a wide range of substrates, under mild reaction conditions and without the need of toxic 

reagents or metals. The generalization of these biorthogonal protocols to PET-tracer synthesis are 

considered particularly important in the development of multimodal imaging probes or immunoPET 

imaging. 

By combining efforts in fundamental organic chemistry, seeking for ultrafast reactions, and 

investigating their translation into easy-to-use radiochemical procedures, including fully automated 

syntheses, and a focus on biorthogonal reactions, we should be able to accompany innovative imaging 

strategies in the clinical development and expand the scope of accessible structures for PET-imaging. 

1.5 Thesis outline 

In this thesis we aim to tackle some of the above mentioned challenges in 11C and 18F radiochemistry. 

Our contribution to develop new methodologies in 11C chemistry will focus on the cross-coupling of 

[11C]methyllithium with aryl bromides as described in chapter 2. In chapter 3, we will be using this 
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same methyllithium cross-coupling methodology to enable the synthesis and radiolabelling of a 

potential 11C-tracer for vesicular acetylcholine transporter. Chapters 4, 5 and 6 will look at 

fundamental advances in organolithium chemistry and demonstrate their versatility in organic 

synthesis. In chapter 4, we will be applying organolithium cross-coupling to enable the synthesis of 

substituted benzaldehydes as well as demonstrate the feasibility of this protocol with 

[11C]methyllithium. In chapter 5, a synthesis route towards functionalized ketones via nucleophilic 

addition of an organolithium reagent followed by Buchwald-Hartwig amination, as a one-pot strategy, 

will be presented. Looking at pushing the boundaries of organolithium cross-coupling reactions, in 

chapter 6 we investigated the cross-coupling of lithium acetylides with aryl bromides and presented 

a suitable method, alternative to the Sonogashira coupling, to efficiently access (hetero-)aryl alkynes. 

In chapter 7, we will investigate new labelling routes to potentially access [11C]hydroxymethyl 

ketones, a prominent amongst biologically active molecules such as prednisolone and dexamethason. 

The last parts of the thesis will focus on 18F radiochemistry, and particularly on biorthogonal synthesis 

of 18F-PET tracers. In chapter 8, we present the transformation of a photoclick reaction into an 

ultrafast indirect labelling method, performed in flow, capable of yielding valuable 18F-PET probes, 

imcluding potential tracers for prostate cancer and bacterial infections. In chapter 9, we will use 

copper catalysed click chemistry to access a fluorescein-based 18F-tracer that enables immunoPET 

imaging by pretargeting strategy when used in combination with bispecfic antibodies.  
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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. 
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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 



Chapter 2  

 

29 

2 

(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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Chapter 3 

3 Synthesis and in vitro evaluation of spirobenzovesamicols as 

potential 11C-PET tracers for vesicular acetylcholine 

transporter (VAChT) 
 

In this chapter, we present the synthesis and a structure-activity relationship study of a new family of 

spirobenzovesamicols as potential PET-tracers for vesicular acetylcholine transporter (VAChT). We 

identified a lead structure exhibiting good affinity for VAChT and good selectivity versus σ receptors. 

The radiolabelling of this lead compound was performed utilizing the cross-coupling of [11C]MeLi, 

affording an 11C-labelled tracer with potential for mapping the cholinergic function.  

 

 

 

This chapter will be submitted for publication as: 

H. Helbert, W. Deuther-Conrad, M. de Haan, B. Wenzel, G. Luurtsema, W. Szymanski, P. Brust, R. A. J. 
O. Dierckx, B. L. Feringa, P. H. Elsinga, Synthesis and in vitro evaluation of spirobenzovesamicols as 

potential 11C-PET tracers for vesicular acetylcholine transporter (VAChT).  
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3.1 Introduction 

Vesicular acethylcholine transporter (VAChT) is responsible for the transport of acetylcholine (ACh) 

from the cytoplasm into synaptic vesicles, which fuse with the presynaptic membrane under 

depolarization of the neuron and release acteylcholine into the synaptic cleft.1 By doing so, VAChT is 

essential to neuronal function and a decrease in VAChT has been correlated with several cholinergic 

dysfunctions, including Down’s syndrome, schizophrenia, Parkinson’s Disease (PD) and Alzheimer’s 

Disease (AD).2 Positron emission tomography (PET) exploits such disease-related biomarkers for 

diagnosis purposes by non-invasive molecular imaging and it has become a widespread technique for 

the diagnosis of brain diseases in particular.3 Over the recent years, VAChT-imaging received a lot of 

attention, especially evident in the search for suitable PET-tracers.4 This quest ultimately led to the 

establishment of [18F]FEOBV as a PET-tracer,5 with clinical application in the diagnosis of AD, PD and 

dementia, notably with Lewy bodies.6 The radiolabelled structure was inspired by earlier work, which 

identified vesamicol and its derivatives to possess high affinity with VAChT and acting as a non-

competitive inhibitor of ACh transport.7 The first requirement is to access a structure exhibiting high 

affinity and selectivity for VAChT, a particularly challenging task considering that most vesamicol 

derivatives also have affinity with σ receptors.8 Moreover, the molecular structure of a PET VAChT-

selective tracer must be accessible through late stage-incorporation of a short-lived β+ emitter, such 

as 11C or 18F, essential for PET-imaging. Due to the short half-life of such isotopes (109.8 min and 20.3 

min for 18F and 11C, respectively), radiolabelling procedures are restricted to ultra-fast reactions to 

introduce 18F or 11C. This restriction excludes many structures from the chemical space of accessible 

PET-tracers. In chapter 2 is reported the cross-coupling of [11C]methyllithium with aryl bromides for 

the synthesis of 11C-PET tracers.9 This labelling method was anticipated to offer new 11C-labelling 

opportunities for structures that were otherwise inaccessible or tedious to obtain. In this work, we 

looked at the structure-activity relationship of several methylated vesamicol derivatives, seeking for 

a potential PET tracer as an alternative to [18F]FEOBV for VAChT imaging. Although the importance of 

[18F]FEOBV is undeniable, the shorter half-life of 11C can be of particular interest to reduce the 

irradiation dose for the patient or in order to perform multiple experiments in a limited amount of 

time (c.q. in the same day), notably, a valued feature when using PET in the context of drug 

development.10 Moreover, previous kinetic studies, performed on vesamicol-derived structures 

targeting VAChT,11 suggest advantageous pharmacokinetic properties compatible with the half-life of 
11C. 

3.2 Synthesis of spirobenzovesamicols 

Inspired by the work of Efange et al. who reported spirovesamicol as being particularly selective for 

VAChT versus σ receptors,12 we focused on synthesizing and evaluating methylated-spirovesamicols 

(13 - 15), susceptible of being efficiently labelled with 11C, using cross-coupling of [11C]methyllithium 

with the corresponding aryl bromides (Scheme 3.1). First, the precursor bromo-spirobenzovesamicols 

10 - 12 were synthesized according to literature procedures, starting from the corresponding bromo-

indenes or bromo-indanone, depending on substrate availability. The aryl bromides 10 - 12 were then 
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reacted following standard conditions used for organolithium cross-coupling in presence of a free 

alcohol (5% of fully oxidized Pd(PtBu3)2, 2.5 eq of MeLi). Under these reaction conditions, the 

methylated spirobenzovesamicols 14 and 15 were obtained in good yields (72% and 59%, 

respectively). Unfortunately, when employing such reactions conditions, only traces (< 2%) of 

compound 13 were detected at the end of the reaction. The addition of a Lewis acid has proven to be 

helpful to promote certain organolithium cross-couplings,9a in particular in the presence Pd-

coordinating functionalities, therefore Lewis acid addition was also tried in the case of the conversion 

of 10. Gratefully, in the presence of 10% of Pd catalyst and 2 eq. of BF3
.Et2O as additive, compound 

10 readily undergoes cross-coupling reaction with MeLi to afford 13 in 72% yield. Finally, fluoro-

substituted spirobenzovesamicol 8 and 9 were also synthesized, as recent developments in aromatic 

fluorination chemistry suggests that their corresponding 18F-analogues would be accessible.13 

Scheme 3.1 Synthesis of spirobenzovesamicols and potential VAChT ligands tested in vitro 

 

a) NaBH4, MeOH, rt, 2 h. b) p-toluenesulfonic acid, toluene, reflux, 2h. c) LiHMDS, bis(2-chloroethyl)-Boc-amine, THF, 

4 oC to rt, 22 h. d) HCl, EtOH, rt, 2 h. e) Na, t-BuOH, Et2O, rt, 3 h. f) mCPBA, DCM, 0 oC to rt, 5 h. g) NEt3, EtOH, reflux, 

72 h. h) Starting from the corresponding bromide, 10 mol% ox. Pd(PtBu3)2, MeLi, toluene, rt, 5 min. i) 10 mol% ox. 

Pd(PtBu3)2, BF3
.Et2O as additive.  

3.3 In vitro binding affinity evaluation 

The affinity of all the synthesized compounds for VAChT was evaluated in vitro in a competitive assay 

with 3H-vesamicol. Previously synthesized compounds 16 - 19,9a were also included in the in-vitro 

assay, as well as the reference compound (-)-FEOBV. The affinity for both σ1 and σ2 receptors was 

also evaluated and the binding affinities obtained are reported in table 3.1. 
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In accordance with previous reports, evaluation of the unsubstituted vesamicol revealed that it has 

good affinity for both VAChT and σ1 receptors, but exhibits very low selectivity. Bromo- and methyl- 

para-substitution of vesamicols (16 and 17) resulted in loss of affinity for VAChT, while retaining a 

high affinity for σ1. In recent years, benzovesamicols greatly replaced vesamicols as lead structures 

as they were found to greatly improve selectivity towards VAChT.4 The para-substitued 

benzovesamicols (18 and 19), synthesized here, didn’t exhibit such characteristic, showing high 

affinity for both σ1 and VAChT receptors.  

When evaluating the newly synthesized spirobenzovesamicols, clear trends are appearing. For 

instance, 5- and 6- substituted structures (compounds 8, 9, 11, 12, 14 and 15) showed high affinities 

simultaneously for VAChT and σ1. Therefore, regardless of the nature of the substitution (Br, Me, F) 

in these positions, none of the 5- or 6- substituted compounds were selective for one particular 

receptor. These results are surprisingly different from the previous evaluation reported of this class 

of compounds by Efange et al..8a This discrepancy can be attributed to the different sources of σ1 

receptors used in the assays, guinea pig σ1 for Efange’s values8a and human σ1 in this work. The 2-

subtituted spirobenzovesamicols (10 and 13) appear as a more promising option for the selective 

imaging of VAChT. Indeed, such substitution pattern seem to be detrimental for σ1 binding, that is 

reduce by, on average, 100 fold when compared with the 5- and 6- substituted structures. VAChT 

binding is also slightly diminished for the 2-substituted molecules, but only by about a 3-fold ratio. As 

a result, compounds 10 and 13 exhibit great selectivity for VAChT versus both σ1 and σ2 receptors. 

The identification of compound 13 as a selective compound for VAChT is a promising step towards 

the discovery of a 11C-PET tracer.  

According to previous binding assays,4 the (S,S)/(-)-enantiopure form of vesamicol-derived compound 

is a superior VAChT ligand compared to the (R,R)/(+)-enantiomer. This phenomenon is often 

accompanied with a decrease of affinity towards σ receptors which greatly improves the overall 

selectivity. Separation of the enantiomers by chiral HPLC allowed the evaluation of the enantiopure 

(-)-13 compound. Compared to the trans (±)-13, the affinity for VAChT of (-)-13 was 1.5-fold higher, 

and the affinities for both σ receptors were up to two times lower, thereby greatly improving 

selectivity. Overall, a 30-fold selectivity towards VAChT versus σ1 was obtained for (-)-13 and 

negligible binding (Ki > 4 μM) was observed towards σ2. The high affinity towards VAChT (Ki = 16 ± 4 

nM), combined with a good selectivity, clearly support the choice of (-)-13 as a potential 11C-PET tracer 

for VAChT imaging. 
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Table 3.1 Binding affinities (Ki) for VAChT, σ1 and σ2 obtained for the compound tested (mean of 2-5 independent 
experiments, each performed in triplicate). 

 Binding affinities (Ki, nM) Selectivity 

 VAChT-PC12 σ1 (HS1-HEK293) σ2 (rat liver) σ1 / VAChT σ2 / VAChT σ2 / σ1 

(±)-8 17.6 ± 6.48 22.6 ± 13.3 250 ± 137 1.3 14.3 11.1 

(±)-9 6.03 ± 0.41 4.18 ± 0.08 191 ± 51.3 0.7 31.8 45.5 

(±)-10 25.3 ± 16.5 496 ± 629 10.900 ± 212 19.6 118.6 6.0 

(±)-11 13.7 ± 1.16 1.68 ± 0.30 488 ± 345 0.1 35.6 287.1 

(±)-12 11.3 ± 1.46 3.50 ± 7.07 353 ± 33.4 0.3 31.2 100.9 

(±)-13 22.6 ± 14.9 362 ± 51.4 1650 ± 646 13.6 61.8 4.6 

(-)-13 15.9 ± 4.11 473 ± 227 4720 ± 951 29.7 297 9.98 

(±)-14 8.65 ± 0.04 2.14 ± 0.72 373 ± 147 0.2 42.9 177.6 

(±)-15 7.21 ± 1.22 5.33 ± 2.36 618 ± 257 0.7 85.8 116.6 

(±)-Vesamicol 28.4 ± 2.63 43.8 ± 19.8 239 ± 10.9 1.5 8.4 5.4 

(±)-16 266 ± 22.3 4.82 ± 2.18 13.4 ± 0.16 < 0.1 0.1 2.9 

(±)-17 517 ± 60.1 13.9 ± 3.86 61.6 ± 17.8 < 0.1 0.1 4.4 

(±)-18 4.68 ± 0.33 2.63 ± 1.13 20.9 ± 0.45 0.6 4.4 8.0 

(±)-19 5.29 ± 0.31 5.74 ± 2.59 58.7 ± 7.33 1.1 11.1 10.3 

(-)-FEOBV 5.89 ± 0.37 2275 ± 390 2118 ± 1058 386 359 0.93 
 

A surprising result in itself was the binding affinities obtained for (-)-FEOBV. Binding affinities obtained 

for σ1 were largely different to previously reported ones,4f,14 indeed, previous reports using rat σ1 

receptors describe a binding affinity for (-)-FEOBV of about 200 nM, suggesting a selectivity VAChT/σ1 

of 10.7. The re-evaluation of (-)-FEOBV in this work clearly indicates a much lower affinity of this 

compound for human-sourced σ1 receptor, raising its selectivity VAChT/σ1 above 300. This result 

confirms the relevance of (-)-[18F]FEOBV as a PET-tracer for VAChT mapping in the brain and raise 

awareness on the importance of the binding idiosyncrasy of human σ115 compared with other σ1-

sources. 

3.4 Radiolabelling 

From the binding data collected, the methyl-substituted structure 13, synthesized by late-stage cross-

coupling, has the potential to become a suitable 11C-PET tracer. The choice of the cross-coupling with 

[11C]MeLi to afford [11C]-13 gives the opportunity to use the corresponding aryl bromide 10 as 

precursor (Scheme 3.2). This is a major advantage when compared to other well-established cross-

coupling methodologies, which would require the transformation of the aryl bromide 10 into its 

corresponding stannane to allow Stille coupling with [11C]MeI, or boronic ester required for Suzuki 

coupling with [11C]MeI. It needs to be emphasized that such transformations of 10 were attempted, 

but under standard Miyaura borylation16 and stannylation conditions,17 we obtained no or low 

amounts of the expected product. This example illustrates the benefit of directly using aryl bromides 

as precursors instead of aryl stannanes or aryl boronic esters, the preparation of which requires an 

additional, not always trivial, synthetic step. 
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Scheme 3.2 Radiolabelling of [11C]13 

 

The labelling by cross coupling of precursor 10 with [11C]MeLi, generated in situ by lithium-halogen 

exchange between n-BuLi and [11C]MeI, was performed following the protocol described in the 

experimental section and radiotracer 10 was successfully radiolabelled, yielding [11C]13 in 32 - 37 % 

RCYs (n = 2) after HPLC purification. Similarly to the synthesis of the non-radioactive equivalent 13, 

the labelling protocol required the use of 2 eq. of BF3
.Et2O prior to [11C]MeLi addition. The key cross-

coupling step was performed in 5 min, allowing for a short overall labelling procedure of 30 min, from 

the end of the bombardment until the final product [11C]13 was isolated. 

3.5 Conclusions 

The SAR studies of spirobenzovesamicols performed in this work led to the identification of 

compound 13 as a selective compound for VAChT imaging, that was successfully labelled by [11C]MeLi 

cross-coupling reaction, affording a potential 11C-PET tracer for VAChT imaging. The in-vitro binding 

affinities obtained on previously reported compounds brought our attention to the large discrepancy 

depending on the receptor type used. Such differences were expected when comparing our data with 

early investigation of vesamicol derivatives performed on guinea pigs σ1. Nonetheless, important 

variations were found with recent data based on rat σ1 receptors, notably resulting in a considerably 

lower binding of the clinically used (-)-FEOBV towards human σ1 compared to its rat equivalent. These 

results consolidate the relevance of (-)-FEOBV as a highly selective tracer for VAChT but also raise 

questions about pre-clinical data, collected on σ1 binding, using rat models and their translation to 

human studies. 
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3.8 Experimental section 

General methods 

Column chromatography: Grace-Reveleris purification system with Büchi silica cartridges. TLC: Merck silica gel 

60, 0.25 mm. Components were visualized by UV (254 nm, 365 nm) and potassium permanganate staining. Mass 

spectra were recorded on an LTQ Orbitrap XL (ESI+, ESI-, APCI+). 1H-, 13C- and 19F- NMR were recorded on Bruker 

600 MHz (600 MHz, 151 MHz, and 565 MHz respectively)  or a Varian AMX400 (400 and 101 MHz respectively) 

using CDCl3 as solvent. Chemical shift values are reported in ppm with the solvent resonance as the internal 

standard (CHCl3: δ 7.26 for 1H, δ 77.16 for 13C). Data are reported as follows: chemical shifts, multiplicity (s = 

singlet, bs = broad singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling constants (Hz), and 

integration. All reactions were carried out under a dry air atmosphere using dried glassware and using standard 

Schlenk techniques unless noted otherwise. Toluene was dried by a MRBAUN solvent purification system (SPS). 

Pd(PtBu3)2 was purchased from Sigma Aldrich or Strem, n-BuLi (1.6 M solution in hexanes) and MeLi (1.6 M 

solution in Et2O) was purchased from Acros. (-)-FEOBV was purchased from ABX advanced biochemical 

compounds (CAS : 153215-70-4). [11C]CH4 was produced by nuclear reaction 14N(p,α)11C on an IBA Cyclone 18/18 

cyclotron and subsequently converted into [11C]CH3I by ‘’gas phase’’ method. 

 

In vitro binding studies 

The binding assays have been performed in principle according to the procedure published in Roslin et al.,4g 

Synthesis and in vitro evaluation of 5-substituted benzovesamicol analogs containing N-substituted amides as 

potential positron emission tomography tracers for the vesicular acetylcholine transporter. Bioorganic & 

Medicinal Chemistry 25 (2017) 19, 5095-5106. 

In brief, radioligand displacement experiments to assess the affinity for VAChT assay were performed using 

membrane homogenates obtained from PC-12 cells stably transfected with the rat VAChT gene (obtained from 

Ali Roghani, Texas Tech University, Lubbock, TX, USA).  The membrane preparation was incubated with the 

VAChT-specific radioligand [3H]vesamicol at a single concentration (~ 2 nM) without or with a serial dilution of 

the respective test compound (100 µM – 0.1 nM) in binding buffer (50 mM TRIS, pH 7.4, 120 mM NaCl, 5 mM 

KCl, 2 mM CaCl2, 1 mM MgCl2) for 60 min at 22°C. Nonspecific binding of [3H]vesamicol was determined with 10 

µM vesamicol.  

The σ1 assay was performed using membrane homogenates obtained from HEK-293 cells stably transfected with 

the human σ1 receptor gene (obtained from Olivier Soriani, University of Nizza, France) and the σ1 receptor-

specific radioligand [3H]-(+)-pentazocine. The incubation was performed as above, and the nonspecific binding 

of the radioligand was determined with 100 µM haloperidol.  

The σ2 assay was performed using membrane homogenates obtained from rat liver (SPRD, female, 10-12 weeks) 

and the σ1/2 receptor-specific radioligand [3H]DTG and 1 µM dextrallorphan (obtained from Roche, Basel, 

Switzerland), to mask σ1 receptors. The incubation was performed as above, and the nonspecific binding of the 

radioligand was determined with 100 µM haloperidol.  

 

 

 

Preparation of [11C]MeI 

[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 
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(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. 

 

Radiolabelling procedure 

[11C]MeLi was formed by bubbling [11C]MeI into an oven dried, argon-purged, conical vial, containing a solution 

of n-BuLi (0.2 mmol, 1.6 M in hexanes) in 0.87 mL of dry toluene 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 a 

second vial containing a prepared mixture of the precursor 1 (0.2 mmol) in 0.5 mL of dry toluene, 2 eq. of BF3
.Et2O, 

and 10 mol% of fully pre-oxidized Pd(PtBu3)2 in toluene (1 mL, 10 mg/mL, 0.02 mmol). At the end of the [11C]MeLi 

addition, the reaction mixture stirred for an additional 2 min before 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 eluent and injected on HPLC (Column: BondapakTM C18 10 µm 

125 Å 7.8 x 330 mm; eluent: 50/50 of MeCN/H2O containing 1% of formic acid; flow: 5 mL/min; tR = 4.0 min). The 

product [11C]13 was collected and its activity measured to access the radiochemical yields. 

 

Compound characterisation 

6-fluoro-1H-indene (1) 

Sodium borohydride (66 mmol, 2.0 eq) was added in portions over half an hour to a solution 

of 6-fluoro-indanone (5.0 g, 33 mmol, 1.0 eq) in 50 mL of MeOH at 0 °C. The reaction mixture 

was stirred at room temperature for 2 h. The solvent was removed under reduced pressure, 100 mL of H2O was 

added and the residue extracted with 3 x 50 mL of DCM. The combined organic layers were dried over MgSO4, 

filtered and the solvent evaporated in vacuo to yield 6-fluoroindan-1-ol (4.9 g, 98 % yield). The product was used 

without further purification. 1H NMR (400 MHz, Chloroform-d) δ 7.34 (dd, J = 8.9, 5.3 Hz, 1H), 6.96 – 6.88 (m, 

2H), 5.19 (t, J = 5.9 Hz, 1H), 3.04 (ddd, J = 16.2, 8.6, 5.1 Hz, 1H), 2.80 (dt, J = 15.8, 7.3 Hz, 1H), 2.50 (dddd, J = 13.4, 

8.4, 6.8, 5.1 Hz, 1H), 1.97 (dddd, J = 13.4, 8.5, 6.4, 5.0 Hz, 1H), 1.80 (s, 1H). 13C NMR (101 MHz, Chloroform-d) δ 

165.91 (d, J = 245.1 Hz), 148.42 (d, J = 8.4 Hz), 143.28 (d, J = 2.4 Hz), 128.10 (d, J = 9.2 Hz), 116.46 (d, J = 22.9 Hz), 

114.37 (d, J = 22.0 Hz), 78.28, 38.99, 32.50 (d, J = 2.2 Hz). A solution of 6-fluoroindan-1-ol (4.9 g, 33 mmol, 1.0 

eq) and p-toluenesulfonic acid (ca. 150 mg) in toluene (300 mL) equipped with a Dean-Stark trap was heated at 

reflux for 2 h. The solution was cooled to rt and washed with 2 x 50 mL of H2O. The combines organic layers were 

dried over MgSO4, filtered, and the solvent was evaporated in vacuo. The residue was purified by column 

chromatography to yield the title compound 1 (4.9 g, 98 % yield). 1H NMR (400 MHz, Chloroform-d) δ 7.31 (dd, J 

= 8.3, 5.1 Hz, 1H), 7.18 (dd, J = 8.8, 2.5 Hz, 1H), 7.03 – 6.94 (m, 1H), 6.84 (d, J = 5.5 Hz, 1H), 6.52 (d, J = 5.6 Hz, 

1H), 3.39 (s, 2H). 13C NMR (101 MHz, Chloroform-d) δ 161.50 (d, J = 242.1 Hz), 145.86 (d, J = 8.6 Hz), 140.86, 

133.91 (d, J = 4.0 Hz), 131.44, 121.43 (d, J = 8.7 Hz), 113.25 (d, J = 22.7 Hz), 111.49 (d, J = 23.1 Hz), 39.39 (d, J = 

2.5 Hz). 

 

6-bromo-1H-indene (2) 

Sodium borohydride (50 mmol, 2.0 eq) was added in portions over half an hour to a solution 

of 6-bromo-indanone (25 mmol, 1.0 eq) in 50 mL of MeOH at 0 °C. The reaction mixture was 

stirred at room temperature for 2 h. The solvent was removed under reduced pressure, 100 

mL of H2O was added and the residue extracted with 3 x 50 mL of DCM. The combined organic layers were dried 

over MgSO4, filtered and the solvent evaporated in vacuo to yield 6-bromoindan-1-ol a brown crystalline solid in 

98% yield. The product was used without further purification. 1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.24 

(m, 3H), 5.19 (q, 1H), 3.04 (m, 1H), 2.81 (m, 1H), 2.54 – 2.43 (m, 1H), 2.02 – 1.89 (m, 1H), 1.72 (d, 1H). A solution 
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of 6-bromoindan-1-ol (20 mmol, 1.0 eq) and p-toluenesulfonic acid (ca. 75 mg) in toluene (150 mL) equipped 

with a Dean-Stark trap was heated at reflux for 2 h. The solution was cooled to rt and washed with 2 x 50 mL of 

H2O. The combines organic layers were dried over MgSO4, filtered, and the solvent was evaporated in vacuo. The 

residue was purified by column chromatography (Pentane/EtOAc : 0 to 5%) to yield the title compound 2 as an 

orange oil in 95% yield (3.7 g). 1H NMR (400 MHz, Chloroform-d) δ 7.60 (s, 1H), 7.40 (d, J = 8.1, 1H), 7.26 (d, J = 

8.0 Hz, 1H), 6.93 – 6.76 (m, 1H), 6.55 (dt, J = 2.0 Hz, 1H), 3.39 (d, J = 2.0 Hz, 2H). 

 

5-fluorospiro[indene-1,4'-piperidine] and 6-fluorospiro[indene-1,4'-piperidine] (3) 

In a dry Schlenk flask under N2, a solution of 1 M LiHMDS (8.2 mL, 8.2 mmol, 2.2 eq.) in dry 

THF was added dropwise to a solution of 6-fluoro-1H-indene (1) (0.5 g, 3.7 mmol, 1.0 eq.) in 

THF (15 mL) at 0 °C over 20 min. After the addition was complete, the solution was stirred 

for an additional 45 min at 4 °C. The solution was then transferred via cannula to a solution 

of bis(2-chloroethyl)-Boc-amine (0.9 g, 3.7 mmol, 1.0 eq.) in dry THF (15 mL) at 4 °C. The 

mixture was stirred at 4 °C for 2 h and then at rt for an additional 18 h. The reaction mixture was concentrated 

in vacuo. The crude mixture was purified by column chromatography (Pentane/EtOAc : 98/2) to afford a mixture 

of tert-butyl 5-fluorospiro[indene-1,4'-piperidine]-1'-carboxylate and tert-butyl 6-fluorospiro[indene-1,4'-

piperidine]-1'-carboxylate in 75% yield (0.85 g). The two regioisomers were not separated and used as a mixture 

in the subsequent step. 1H NMR (400 MHz, Chloroform-d) δ 7.28 – 7.18 (m, 1H), 7.01 (d, J = 8.8 Hz, 1H), 6.98 – 

6.79 (m, 2H), 6.74 (d, J = 5.7 Hz, 1H), 4.18 (s, 2H), 3.10 (t, J = 13.2 Hz, 2H), 2.06 – 1.89 (m, 2H), 1.57 – 1.46 (m, 9H), 

1.33 (d, J = 13.5 Hz, 2H). A round bottom flask was charged with the mixture of tert-butyl 5-fluorospiro[indene-

1,4'-piperidine]-1'-carboxylate and tert-butyl 6-fluorospiro[indene-1,4'-piperidine]-1'-carboxylate (0.85 g, 2.8 

mmol, 1 eq.) in EtOH (15 mL), to which was added 15 mL of conc. aq. HCl and stirred at rt for 2 h. The solvent 

was then evaporated and the solid was washed with EtOAc. The solid was dissolved in water and the solution 

made basic with 1 M aq. sol. NaOH to recover the free amine. The product was extracted with 3 x 50 ml of DCM 

and washed with water. The combined organic layer was dried over MgSO4, filtered, and the solvent evaporated 

in vacuo to obtain the mixture of products (3) as a dark oil in 71% yield (0.40 g). The two regioisomers were not 

separated and used as a mixture in the subsequent step. 13C NMR (101 MHz, Chloroform-d) δ 145.22 (d, J = 232.3 

Hz), 131.44 (d, J = 18.5 Hz), 125.05 (d, J = 9.2 Hz), 124.49 (d, J = 8.7 Hz), 116.09 (d, J = 22.8 Hz), 114.24 (d, J = 22.9 

Hz), 112.35 (d, J = 23.4 Hz), 111.04 (d, J = 22.9 Hz), 47.66, 47.52, 37.23. 

 

5-bromospiro[indene-1,4'-piperidine] and 6-bromospiro[indene-1,4'-piperidine] (4) 

In a dry Schlenk flask under N2, a solution of 1 M LiHMDS (38 mL, 38 mmol, 2.5 eq.) in dry 

THF was added dropwise to a solution of 6-bromo-1H-indene (2) (2.9 g, 15 mmol, 1.0 eq.)  

in THF (50 mL) at 0 °C over 20 min. After the addition was complete, the solution was stirred 

for an additional 45 min at 4 °C. The solution was then transferred via cannula to a solution 

of bis(2-chloroethyl)-Boc-amine (3.6 g, 15 mmol, 1.0 eq.) in dry THF (50 mL) at 4 °C. The 

mixture was stirred at 4 °C for 2 h and then at rt for an additional 18 h. The reaction mixture was concentrated 

in vacuo The crude mixture was purified by column chromatography (Pentane/EtOAc : 98/2) to afford a mixture 

of tert-butyl 5-fluorospiro[indene-1,4'-piperidine]-1'-carboxylate and tert-butyl 6-fluorospiro[indene-1,4'-

piperidine]-1'-carboxylate in 82% yield (4.5 g). The two regioisomers were not separated and used as a mixture 

in the subsequent step. 1H NMR (400 MHz, Chloroform-d) δ 7.47 – 7.43 (m, 1H), 7.35 (ddd, J = 19.0, 8.0, 1.7 Hz, 

1H), 7.18 (dd, J = 8.0, 2.9 Hz, 1H), 6.86 (dd, J = 19.0, 5.7 Hz, 1H), 6.73 (dd, J = 5.7, 2.0 Hz, 1H), 4.18 (s, 2H), 3.10 (t, 

J = 12.9 Hz, 2H), 1.97 (t, J = 12.9 Hz, 2H), 1.50 (d, J = 1.7 Hz, 9H), 1.33 (d, J = 14.0 Hz, 2H). 

A round bottom flask was charged with the mixture of tert-butyl 5-bromospiro[indene-1,4'-piperidine]-1'-

carboxylate and tert-butyl 6-bromospiro[indene-1,4'-piperidine]-1'-carboxylate (8.1 g, 22.3 mmol, 1 eq.) in EtOH 

(50 mL), to which was added 25 mL of conc. aq. HCl and left to stir for 2 h at rt. The solvent was then evaporated 

and the solid was washed with EtOAc. The solid was dissolved in water and the solution made basic with 1 M aq. 

sol. NaOH to recover the free amine. The product was extracted with 3 x 50 ml of DCM and washed with water. 
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The combined organic layer was dried over MgSO4, filtered, and the solvent evaporated in vacuo to obtain the 

mixture of products (4) as a black oil with 81% (4.8 g) yield. The two regioisomers were not separated and used 

as a mixture in the subsequent step. 1H NMR (400 MHz, Chloroform-d) δ 7.55 – 7.40 (m, 1H), 7.34 (m,  1H), 7.25 

– 7.15 (m, 1H), 6.91 (m, 1H), 6.75 – 6.65 (m, 1H), 3.21 (d, 2H), 2.98 (t, J = 12.2 Hz, 2H), 2.02 (td, J = 12.2, 2H), 1.33 

(d, 2H). 

 

2-bromospiro[indene-1,4'-piperidine] (5) 

Synthesized adapting the procedure used for the synthesis of 4, starting from 2-bromo-1H-

indene (3.0 g, 15 mmol) and isolated as the 5.HCl salt (2.61 g, 58% yield over 2 steps). A 

sample was washed with 1 M aq. sol. NaOH to afford the free amine 5. 1H NMR (400 MHz, 

Chloroform-d) δ 7.84 (d, J = 7.6 Hz, 1H), 7.31 – 7.24 (m, 1H), 7.17 (dt, J = 7.8, 2.2 Hz, 1H), 6.84 

(s, 1H), 3.34 (dt, J = 12.6, 2.6 Hz, 2H), 3.27 – 3.13 (m, 2H), 2.06 (dd, J = 13.2, 4.0 Hz, 2H), 1.27 

(dd, J = 13.1, 2.1 Hz, 2H). 13C NMR (101 MHz, cdcl3) δ 152.78, 144.40, 142.05, 132.94, 129.68, 127.08, 126.41, 

123.53, 55.96, 44.78, 34.60. 

 

1,4-dihydronaphthalene (6) 

To a round-bottom flask charged with naphthalene (10 g, 78 mmol, 1 eq.) in dry ether (80 mL) metallic 

Na (0.20 mol, 2.5 eq) was added portion-wise in 10-20 min. Then a solution of tert-BuOH (0.20 mol, 

2.5 eq) in dry Et2O (10 mL) was added dropwise. (Note: Exothermic addition, when necessary the flask 

was cooled with an ice-bath) The mixture was stirred at rt for 3 h. Then the unreacted sodium and solid tert-

BuOH were removed by filtration and washed with Et2O (25 mL). The combined organic layer was washed with 

H2O (2 x 30 mL), dried over MgSO4, filtered and the solvent evaporated in vacuo to obtain the product 6 as a 

white solid in 84% yield (8.5 g). 1H NMR (400 MHz, Chloroform-d) δ 7.19 – 7.08 (m, 4H), 5.94 (t, J = 1.4 Hz, 2H), 

3.41 (d, J = 1.4 Hz, 4H). 

 

1,4-tetrahydronaphthalene-epoxide (7) 

A solution of 1,4-tetrahydronaphthalene (6) (1.0 g, 7.7 mmol, 1.0 eq.) in DCM (20 mL) was cooled with 

an ice-bath at 0 oC and mCPBA (2.65 g, 11.5 mmol, 1.5 eq.) in DCM (20 mL) was added dropwise, after 

which the mixture was stirred at rt for 5 h. The solvent was then removed in vacuo and the crude 

mixture was purified by column chromatography (Pentane/EtOAc : 0 to 10%) to afford 7 as a colorless 

solid in 72% yield (0.81 g). 1H NMR (400 MHz, Chloroform-d) δ 7.14 (dd, J = 5.6, 3.5 Hz, 2H), 7.05 (dd, J = 5.6, 3.5 

Hz, 2H), 3.48 (t, 2H), 3.36 – 3.16 (m, 4H). 

 

3-(5-fluorospiro[indene-1,4'-piperidin]-1'-yl)-1,2,3,4-tetrahydronaphthalen-2-ol (8) and 3-(6-

fluorospiro[indene-1,4'-piperidin]-1'-yl)-1,2,3,4-tetrahydronaphthalen-2-ol (9) 

Starting from a mixture of 5- and 6-fluorospiro[indene-1,4'-piperidine] (3) (0.40 g, 2.0 mmol, 1.0 eq.) and 

triethylamine (0.28 mL, 2.0 mmol, 1.0 eq.) in EtOH (10 mL). This mixture was cooled to 0 oC and 1,4-

tetrahydronaphthalene-epoxide (7) (0.32 g, 2.2 mmol, 1.1 eq.) in EtOH (5 mL) was added dropwise. The mixture 

was heated at reflux and stirred for 72 h. The solvent was removed in vacuo and the crude mixture was purified 

by column chromatography (Pentane/EtOAc : 92/8) to afford 8 and 9 in 36% (0.25 g) and 22% (0.15 g) yield 

respectively, as an off-white solids. 



Chapter 3  

 

47 

3 

 8: 1H NMR (400 MHz, CDCl3) δ 7.32 (dd, J = 8.2, 5.0 Hz, 1H), 7.15 (d, J = 2.0 Hz, 4H), 

7.01 (dd, J = 8.9, 2.4 Hz, 1H), 6.97 (d, J = 5.7 Hz, 1H), 6.91 (td, J = 8.8, 2.4 Hz, 1H), 6.73 

(d, J = 5.6 Hz, 1H), 4.37 (s, 1H), 3.93 (td, J = 10.0, 5.8 Hz, 1H), 3.35 (dd, J = 16.0, 5.9 

Hz, 1H), 3.13 – 2.78 (m, 7H), 2.64 (td, J = 11.6, 2.5 Hz, 1H), 2.22 (td, J = 12.4, 4.1 Hz, 

1H), 2.11 (td, J = 12.5, 3.9 Hz, 1H), 1.44 (d, J = 13.0 Hz, 2H). 13C NMR (101 MHz, CDCl3) 

δ 162.59 (d, J = 242.5 Hz), 147.51, 144.67 (d, J = 8.8 Hz), 143.34, 134.85, 134.13, 

129.47, 129.32, 129.28 (d, J = 3.2 Hz), 126.38, 126.24, 122.60 (d, J = 9.1 Hz), 111.85 

(d, J = 22.8 Hz), 108.64 (d, J = 23.0 Hz), 66.84, 65.86, 52.02, 43.88, 38.04, 34.76, 34.52, 

26.36. 19F NMR (376 MHz, CDCl3) δ -116.57. HRMS (ESI+, m/z): calculated for 

C23H25FNO [M+H]+: 350.1915; found: 350.1939. 

 

9: 1H NMR (400 MHz, CDCl3) δ 7.27 – 7.20 (m, 1H), 7.19 – 7.08 (m, 5H), 6.95 (ddd, J 

= 9.1, 8.1, 2.4 Hz, 1H), 6.85 (d, J = 5.7 Hz, 1H), 6.73 (d, J = 5.6 Hz, 1H), 4.36 (s, 1H), 

3.94 (td, J = 9.9, 5.8 Hz, 1H), 3.35 (dd, J = 16.0, 5.8 Hz, 1H), 3.13 – 2.79 (m, 7H), 2.65 

(d, J = 11.5 Hz, 1H), 2.20 (t, J = 12.3 Hz, 1H), 2.09 (t, J = 12.5 Hz, 1H), 1.46 (d, J = 13.1 

Hz, 2H). 13C NMR (151 MHz, CDCl3) δ 161.71 (d, J = 244.1 Hz), 154.33 (d, J = 7.7 Hz), 

140.94, 138.55 (d, J = 2.2 Hz), 134.71, 134.01, 129.35, 129.19, 129.01, 126.26, 

126.12, 121.95 (d, J = 8.6 Hz), 113.64 (d, J = 22.8 Hz), 109.80 (d, J = 23.2 Hz), 66.72, 

65.73, 52.69 (d, J = 2.2 Hz), 50.75, 43.62, 37.92, 34.61, 34.37, 26.24. 19F NMR (565 

MHz, CDCl3) δ -116.93. HRMS (ESI+, m/z): calculated for C23H25FNO+ [M+H]+: 

350.1915; found: 350.1940.   

 

3-(2-bromospiro[indene-1,4'-piperidin]-1'-yl)-1,2,3,4-tetrahydronaphthalen-2-ol (10) 

Starting from a 2-bromospiro[indene-1,4'-piperidine] (5) (1.56 g, 5.9 mmol, 1.0 eq.) and 

triethylamine (0.82 mL, 5.9 mmol, 1.0 eq.) in EtOH (25 mL). This mixture was cooled to 

0 oC and 1,4-tetrahydronaphthalene-epoxide (7) (0.95 g, 6.5 mmol, 1.1 eq.) in EtOH (25 

mL) was added dropwise. The mixture was heated at reflux and stirred for 72 h. The 

solvent was removed in vacuo and the crude mixture was purified by column 

chromatography (Pentane/EtOAc/NEt3 : 91/8/1) to afford 10 in 68% (1.65 g) yield as an 

off-white solid. 
1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 7.5 Hz, 1H), 7.37 – 7.27 (m, 2H), 7.24 – 7.10 (m, 

5H), 6.87 (s, 1H), 4.40 (s, 1H), 3.96 (td, J = 10.2, 5.9 Hz, 1H), 3.52 – 3.31 (m, 2H), 3.17 – 2.99 (m, 4H), 2.97 – 2.81 

(m, 3H), 2.31 (td, J = 12.7, 4.7 Hz, 1H), 2.25 – 2.13 (m, 1H), 1.40 (d, J = 13.2 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 

150.11, 141.98, 139.08, 134.82, 134.19, 130.80, 129.48, 129.33, 127.29, 126.40, 126.25, 124.54, 123.85, 121.13, 

66.86, 65.83, 53.24, 48.09, 41.21, 38.08, 32.39, 32.29, 26.44. HRMS (ESI+, m/z): calculated for C23H25BrNO+ [M+H] 

+: 410.1114; found: 410.1129. 

 

3-([5]-bromospiro[indene-1,4'-piperidin]-1'-yl)-1,2,3,4-tetrahydronaphthalen-2-ol (11) and 3-([6]-

bromospiro[indene-1,4'-piperidin]-1'-yl)-1,2,3,4-tetrahydronaphthalen-2-ol (12) 

Starting from a mixture of 5- and 6-bromospiro[indene-1,4'-piperidine] (4) (2.56 g, 9.7 mmol, 1.0 eq.) and 

trimethylamine (1.4 mL, 9.7 mmol, 1.0 eq.) in EtOH (25 mL). This mixture was cooled to 0 oC and 1,4-

tetrahydronaphthalene-epoxide (7) (11.6 mmol, 1.2 eq.) in EtOH (25 mL) was added dropwise. The mixture was 

heated at reflux and stirred for 72 h. The solvent was removed in vacuo and the crude mixture was purified by 

column chromatography (Pentane/EtOAc/NEt3 : 91/8/1) providing in 22% (0.87 g) and 15% (0.60 g) yield, 

respectively, 11 and 12 as off-white solids. 
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11:  1H NMR (400 MHz, CDCl3) δ 7.53 (d, J = 1.8 Hz, 1H), 7.38 (dd, J = 1.8 Hz, 1H), 

7.26 (s, 1H), 7.21 – 7.11 (m, 4H), 6.88 (d, J = 5.6 Hz, 1H), 6.73 (d, J = 5.6 Hz, 1H), 

4.35 (s, 1H), 3.94 (td, 5.9 Hz, 1H), 3.35 (dd, J = 5.9 Hz, 1H), 3.18 – 2.79 (m, 7H), 2.72 

– 2.59 (m, 1H), 2.31 – 2.07 (m, 2H), 1.45 (d,  2H). 13C NMR (151 MHz, CDCl3) δ 

154.15, 141.68, 141.51, 134.67, 134.00, 130.01, 129.35, 129.18, 129.16, 126.27, 

126.12, 125.38, 122.66, 119.55, 66.71, 65.73, 52.80, 50.92, 43.55, 37.91, 34.44, 

34.20, 26.25. HRMS (ESI+, m/z): calculated for C23H25BrNO+ [M+H] +: 410.1114; 

found: 410.1113. 

 

 

 

12: 1H NMR (400 MHz, Chloroform-d): 1H NMR (400 MHz, CDCl3) δ 7.51 (m,  1H), 

7.41 (td, J =  6.0, 2.6 Hz, 1H), 7.33 (m,  1H), 7.20 (m, J =  2.6 Hz, 4H), 6.99 (d, 1H), 

6.78 (d, 1H), 4.00 (m, 1H), 3.41 (dd, J =  6.0 Hz, 1H), 3.15 – 2.85 (m, 7H), 2.70 (t, 

1H), 2.22 (d, 2H), 1.50 (d, 2H). 13C NMR (151 MHz, CDCl3) δ 150.72, 144.86, 133.97, 

129.34, 129.17, 128.96, 128.04, 127.89, 126.29, 126.14, 125.83, 124.54, 123.19, 

120.72, 66.72, 65.77, 52.21, 50.81, 43.70, 37.91, 34.32, 34.09, 26.29. HRMS (ESI+, 

m/z): calculated for C23H25BrNO+ [M+H] +: 410.1114; found: 410.1111.  

 

 

 

3-(2-methylspiro[indene-1,4'-piperidin]-1'-yl)-1,2,3,4-tetrahydronaphthalen-2-ol (13) 

In a dry Schlenk flask under N2, was dissolved 3-(2-bromospiro[indene-1,4'-piperidin]-

1'-yl)-1,2,3,4-tetrahydronaphthalen-2-ol (10) (127 mg, 0.31 mmol, 1.0 eq) in 1 mL of dry 

toluene follow by the addition of BF3.Et2O (75 µL, 0.62 mmol, 2.0 eq). The reaction 

mixture was stirred for 5 min at rt before a solution of fully oxidized Pd(PtBu3)2 (10 mol%, 

31 µmol, 16 mg) in 1 mL of toluene was added. A 1.6 M solution of MeLi (0.6 mL, 0.93 

mmol, 3.0 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 20 mL of H2O, followed by addition of 1 M HCl aq. sol. to 

reach pH = 4. The aqueous phase was extracted with 3 x 30 mL of DCM. The combined organic layers were washed 

with 100 mL of H2O, dried over Na2SO4, filtered and loaded on silica for purification by column chromatography 

(Pentane/EtOAc : 80/20) to afford 13 (78 mg, 72% yield) as an off-white solid. 1H NMR (400 MHz, CDCl3) δ 7.80 

(d, J = 7.5 Hz, 1H), 7.26 (d, J = 3.6 Hz, 2H), 7.23 – 7.11 (m, 5H), 6.42 (d, J = 1.8 Hz, 1H), 4.05 (bs, 1H), 3.96 (td, J = 

10.2, 5.8 Hz, 1H), 3.48 (td, J = 11.9, 2.8 Hz, 1H), 3.36 (dd, J = 16.0, 5.8 Hz, 1H), 3.17 – 2.98 (m, 3H), 2.98 – 2.76 (m, 

4H), 2.16 (td, J = 12.6, 4.8 Hz, 1H), 2.10 – 1.97 (m, 4H), 1.33 (dt, J = 13.4, 2.6 Hz, 2H). 13C NMR (151 MHz, CDCl3) 

δ 153.63, 151.66, 143.53, 134.50, 134.07, 129.32, 129.20, 126.81, 126.33, 126.17, 125.72, 123.96, 123.22, 

120.53, 66.75, 65.87, 51.69, 48.76, 41.57, 38.04, 31.85, 31.74, 26.54, 13.46. HRMS (ESI+, m/z): calculated for 

C24H28NO+ [M+H]+: 346.2165; found: 346.2166. 
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3-(5-methylspiro[indene-1,4'-piperidin]-1'-yl)-1,2,3,4-tetrahydronaphthalen-2-ol 

(14) 

In a dry Schlenk flask under N2, was dissolved 3-([5]-bromospiro[indene-1,4'-

piperidin]-1'-yl)-1,2,3,4-tetrahydronaphthalen-2-ol (11) (82 mg, 0.20 mmol, 1.0 eq) 

in 1 mL of dry toluene. A solution of fully oxidized Pd(PtBu3)2 (5 mol%, 10 µmol, 5.6 

mg) in 0.5 mL of toluene 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 (Pentane/EtOAc : 80/20) to afford 14 (50 mg, 

72% yield) as a white solid. 1H NMR (400 MHz, CDCl3) δ 7.26 (s, 1H), 7.23 (s, 1H), 7.15 (s, 4H), 7.07 (d, 1H), 6.83 

(d, J = 5.7 Hz, 1H), 6.75 (d, J = 5.7 Hz, 1H), 4.45 (s, 1H), 3.94 (m, 1H), 3.35 (dd, 1H), 3.14 – 2.81 (m, 7H), 2.65 (t, 

1H), 2.42 (s, 3H), 2.21 (d, 2H), 1.43 (d, 2H). 13C NMR (101 MHz, CDCl3) δ 142.79, 142.79, 137.73, 136.65, 132.25, 

131.96, 131.82, 130.28, 128.86, 128.73, 125.34, 123.67, 79.98, 79.66, 79.34, 69.37, 68.38, 53.86, 40.56, 28.88, 

24.28. HRMS (ESI+, m/z): calculated for C24H28NO+ [M+H]+: 346.2165; found: 346.2164. 

 

3-(6-methylspiro[indene-1,4'-piperidin]-1'-yl)-1,2,3,4-tetrahydronaphthalen-2-ol 

(15) 

Using the adapted procedure described for the synthesis of 14, starting from 

compound 12 (82 mg, 0.20 mmol, 1.0 eq) to afford 15 as a white solid (41 mg, 59% 

yield). 1H NMR (400 MHz, CDCl3) δ 7.31 (d, J = 7.6 Hz, 1H), 7.19 (d, 1H), 7.17 (s, 4H), 

7.06 (d, J = 7.6 Hz, 1H), 6.87 (d, J = 5.6 Hz, 1H), 6.74 (d, J = 5.6 Hz, 1H), 3.94 (td, J = 

10.0, 5.9 Hz, 1H), 3.36 (dd, J = 5.9 Hz, 1H), 3.10 – 2.84 (m, 7H), 2.64 (td, J = 11.8Hz, 

1H), 2.39 (s, 3H), 2.18 (dtd, J = 11.8 Hz, 2H), 1.46 (d, 2H), 1.27 (s, 1H). 13C NMR (151 

MHz, CDCl3) δ 149.23, 143.09, 136.64, 134.83, 134.04, 129.68, 129.34, 129.21, 

126.21, 126.08, 125.98, 122.16, 121.52, 66.71, 65.70, 51.99, 37.92, 34.76, 34.52, 26.20, 21.40. HRMS (ESI+, m/z): 

calculated for C24H28NO+ [M+H]+: 346.2165; found: 346.2166. 

 

The analytical separation of the enantiomers of compound (±)-4 was performed by chiral HPLC on a CHIRALPAK 

IA column (250 × 4.6 mm, Chiral Technologies Europe, France) with 95% MeOH/ aq. 20 mM NH4OAc/0.04% 

diethyl amine as eluent and a flow of 1.0 mL/min. Under these conditions the (-) enantiomer eluted in front of 

the (+) enantiomer at retention times of 8.84 and 10.48 min, respectively. The polarimetric identification of the 

enantiomers was performed by using the Chiral Detector OR-2090 (JASCO Deutschland GmbH, Germany). For 

semi-preparative separation of (+)-4 and (-)-4, the same eluent composition and column type (250 × 10 mm) 

were used at a flow of 3.5 mL/min. 
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Chapter 4 

4 Synthesis of Substituted Benzaldehydes via a Two-Step, One-

Pot Reduction/Cross-Coupling Procedure 
 

The synthesis of functionalized (benz)aldehydes via a two-step, one-pot procedure, is presented. The 

method employs a stable aluminum hemiaminal as tetrahedral intermediate, protecting a latent 

aldehyde, making it suitable for subsequent cross-coupling with (strong nucleophilic) organometallic 

reagents, leading to a variety of alkyl and aryl substituted benzaldehydes. This very fast methodology 

also facilitates the effective synthesis of a 11C radiolabeled aldehyde. Aluminum-ate complexes enable 

transmetallation of alkyl fragments onto palladium and subsequent cross-coupling. 
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D. Heijnen‡, H. Helbert‡, G. Luurtsema, P. H. Elsinga, B. L. Feringa, Org. Lett. 2019, 21 (11), 4087-4091. 

 
‡: D. Heijnen and H. Helbert contributed equally to this work   



Chapter 4 

 

51 

4 

4.1 Introduction 

The synthesis of small, highly functionalized molecules lies at the basis of many areas of chemistry, 

ranging from drug design, to (hetero-)cyclic materials for photovoltaics and ligands for catalytic 

applications.1 Transition metal catalysed cross-coupling methods for derivatization of these 

compounds, despite their great versatility, frequently rely on rather expensive coupling partners with 

reduced reactivity requiring higher temperatures and long reaction times. When using highly reactive 

reagents, traditional protecting group strategies are generally applied.2 Facing environmental 

awareness, catalytic methods with lighter reagents that produce less waste and of lower toxicity 

should be favoured according to the principles of green chemistry.3 The application of cheaper and 

more reactive organometallic reagents as coupling partners in combination with carbonyl functional 

groups has some precedence, but still remains a major synthetic challenge.4 The reactive aldehyde 

functionality in particular is prone to side reactions with organometallic reagents. On the other hand 

it is this high reactivity with a range of reagents that make aldehydes such privileged building blocks 

in organic synthesis, and therefore alternative methodology allowing general and facile synthesis of 

substituted (benz)aldehydes remains a highly desirable goal. In order to prevent the fast 1,2-addition 

of an organometallic nucleophile to the aldehyde (Scheme 4.1), or over addition to a synthetic 

precursor, Weinreb amides 1 have proven themselves to be valuable precursors to aldehydes 2. By 

addition of an organometallic compound to 1, a stable tetrahedral intermediate 4 (Scheme 4.1) is 

created in situ, which is not susceptible to further nucleophilic attack.5 We discovered that these 

metal chelated intermediates, representing a protected/latent carbonyl functional group, are stable 

towards organolithium cross-coupling conditions. As a consequence, a method for the synthesis of 

cross-coupled ketones, with organolithium reagents and bromo-substituted Weinreb amides as the 

coupling partners via reaction intermediate 4 was developed (scheme 4.1).6  

Scheme 4.1 One pot cross-coupling procedures with Weinreb amides to ketones6 and aldehydes. 

 

Adding to the well-known transformations of Weinreb amides, this method provides an easy 

approach to cross-coupled carbonyl compounds, and we envisioned that reduction with a (aluminum-

) hydride source would yield a hemiaminal with similar stability, facilitating a procedure for the cross-

coupling of masked aldehydes. Various Weinreb amides are easily prepared on a multigram scale from 

cheap, commercially available benzoic acids, providing a viable synthetic pathway for the synthesis of 

aldehyde building blocks. 
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4.2 Optimization 

As the reductant of the Weinreb amide, diisobutylaluminum hydride (DIBAL-H) was chosen, and initial 

screening with Pd-complexes based on carbene and phosphine ligands showed the latter to be the 

more reactive and selective catalyst for the cross-coupling of aryl bromides with organolithium 

reagents. A significant acceleration of the reaction was observed upon pre-oxidation of the Pd-

phosphine catalyst by means of molecular oxygen, while preserving excellent conversion and 

selectivity towards the desired aldehyde (Table 4.1). A similar effect was observed in our previous 

work and was attributed to the in-situ formation of Pd nanoparticles as the active catalyst resulting 

in an increase in reactivity7. By switching the reductant to Red-Al, the conversion towards the 

aldehyde remained quantitative, but selectivity in the subsequent coupling reaction dropped due to 

competing dehalogenation of the aryl bromide. The lithium halogen exchange that leads to the 

formation of benzaldehyde is expected to be accelerated by the chelating effect of the ether moieties 

in the Red-Al.8 

Table 4.1 Reaction optimization  

 

 

 

 

 

 

 

Reaction conditions: Weinreb amide (0.3 mmol) in toluene (2 mL) at 0 °C, hydride source added dropwise over 5 min. 

Catalyst added as a 10 mg/mL solution. Phenyllithium added over 1 h by means of a syringe pump. Reaction was 

quenched with sat. aq NH4Cl. a) Yield determined by GC/MS analysis of the organic phase. b) DIBAL-H added over 1 

min. c) The organolithium reagent was added over 5 min. d) Sodium bis(2-methoxyethoxy)aluminum hydride. 

4.3 Scope of the reaction 

Having the optimal conditions for the reduction/aryl cross-coupling (fast 1 min DIBAL-H addition at 0 

°C in toluene, and Ar-Li addition at rt, table 4.1, entry 5) in hand, we employed various organolithium 

reagents (Scheme 4.2), including phenyllithium, as well as (functionalized) aryllithium reagents to 

provide 5, 6 and 7, respectively. The coupling of lithiated enol ether derivative and lithiated 

heterocycles that are commercially available, or easily prepared via direct deprotonation led to 

products 8, 9 and 10, respectively. The direct deprotonation and coupling of ferrocene yielded 

aldehyde 11, providing an easy synthetic route towards functionalized ferrocenes, compared to 

current methods.9 

 

Entry Catalyst “H source” / solvent Yielda 

1 Pd(PtBu3)2 DIBAL-H (1 eq.) / toluene 85 

2 Pd(PtBu3)2 DIBAL-H (1 eq.) / toluene 87b 

3 Pd(PtBu3)2 DIBAL-H (1 eq.) / THF 40 

4 Ox. Pd(PtBu3)2 DIBAL-H (1 eq.) / toluene 92b 

5 Ox. Pd(PtBu3)2
 DIBAL-H (1 eq.) / toluene 90b,c 

6 Ox. Pd(PtBu3)2
 Red-Al (1 eq.) / toluene 30d 
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Scheme 4.2 Scope of the one pot reduction/cross-coupling strategy for substituted benzaldehydes. 

 
Reaction conditions : Weinreb amide (0.5 mmol) in toluene (2 mL) at 0 °C, DIBAL-H added dropwise over 5 min. Pre-

oxidized catalyst (5 mol %) added as a 10 mg/mL solution. Organolithium reagent added over 10 min by means of a 

syringe pump. Reaction was quenched with sat. aq NH4Cl. a) Yields refer to isolated yields after column 

chromatography. b) Lower yield due to volatile product c) Yield corrected for minor iso-butylbenzaldehyde impurities. 

d) Performed on 1 mmol scale. 

Expanding the scope of the organolithium coupling partner to alkyl fragments, we were able to isolate 

the methyl, ethyl and trimethylsilylmethylene substituted benzaldehydes 12, 13 and 14 with little to 

no alteration to the previously optimized procedure. Interestingly the coupling of cyclopropyl lithium 

yielded benzaldehyde 15 providing a valuable method for the incorporation of this motif in 

medicinally relevant compounds.10 Unfortunately, the relatively light and volatile aldehydes showed 

significant loss in yield upon purification. The Weinreb amide used in this transformation was also 

varied (Scheme 4.3) and the less volatile naphthyl-analogue 16 proved less prone to evaporation and 

was isolated in 63% yield. It was found that meta-bromo substituted Weinreb amides were also 

reactive under the standard reaction conditions and provided aldehydes 17 and 18 in good yield, the 

latter being obtained after a double cross-coupling reaction starting from the 3,5-dibromo-N-

methoxy-N-methylbenzamide. Methoxy substituted aldehydes could also be synthesized illustrated 

by the preparation of compound 19. 2,5-Dimethyl substituted Weinreb amide was also subjected to 

reduction followed by cross-coupling reaction but afforded compound 20 in low yield. The decrease 

in yield was anticipated to be a consequence of the lower stability of the aluminum intermediate, 

induced by the additional steric bulk from the two ortho-methyl substituents. 
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Scheme 4.3 Variation of the Weinreb amide 

 

a) Starting from the corresponding dibromo compounds. Cross-coupling step performed using 3 eq. of PhLi. 

4.4 Application in radiolabelling  

We have previously successfully incorporated the short lived 11C isotope (t½ = 20.3 min) for Positron 

Emission Tomography (PET) by means of a palladium catalysed cross-coupling of methyl-lithium with 

aryl bromides. Expanding the scope of the organolithium cross-coupling, the rapid formation of 

radiolabelled aldehydes remains a synthetically challenging, but highly desirable, goal.11 Due to the 

limited amount of methods available for the preparation or functionalization of radiolabelled 

aldehydes, we set out to design a method for the 11C incorporation in (substituted) benzaldehydes for 

future PET tracer development. Employing the above described general reduction/cross-coupling 

strategy we aimed to synthesize compound [methyl-11C]16 as a model substrate. With our previously 

described method for making [11C]methyllithium from [11C]methyliodide by means of an in situ lithium 

halogen exchange with n-BuLi the one pot procedure described above yields the isolated target 

molecule [methyl-11C]16 in a 23% decay corrected yield with a radiochemical purity of  >99% and a 

reaction time of only 4 min. (scheme 4.4). 

Scheme 4.4 Synthesis of radiolabelled [11C]6-methyl-2-naphthaldehyde 

 

To the best of our knowledge, this is one of the few examples of the formation of radiolabelled 

(substituted) benzaldehydes. Radiolabelled aldehydes used as such or followed by rapid 

transformation12, taking advantage of its high reactivity, could play an important role in the synthesis 

of new PET-tracers, vital for mapping of processes and biological targets in the human body. 
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4.5 Investigation on the selectivity of alkyl transfer 

Upon further expansion of the scope to other alkyllithium reagents, we observed the competing 

coupling of an isobutyl group, originating from the DIBAL-aminal intermediate. It is known that for 

cross-coupling reactions, mixed aryl/alkyl aluminum species selectively transmetallate the sp2 center, 

and only trialkyl-aluminum species transfer the sp3 center.13 We expected the isobutyl to derive from 

the aluminum-ate complex, which is formed after addition of the alkyllithium reagent. 

Table 4.2 Scrambling of alkyl fragments upon alkyllithium addition and cross-coupling. 

 
Entry R-Li Temp (°C) Selectivitya  21a/21b 

1 nBuLi 23 95-60b/5-40 

2 nBuLi 0 65/35 

3 nBuLi 45 85/15 

4 iPr-Li 23 68/32 

5 iPr-Li 0 61/39 

6 tBu-Li 23 <1/99c,d 

7 tBu-Li 0 <1/99c,d 

a) As determined by GC/MS analysis. b) Selectivity varied under identical reaction conditions. c) Varying amounts of 

homocoupling (bis-benzaldehyde) were also observed. d) Reversed selectivity: only the isobutyl coupled 

benzaldehyde observed. 

Table 4.2 shows the selectivity toward cross coupling of isobutyl versus that of the added alkyl 

fragment. Tetrahedral intermediate 1-th is formed upon DIBAL-H addition, and is the precursor to the 

anionic aluminum-ate complex 1-ate upon alkyllithium addition. For both n-butyl- (entry 1-3), and 

isopropyl- lithium (entry 4 and 5),  varying selectivity for the alkyl substituted benzaldehyde was 

found, regardless of addition speed or reaction temperature. We were unable to find reaction 

conditions that gave satisfactory selectivity towards the desired product. In order to force the 

selectivity towards isobutyl (originating from the DIBAL-H fragment) coupling, the reluctant coupling 

partner t-BuLi was added, which indeed showed full selectivity in the alkyl transfer towards the 

isobutyl coupled benzaldehyde 21b (entries 6, 7). Similar to our previous findings on homocoupling 

reactions of arylbromides the lithium halogen exchange is a prominent reaction pathway, and thus a 

significant amount of 4,4’-bisbenzaldehyde was observed. 
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Figure 4.1 1H-NMR studies of DIBAL-H reduction of Weinreb amides. 

 
Conditions: Concentration of all reagents: 0.1 mmol in 0,5 ml Tol-d8, reduction and n-BuLi addition performed at 0 

°C. 

In order to check for the formation of free iso-butyllithium (displacement of the alkyl fragment by n-

butyllithium), a range of starting materials and mixtures was subjected to 1H-NMR analysis (Figure 

4.1). The CH2 fragment of the isobutyl in DIBAL-H (spectrum 1) is clearly visible at 0.44 ppm, and is 

completely consumed upon addition to the Weinreb amide starting material (spectrum 2). The large 

variety of signals between 0 and 0.4 ppm can be explained by the generation of unequal alkyl 

fragments on the aluminum center, in combination with diastereotopic protons. Upon addition of n-

butyllithium, the CH2 fragment of the linear alkyl chains becomes apparent at -0.17 ppm (spectrum 

3). A similar trend is visible when the trialkyl-aluminum complex (doublet at 0.38, spectrum 4) is mixed 

with n-butyllithium (spectrum 5) where an upfield shift is observed that leads to a signal at -0.32 ppm. 

When this mixture is added to a stirred solution of Pd-catalyst and 1-bromonaphthalene, a similar 

product distribution to that of Table 4.2, entry 2 between n- and iso- butyl coupled naphthalene is 

observed. Finally, as a control,  the pure sample of both n-butyllithium (spectrum 6) and iso-

butyllithium (spectrum 7) provided the reference for the hypothesis that no observable free 

alkyllithium is present in sample 3 and 5. This, together with literature precedence supports the 

hypothesis of the unselective alkyl transmetallation from aluminum to palladium.14 

 

4.6 Preparation of secondary alcohols 

The reduction/cross-coupling strategy could be further expanded from Weinreb amides to ketones. 

Ketones such as acetophenones are easily prepared via Friedel-Craft acetylation, and make up an 

important class of chemical intermediates. In a two-step procedure, the acidic proton of the benzylic 

alcohol would consume a stoichiometric amount of organolithium reagent. It is therefore that this 

group is suitably protected as a metal alkoxide (for example an aluminum alkoxide), which is 

conveniently formed upon reduction of the carbonyl by means of DIBAL-H. The transfer of the hydride 
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leads to an aluminum alkoxide, suitable for subsequent cross-coupling with an organolithium reagent. 

Secondary alcohols 22, 23 and 24 were obtained following this strategy, providing a viable route 

towards both cyclic and linear structures (Scheme 4.5). 

Scheme 4.5 One pot preparation of secondary alcohols via DIBAL-H reduction/cross-coupling reaction. 

 

The isobutyl transfer observed in previous examples, led us to attempt the two fold use of DIBAL-H in 

the reaction with 4-bromoacetophenone. Reduction of the acetophenone moiety yields a substituted 

benzylic aluminum alkoxide that can be further functionalized. Addition of tert-butyllithium is 

hypothesized to generate 26, a similar ate complex as shown in the previous section. Selective 

isobutyl transmetallation from aluminum to palladium and consecutive cross-coupling gives readily 

access to industrially relevant alcohol 25, a precursor to anti-inflammatory agent Ibuprofen, in 43% 

yield (Scheme 4.6).15 

Scheme 4.6 Two fold use of DIBAL-H in the reduction and cross-coupling of 4-bromoacetophenone 

 

4.7 Conclusion 

In conclusion, we have shown that the DIBAL-H reduction of Weinreb amides, yields a masked 

aldehyde in the form of a stable aluminum aminal intermediate, providing a platform for subsequent 

functionalization with nucleophilic cross-coupling partners. The method not only provides an 

alternative route to aldehydes, but is also applicable to ketones, yielding secondary alcohols, as 

showcased by the two fold use (reducing agent and alkyl transfer agent) of DIBAL-H in the synthesis 

of an Ibuprofen precursor. 1H-NMR studies show a formation of an aluminum ate complex upon 

addition of primary and secondary alkyllithium reagents, that is hypothesized to transfer an alkyl 

fragment on to palladium, followed by cross coupling. These aluminum aminal intermediates might 

provide attractive opportunities in other multistep one-pot procedures. 
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4.10 Experimental section 

General procedure for the reduction and cross coupling of bromo-substituted Weinreb amides 

In a dry Schlenk flask the corresponding Weinreb amide 1 (122 mg, 0.5 mmol) was dissolved in 2 mL of dry 

toluene, the mixture was cooled down to 0 °C and DIBAL-H 1M in hexanes (1.0 eq., 0.5 mL, 0.5 mmol) was added 

dropwise over 1 min. After the addition the reaction mixture was allowed to warm to room temperature, and a 

solution of pre-oxidized Pd[P(tBu)3]2 (1.2 ml of 10 mg/ml, stirred vigorously under O2 atmosphere for 1 h) was 

added. The corresponding organolithium reagent (1.5 eq., 0.75 mmol) was diluted with toluene to reach a final 

concentration of 0.45 M, and was added over 10 min by means of a syringe pump. After the addition of the 

organolithium reagent was completed, the reaction was quenched with 1 ml of 1 M aqueous HCl, and transferred 

to a separatory funnel. The organic layer was diluted with EtOAc, and washed 3 times with 1 M aqueous HCl. The 

organic layers were combined, dried with MgSO4, and concentrated in vacuo to yield the crude product which 

was further purified by column chromatography (SiO2) (pentane/EtOAc).  

 

[1,1'-biphenyl]-4-carbaldehyde (5) 

Synthesized according to the general procedure, using Weinreb amide 1 and phenyllithium. The 

product was obtained after column chromatography (SiO2) using Pentane/EtOAc (0-5 %) The product 

was isolated as a white solid (68 mg, 75 %). 1H NMR (400 MHz, CDCl3) δ 10.06 (s, 1H), 7.96 (d, J = 8.2 

Hz, 2H), 7.76 (d, J = 8.2 Hz, 2H), 7.64 (d, J = 7.2 Hz, 2H), 7.49 (t, J = 7.4 Hz, 2H), 7.43 (d, J = 7.2 Hz, 1H). 
13C NMR (101 MHz, CDCl3) δ 192.02, 147.32, 139.85, 135.33, 130.39, 129.14, 128.60, 127.81, 127.49. 

The data is consistent with that of the commercially available product.  

 

2'-(methoxymethoxy)-[1,1'-biphenyl]-4-carbaldehyde (6) 

Synthesized according to the general procedure, using Weinreb amide 1 and 2-MOM-

phenyllithium prepared via a literature procedure.1 The product was obtained after column 

chromatography (SiO2) using Pentane/EtOAc (0-5 %) (61 mg, 50 %). 1H NMR (400 MHz, CDCl3) 

δ 10.06 (s, 1H), 7.93 (d, J = 8.0 Hz, 2H), 7.70 (d, J = 8.0 Hz, 2H), 7.38 – 7.31 (m, 2H), 7.29 – 

7.21 (m, 2H), 7.12 (td, J = 7.5, 1.2 Hz, 1H), 5.15 (s, 2H), 3.40 (s, 3H). 13C NMR (101 MHz, CDCl3) 

δ 192.22, 154.33, 145.21, 135.03, 130.92, 130.34, 129.85, 129.58, 122.50, 115.71, 115.42, 

95.15, 56.36. HRMS (ESI+): Calculated [M+H]+: 243.1016; found: 243.1016. FT-IR: 2962, 2906, 

2823, 2733, 1698 cm-1 

 

2',6'-dimethoxy-[1,1'-biphenyl]-4-carbaldehyde (7) 

Synthesized according to the general procedure, using Weinreb amide 1 and 2,6-dimethoxy-

phenyllithium prepared via a literature procedure.1 The product was obtained after column 

chromatography (SiO2) using Pentane/EtOAc (0-5 %) (57 mg, 47%) 1H NMR (400 MHz, CDCl3) 

δ 10.04 (s, 1H), 7.92 (d, J = 8.1 Hz, 2H), 7.54 (d, J = 8.1 Hz, 2H), 7.33 (t, J = 8.4 Hz, 1H), 6.68 (d, 

J = 8.4 Hz, 2H), 3.75 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 192.34, 157.55, 141.38, 134.91, 

131.92, 129.70, 129.18, 118.27, 104.31, 56.00. HRMS (ESI+): Calculated [M+H]+: 243.1016; 

found: 243.1017. FT-IR: 3011, 2936, 2837, 2744, 1694 cm-1 

                                                                 
1 a) D. Heijnen, J. Gualtierotti, V. Hornillos, B. L. Feringa, Chem. Eur. J. 2016, 22, 3991-3995. b) V.Hornillos, M. Giannerini, C. 
Vila, M. Fañanás-Mastral, B. L. Feringa, Chem. Sci. 2015, 6, 1394-1398.  
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4-(3,4-dihydro-2H-pyran-6-yl)benzaldehyde (8) 

Synthesized according to the general procedure, using Weinreb amide 1 and (3,4-dihydro-2H-pyran-

6-yl)lithium prepared via a literature procedure.1b The product was obtained after column 

chromatography (SiO2) using Pentane/EtOAc (0-5 %) (35 mg, 37%)  1H NMR (400 MHz, CDCl3) δ 9.97 

(s, 1H), 7.81 (d, J = 8.3 Hz, 2H), 7.69 (d, J = 8.3 Hz, 2H), 5.54 (t, J = 4.1 Hz, 1H), 4.19 (d, J = 4.9 Hz, 2H), 

2.25 (q, J = 6.3 Hz, 2H), 1.92 (dt, J = 11.6, 6.2 Hz, 2H).  13C NMR (101 MHz, CDCl3) δ 191.96, 150.81, 

142.00, 135.58, 129.78, 124.71, 100.97, 66.68, 22.30, 21.14. HRMS (ESI+): Calculated [M+H]+: 

189.0910; found: 189.0911. FT-IR : 2933, 2871, 1683 cm-1 

 

4-(thiophen-2-yl)benzaldehyde (9) 

Synthesized according to the general procedure, using Weinreb amide 1 and 2-thienyllithium. The 

product was obtained after column chromatography (SiO2) using Pentane/EtOAc (0-5 %) (56 mg, 60%) 
1H NMR (400 MHz, CDCl3) δ 10.00 (s, 1H), 7.89 (d, J = 8.3 Hz, 2H), 7.76 (d, J = 6.8 Hz, 2H), 7.46 (d, J = 

3.5 Hz, 1H), 7.40 (d, J = 4.9 Hz, 1H), 7.13 (dd, J = 5.0, 3.7 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 191.55, 

142.84, 140.20, 135.21, 130.58, 128.60, 127.04, 126.15, 125.16. The data are in accordance with 

literature.2 

 

4-(furan-2-yl)benzaldehyde (10) 

Synthesized according to the general procedure, using Weinreb amide 1 and 2-furyllithium prepared 

via a literature procedure.1 The product was obtained after column chromatography (SiO2) using 

Pentane/EtOAc (0-5 %) (66 mg, 77%)  1H NMR (400 MHz, CDCl3) δ 9.98 (s, 1H), 7.88 (d, J = 8.3 Hz, 2H), 

7.80 (d, J = 8.2 Hz, 2H), 7.54 (d, J = 0.9 Hz, 1H), 6.83 (d, J = 3.4 Hz, 1H), 6.57 – 6.49 (m, 1H). 13C NMR 

(101 MHz, CDCl3) δ 191.62, 152.72, 143.72, 136.19, 135.01, 130.43, 124.02, 112.34, 108.24. The data 

are in accordance with literature.3 

 

4-(ferrocenyl)benzaldehyde (11) 

Synthesized according to the general procedure, using Weinreb amide 1 and ferrocenyllithium 

prepared via a literature procedure. The product was obtained after column chromatography 

(SiO2) using Pentane/EtOAc (0-5 %) (15 mg, 10%) 1H NMR (400 MHz, CDCl3) δ 9.97 (s, 1H), 7.79 

(d, J = 7.9 Hz, 2H), 7.59 (d, J = 7.9 Hz, 2H), 4.74 (s, 2H), 4.43 (s, 2H), 4.05 (s, 5H). 13C NMR (101 

MHz, CDCl3) δ 191.82, 147.46, 134.14, 130.10, 126.25, 82.95, 70.31, 70.06, 67.21. HRMS (ESI+) : 

Calculated [M+H]+: 291.0472; found: 291.0464. FT-IR: 3085, 2906, 2922, 2819, 2798, 2719, 1692 

cm-1. 

 

4-methylbenzaldehyde (12) 

Synthesized according to the general procedure, using Weinreb amide 1 and methyllithium on a 1 

mmol scale (GC-MS conversion: 95%). The product was obtained after column chromatography (SiO2) 

using Pentane/EtOAc (0-5 %) (58 mg, 49%) 1H NMR (400 MHz, CDCl3) δ 9.96 (s, 1H), 7.78 (d, J = 8.0 

Hz, 2H), 7.33 (d, J = 7.9 Hz, 2H), 2.44 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 194.62, 148.18, 136.86, 

132.49, 132.35, 24.53. The data is consistent with the commercially available product. 

 

                                                                 
2 M. Baghbanzadeh, C. Pilger, C. O. Kappe, J. Org. Chem. 2011, 76, 8138-8142 
3 N. A. Bumagin, I. S. Veselov, D. S. Belov, Chem. Heterocycl. Compd. 2014, 50 (19), 24-31 
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4-ethylbenzaldehyde (13) 

Synthesized according to the general procedure, using Weinreb amide 1 and ethyllithium (GC-MS 

conversion : 87%). The product was obtained after column chromatography (SiO2) using 

Pentane/EtOAc (0-5 %) (41 mg, 61%) 1H NMR (400 MHz, CDCl3) δ 9.97 (s, 1H), 7.80 (d, J = 8.0 Hz, 2H), 

7.36 (d, J = 8.0 Hz, 2H), 2.74 (q, J = 7.6 Hz, 2H), 1.27 (t, J = 7.6 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 

194.66, 154.33, 137.06, 132.61, 131.18, 31.81, 17.78. The data is consistent with the commercially 

available product. 

 

4-((trimethylsilyl)methyl)benzaldehyde (14) 

Synthesized according to the general procedure, using Weinreb amide 1 and trimethylsilyl-

methyllithium. The product was obtained after column chromatography (SiO2) using 

Pentane/EtOAc (0-5 %) (56 mg, 58%) 1H NMR (400 MHz, CDCl3) δ 9.93 (s, 1H), 7.74 (d, J = 8.1 Hz, 

2H), 7.14 (d, J = 8.0 Hz, 2H), 2.21 (s, 2H), 0.01 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 194.50, 151.74, 

135.63, 132.55, 131.06, 31.08. The data are in accordance with literature.4  

 

4-((trimethylsilyl)methyl)benzaldehyde (15) 

Synthesized according to the general procedure, using Weinreb amide 1 and cyclopropyllithium, 

which was prepared via a literature procedure.1 The product was obtained as a mixture with isobutyl-

benzaldehyde after column chromatography (SiO2) using Pentane/EtOAc (0-5 %) (52% via NMR). 1H 

NMR (400 MHz, CDCl3) δ 9.94 (s, 1H), 7.76 (d, J = 8.3 Hz, 2H), 7.19 (d, J = 8.3 Hz, 2H), 2.01 – 1.92 (m, 

1H), 1.14 – 1.06 (m, 2H), 0.85 – 0.78 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 194.45, 154.77, 136.75, 

135.11, 133.63, 132.56, 128.55, 18.63, 13.32. HRMS (ESI+) : Calculated [M+H]+ : 147.08044, found : 147.04037. 

FT-IR : 3004, 2823, 1697 cm-1 

 

6-methyl-2-naphthaldehyde (16) 

Synthesized according to the general procedure, using 6-bromo-N-methoxy-N-methyl-

2-naphthamide (147 mg, 0.5 mmol) and methyllithium. The product was obtained after 

column chromatography (SiO2) using Pentane/EtOAc (0-5 %) (54 mg, 63%) 1H NMR (400 

MHz, CDCl3) δ 10.13 (s, 1H), 8.30 (s, 1H), 7.91 (t, J = 7.9 Hz, 2H), 7.84 (d, J = 8.5 Hz, 1H), 7.68 (s, 1H), 7.43 (d, J = 

7.5 Hz, 1H), 2.56 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 194.88, 142.14, 139.40, 137.00, 136.14, 133.50, 132.01, 

131.97, 131.04, 129.81, 125.58, 24.64. The data are in accordance with literature.5 

 

[11C]6-(methyl-11C)-2-naphthaldehyde 

To an oven dried, argon purged 4 mL vial containing 6-bromo-N-methoxy-N-

methyl-2-naphthamide (58.8 mg, 0.2 mmol) in 0.5 mL of dry toluene was added 

dropwise at 0 °C a  solution of DIBAL-H (0.2 mL, 0.2 mmol, 1M in cyclohexane) and 

stirred at the same temperature for 1h. The reaction mixture was allowed to warm up to room temperature and 

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

purged 4 mL vial containing a solution of n-BuLi (0.125 mL, 0.2 mmol, 1.6M in hexanes) in 0.87 mL of dry toluene 

was bubbled [11C]MeI for 4 min. This solution was then taken up into a syringe and added at room temperature 

over 2 min. via syringe pump into the reaction mixture with catalyst. After additional 2 min. of stirring, the 

reaction was quenched by addition of 1 mL of a 1M aq. HCl solution. A sample was taken out from the organic 

phase and the solvent evaporated at 60 °C under argon flow. The residue was dissolved in 1 mL of eluent 

(MeCN/H2O : 65/35 with 0.1% formic acid) and purified HPLC (column : Phenomenex Luna 5µ C18(2) 100Å 

250x10mm ; eluent : MeCN/H2O : 65/35 with 0.1% formic acid ; flow : 5 mL/min). The title product was collected 

(retention time : 7.5 ± 0.5 min) in 23 ± 4 % Radiochemical yield decay-corrected from [11C]MeI (n= 3). 

                                                                 
4 A. Nagaki, Y. Tsuchihashi, S. Haraki, J. Yoshida, Org. Biomol. Chem. 2015, 13, 7140-7145 
5 L. K. Sydnes, I. C. Burkow, S. H. Hansen, Tetrahedron 1985, 41 (23), 5703-5706 
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4-methyl-[1,1'-biphenyl]-3-carbaldehyde (17) 

Synthesized according to the general procedure, using 5-bromo-N-methoxy-N,2-

dimethylbenzamide (129 mg, 0.5 mmol) and phenyllithium. The product was obtained after column 

chromatography (SiO2) using Pentane/EtOAc (0-10 %) (75 mg, 77%). 1H NMR (400 MHz, CDCl3) δ 

10.33 (s, 1H), 8.02 (d, J = 2.1 Hz, 1H), 7.70 (dd, J = 7.9, 2.1 Hz, 1H), 7.60 (d, J = 7.6 Hz, 2H), 7.46 (t, J 

= 7.5 Hz, 2H), 7.41 – 7.30 (m, 2H), 2.70 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 195.39, 142.28, 142.18, 

142.09, 137.09, 135.02, 134.71, 133.03, 131.60, 131.54, 130.38, 129.55, 21.84. The data are in 

accordance with literature.6 

 

[1,1':3',1''-terphenyl]-5'-carbaldehyde (18) 

Synthesized according to the general procedure, using 3,5-dibromo-N-methoxy-N-

methylbenzamide (161 mg, 0.5 mmol) and 3 eq. of phenyllithium. The product was 

obtained after column chromatography (SiO2) using Pentane/EtOAc (0-10 %) (83 mg, 

64%). 1H NMR (300 MHz, CDCl3) δ 10.16 (s, 1H), 8.08 (s, 3H), 7.69 (d, J = 7.2 Hz, 4H), 

7.51 (t, J = 7.3 Hz, 4H), 7.44 (t, J = 7.1 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ 192.28, 

142.76, 139.73, 137.45, 131.83, 129.05, 128.14, 127.25, 127.15. The data are in accordance with literature.7 

 

3-methoxy-[1,1'-biphenyl]-4-carbaldehyde (19) 

Synthesized according to the general procedure, using 4-bromo-N-2-dimethoxy-N-

methylbenzamide (136 mg, 0.5 mmol) and phenyllithium. The product was obtained after column 

chromatography (SiO2) using Pentane/EtOAc (0-10 %) (41 mg, 40%). 1H NMR (300 MHz, CDCl3) δ 

10.50 (s, 1H), 7.90 (d, J = 8.0 Hz, 1H), 7.62 (d, J = 7.3 Hz, 2H), 7.53 – 7.40 (m, 4H), 7.26 (d, J = 7.3 

Hz, 1H), 7.17 (s, 1H), 4.00 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 192.10, 164.73, 151.69, 142.77, 

131.73, 131.62, 131.21, 129.96, 126.33, 122.39, 112.99, 58.36. The data are in accordance with 

literature.8 

 

3,5-dimethyl-[1,1'-biphenyl]-4-carbaldehyde (20) 

Synthesized according to the general procedure, using 4-bromo-N-methoxy-N,2,6-

trimethylbenzamide (136 mg, 0.5 mmol) and phenyllithium. The product was obtained after 

column chromatography (SiO2) using Pentane/EtOAc (0-10 %) (19 mg, 18%). 1H NMR (400 MHz, 

CDCl3) δ 10.65 (s, 1H), 7.61 (d, J = 7.1 Hz, 2H), 7.46 (t, J = 7.4 Hz, 2H), 7.40 (t, J = 7.3 Hz, 1H), 7.31 

(s, 2H), 2.68 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 195.72, 148.13, 144.51, 142.44, 133.84, 131.53, 

131.06, 130.89, 129.89, 23.42. The data are in accordance with literature.9 

 

6-phenyl-1,2,3,4-tetrahydronaphthalen-2-ol (22) 

Synthesized according to the general procedure, starting with the corresponding 

ketone 6-bromo-3,4-dihydronaphthalen-2(1H)-one (112 mg, 0.5 mmol) and 

phenyllithium. The product was obtained after column chromatography (SiO2) 

using Pentane/EtOAc (5-15 %) (95 mg, 85%). 1H NMR (400 MHz,  CDCl3) δ 7.65 – 

7.54 (m, 2H), 7.45 (t, J = 7.7 Hz, 2H), 7.41 – 7.32 (m, 3H), 7.18 (d, J = 7.8 Hz, 1H), 4.32 – 4.06 (m, 1H), 3.15 (dd, J = 

16.3, 5.0 Hz, 1H), 3.05 (dt, J = 17.0, 5.8 Hz, 1H), 2.92 (ddd, J = 16.6, 9.0, 6.0 Hz, 1H), 2.83 (dd, J = 16.3, 7.8 Hz, 1H), 

2.15 – 2.04 (m, 1H), 1.99 – 1.75 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 141.12, 139.09, 136.04, 133.44, 129.97, 

128.72, 127.30, 127.07, 127.02, 124.79, 67.24, 38.13, 31.50, 27.11. HRMS (ESI-): Calculated [M-H]-: 223.1128; 

found: 223.1121. FT-IR: 3362 (bs), 3028, 2963, 2931, 2874 cm-1. 

                                                                 
6 X. Cong, H. Tang, X. Zeng, J. Am. Chem. Soc. 2015, 137 (45), 14367-14372 
7 B. Sreedhar, D. Yada, P. S. Reddy, Adv. Synth. Catal. 2011, 353, 2823-2836 
8 J. B. Rangisetty, M. Dukat, C. S. Dowd, K. Herrick-Davis, A. DuPre et al., J. Med. Chem. 2001, 44 (20), 3283-3291 
9 K. Monguchi, T. Itoh, K. Hirai, H. Tomioka, J. Am. Chem. Soc. 2004, 126 (38), 11900-11913 
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1-([1,1'-biphenyl]-4-yl)propan-1-ol (23) 

Synthesized according to the general procedure, starting with the corresponding 

ketone 1-(4-bromophenyl)propan-1-one (106 mg, 0.5 mmol) and phenyllithium. The 

product was obtained after column chromatography (SiO2) using Pentane/EtOAc (5-

15 %) (84 mg, 81%). 1H NMR (400 MHz, CDCl3) δ 7.62 – 7.56 (m, 4H), 7.49 – 7.39 (m, 

4H), 7.35 (t, J = 7.4 Hz, 1H), 4.66 (t, J = 6.6 Hz, 1H), 1.84 (m, 2H), 0.97 (t, J = 7.4 Hz, 

3H). 13C NMR (101 MHz, CDCl3) δ 143.60, 140.86, 140.42, 128.75, 127.24, 127.15, 127.06, 126.41, 75.76, 31.88, 

10.18. The data are in accordance with literature.10 

 

1-([1,1'-biphenyl]-4-yl)propan-1-ol (24) 

Synthesized according to the general procedure, starting with the corresponding ketone 1-(3-

bromophenyl)propan-1-one (106 mg, 0.5 mmol) and phenyllithium. The product was obtained 

after column chromatography (SiO2) using Pentane/EtOAc (5-15 %) (59 mg, 55%). 1H NMR (400 

MHz, CDCl3) δ 7.68 – 7.56 (m, 3H), 7.55 – 7.50 (m, 1H), 7.49 – 7.40 (m, 3H), 7.40 – 7.31 (m, 2H), 

4.68 (t, J = 6.6 Hz, 1H), 1.93 – 1.74 (m, 2H), 0.97 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) 

δ 147.82, 144.04, 143.78, 131.50, 131.42, 129.99, 129.85, 128.99, 127.57, 127.48, 78.73, 

34.64, 12.84. HRMS (ESI-): Calculated [M-H]-: 211.1128; found: 211.1125. FT-IR: 3334 (bs), 3030, 2962, 2929 cm-

1. 

 

1-(4-isobutylphenyl)ethan-1-ol (25) 

Synthesized according to the general procedure, using 4-bromoacetophenone (99 mg, 0.5 mmol) 

and tert-butyllithium. The product was obtained after column chromatography (SiO2) using 

Pentane/EtOAc (5-15 %) (38 mg, 43%). 1H NMR (400 MHz, CDCl3) δ 7.28 (d, J = 8.0 Hz, 2H), 7.13 (d, J 

= 8.0 Hz, 2H), 4.87 (q, J = 6.5 Hz, 1H), 2.47 (d, J = 7.2 Hz, 2H), 1.92 – 1.78 (m, 2H), 1.49 (d, J = 6.5 Hz, 

3H), 0.91 (d, J = 6.7 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 143.05, 140.98, 129.21, 125.19, 70.28, 

45.08, 30.24, 25.02, 22.38. The data are in accordance with literature.11 

 

  

                                                                 
10 T. Werner, M. Bauer, A. M. Riahi, H. Schramm, Eur. J. Org. Chem. 2014, 4876-4883 
11 H. Song, W. Ding, Q. Zhou, J. Liu, L. Lu, W. Xiao, J. Org. Chem. 2016, 81 (16), 7250-7255 
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Chapter 5 

5 One-Pot, Modular Approach to Functionalized Ketones via 

Nucleophilic Addition/Buchwald-Hartwig Amination Strategy 
 

A general one-pot procedure for the 1,2-addition of organolithium reagents to amides followed by 

the Buchwald-Hartwig amination with in-situ released lithium amides is presented. In this work 

amides are used as masked ketones, revealed by the addition of organolithium reagents which 

generates a lithium amide, suitable for subsequent Buchwald-Hartwig coupling in the presence of a 

palladium catalyst. This methodology allows for rapid, efficient and atom economic synthesis of 

aminoarylketones in good yields. 

 

 

 

 

 

This chapter was published as: 

J. de Jong‡, D. Heijnen‡, H. Helbert‡, B. L. Feringa, Chem. Commun. 2019, 55, 2908-2911. 
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5.1 Introduction 

The palladium catalysed amination of aromatic bromides was discovered in 1983 and has since 

proven to be one of the most important and versatile transformation in organic synthesis. Pioneered 

by Migita1 and co-workers, the groups of Buchwald and Hartwig among others developed the method 

towards its current status of privileged transformation in organic chemistry,2–6 with widespread 

applications in areas ranging from materials science to medicinal chemistry.6,7 Traditionally cross-

coupling reactions to form a C-N bond require the use of additional base to achieve a full catalytic 

cycle. Stoichiometric amounts of tert-butanolate salts or cesium carbonate are often used for this 

purpose, though the use of lithium amide as base has also been reported to be a valuable substitute 

in Buchwald-Hartwig couplings.8 Alternatively, LiHMDS is chosen for its non-nucleophilic properties. 

Few reports describe aminations where lithium amides are directly playing the role of coupling 

partners.9,10 Our group recently disclosed a one pot procedure for the 1,2-addition of organolithium 

reagents to (Weinreb) amides, followed by alpha-arylation, which required no additional base 

(scheme 5.1).11,12 Optimizing the alpha-arylation step, the product arising from the competing 

Buchwald-Hartwig coupling was sometimes observed as a minor side product. We envisioned this 

amination process to be a very useful transformation. In the present study we take advantage of the 

nucleophilic properties of organolithium reagents by performing a 1,2-addition to an amide, yielding 

a masked ketone intermediate 2.13–16 Collapse of the tetrahedral intermediate generates in-situ a 

lithium amide17 allowing direct Buchwald-Hartwig amination without the need for additional base 

(scheme 5.1). This approach gives rapid access to a variety of amino substituted benzophenones 

which are widely used, among others, in cosmetics due to their UV protecting properties. 

Furthermore they are being employed as photoinitator and have found use in medicinal chemistry, 

for instance as kinase inhibitors.18 

Scheme 5.1 Lithium hemiaminal as a versatile building block 

 

The competition between alpha-deprotonation or transmetallation to palladium could be avoided by 

the use of organolithium reagents lacking alpha hydrogen atoms. Therefore the lithium amide 
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resulting from the 1,2-addition of an organolithium reagent to amide 1 - after dissociation of the 

tetrahedral intermediate 2 - is only available for Buchwald-Hartwig amination type reaction. 

 

5.2 Reaction optimisation 

In order to determine the optimal conditions for the reaction a ligand screening was performed and 

the results are shown in table 5.1. XPhos palladacycle G2 (entry 2) proved to be the most efficient 

catalyst in toluene at 80 oC. Other well established catalysts for Buchwald-Hartwig amination based 

on mono and bidentate phosphine ligands19,20 (entries 3-6) or the use of palladacycle G1 (entry 1) 

were found to be less or not active in our case. 

Table 5.1 Catalyst optimisationa 

 

Entry Catalyst Solvent (Temp) Conversionb 

1 SPhos Pd G1 Toluene (80 oC) 42 

2 XPhos Pd G2 Toluene (80 oC) 83 

3 Pd2(dba)3/Josiphos Toluene (80 oC) 29 

4 Pd2(dba)3/DTBPF Toluene (80 oC) 0 

5 Pd2(dba)3/QPhos Toluene (80 oC) 49 

6 Pd2(dba)3/SPhos Toluene (80 oC) 69 

7 XPhos Pd G2 THF (reflux) 95 

8 SPhos Pd G1 THF (reflux) 94 

9 Pd2(dba)3/SPhos THF (reflux) 95 

10 PEPPSI-iPr THF (reflux) 87 

11 Pd2(dba)3/SPhos 2-MeTHF (60 oC) 62 

12 Pd2(dba)3/SPhos 1,4-dioxane (60 oC) 93 

13 Pd2(dba)3/SPhos MTBE (reflux) 84 

14 Pd2(dba)3/SPhos Hexane (60 oC) 0 

15 Pd2(dba)3/SPhos Et2O (reflux) <5 

16 Pd2(dba)3/SPhos CPME 95 

 

a) Reaction were carried on a 0.2 mmol scale, organolithium reagent was added dropwise and the mixture was stirred 15 

min at 0 oC followed by the addition of Pd catalyst (5% loading) and stirred for additional 1 h at the indicated temperature. 

b) Conversion determined by GC-MS. CPME = Cyclopentyl methyl ether. 

Conversion towards the desired product was increased with the catalyst XPhos Pd G2 in THF at reflux 

(entry 7). Using Pd-PEPPSI21,22 (entry 10) in this solvent did not improve the conversion, but 

Pd2(dba)3/SPhos (entry 9) and SPhos palladacycle G1 (entry 8) gave comparable conversion. 

Pd2(dba)3/SPhos was preferred to palladacycles (G1, G2) as it is a cheaper catalyst. The influence of 

solvents was also tested, identifying THF at reflux (entry 9) as the solvent of choice for this reaction. 
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Ethereal solvents show good conversion (entries 11 – 13) whilst the reaction does not proceed in 

hexane (entry 14). Low conversion was observed when the reaction was performed in Et2O at reflux 

(entry 15) indicating that elevated temperature was required for the coupling step. 1,4-Dioxane 

(entry 12) also proved to be efficient and can be considered as an alternative if higher temperatures 

are required. Finally 2-MeTHF and cyclopentyl mether ether (CPME)23 were tested. These solvents 

are reported as environmental friendly alternatives to THF. Whereas 2-MeTHF gave lower conversion 

(entry 11), CPME proved to be a valuable substitute (entry 16). 4-Bromo-N,N-dimethylbenzamide was 

also a suitable substrate for this reaction but aryl chlorides were preferred as they generate less 

waste, are generally cheaper and more widely available. Moreover by using aryl chlorides instead of 

aryl bromides we drastically decrease the risk of having undesired lithium-halogen exchange taking 

place.24 

5.3 Scope of the reaction 

Scheme 5.2 Variation of amidesa 

 
a) Yields refer to isolated yields after column chromatography. b) PhLi added dropwise and reaction mixture stirred 

for 1 h before addition of the catalyst. c) After addition of the catalyst the reaction mixture was heated at reflux 

overnight. 
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With the optimal conditions in hand (table 5.1, entry 9), a range of amides was tested leading to a 

variety of aminobenzophenones represented in scheme 5.2. The scope includes both meta (5a) and 

para chlorobenzamides (5b-5j). Cyclic (5c-5g) as well as acyclic (5a, 5b) amines were coupled in 

excellent yields. Interestingly, morpholine (5f), methylpiperazine (5g), indolines (5j-5l) and 

tetrahydroisoquinoline (5m) moieties were also successfully coupled in good yields providing a motif 

widely used in medicinal chemistry25,26. Notably methylbenzylamine and dibenzylamine were also 

efficient coupling partners affording protected amines (5h, 5i) that can be further converted, after 

debenzylation, into free amines or mono-methylated amines. Methodologies to directly synthesize 

free anilines have been reported27–29 but they usually require large excess of ammonia, high pressure 

or long reaction time with the problem of selectivity for the primary amine versus secondary and 

tertiary amines. The methodology presented here can be considered as an attractive alternative to 

target primary and secondary arylamines. 

Scheme 5.3 Variation of lithium reagentsa 

 
a) Yields refer to isolated yields after column chromatography. 

The scope of aryl lithium nucleophiles was investigated and the results are given in scheme 5.3. Not 

only phenyllithium could be coupled (5n) but a diversity of aryllithium reagents, easily prepared via 

Li-halogen exchange or deprotonation, were found to be suitable reagents in this reaction. 

Aryllithium bearing ether, amine or electron withdrawing functionalities were successfully coupled 

(5o-5q). Heterocyclic lithium reagents such as 2-thienyllithium or 2-furyllithium were suitable 

coupling partners and provided the desired products 5r and 5s. Though lower yields were obtained 

when using more sterically hindered coupling partners the desired products were successfully 

isolated (5t, 5u). 

Small amounts of tertiary alcohol, arising from premature collapse of the tetrahedral intermediate 

were observed for most entries. It is the decreased reactivity in the second step however, that caused 

the lower yields for some of the substrates, providing (after hydrolysis) the bromo-ketone 

intermediate as a final product. 
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5.4 NMR study of the reaction 

Previous reports already described the equilibrium between the intermediate 2 and products 

resulting from the 1,2-elimination of R2NLi being in favour of the tetrahedral intermediate 2.30,31 7Li 

and 1H-NMR analysis was performed to investigate the formation and stability of intermediate 2 

under our reaction conditions (Figure 5.1). As expected, when 1 eq. of PhLi (spectrum A-1) was added 

to (4-chlorophenyl)(morpholino)methanone 5f-StM, a single signal at 0.92 ppm was observed 

(spectrum A-2). This intermediate has a different chemical shifts compared to signals of lithium 

morpholin-4-ide at 0.87 ppm (spectrum A-5),  indicating that the equilibrium is completely shifted 

towards the intermediate 2 (Scheme 1). 

Figure 5.1 7Li- and 1H- NMR analysis of the reaction with (4-chlorophenyl)(morpholino)methanone. 

 
Conditions: 0.1 mmol in 0.7 mL of THF-d8 at 25 oC with LiCl in D2O as internal standard. Hypothesized structure of 

lithium species between brackets.  

This hypothesis is also supported by 1H-NMR, where no lithium morpholin-4-ide (B-5) nor 4-

chlorobenzophenone (B-6) can be detected. The in-situ formed intermediate (B-2) was then heated 

at reflux for 1 h but remain unaffected (B-3) and no product of 1,2-elimination was observed 

(comparison with B-6), showing the stability of this intermediate under our reaction conditions. 

When Pd2(dba)3/SPhos was added to the intermediate and the solution was heated at reflux for 1 h, 

the desired product 5f was selectively formed as confirmed by 1H-NMR (spectrum B-4 and B-7), 

resulting also in a sharp signal in 7Li-NMR at 0.60 ppm, corresponding to the LiCl (spectrum A-4) 

released. These experiments point toward the existence of a stable tetrahedral lithium hemiaminal 

intermediate 2 and a slow in-situ release of lithium amide which is directly consumed in the amination 

reaction. 

5.5 Application in the synthesis of a kinase inhibitor 

Finally, the versatility of this approach was demonstrated with the rapid and efficient synthesis of an 

isoform-specific phosphoinositide 3-kinase inhibitors.32 The herein described protocol drastically 

improves the yield compare to the previously reported synthesis and combines the formation of the 

C-N bond with a 1,2-addition in a one-pot procedure, leading to ketone 7. The environmental friendly 
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character of this transformation should also be highlighted as it exhibits a high reaction mass 

efficiency33 (RME) of 79% and produces only a light waste product LiCl with low toxicity. 

Scheme 5.4 Application in the synthesis of a kinase inhibitor (AMA37) 

 

5.6 Conclusion 

In conclusion, a one-pot procedure toward the synthesis of amine aryl ketones has been developed, 

enabling Buchwald-Hartwig amination with in-situ generated lithium amides. Starting from easily 

accessible amides and organolithium reagents, this strategy allows for fast and efficient modular 

functionalization with high atom economy generating only LiCl as stoichiometric waste. A diversity of 

aryllithium nucleophiles and amide coupling partners has been combined following this strategy and 

the applicability of the methodology was illustrated with the efficient synthesis of a selective kinase 

inhibitor. 
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J. de Jong performed the reaction optimisation and explored the substrate scope. D. Heijnen designed 

the project. D. Heijnen and H. Helbert expanded the substrate scope. H. Helbert performed the NMR 
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5.9 Experimental section 

A solution of chloro- or bromo-benzamide substrate (1 mmol, 1 eq.) in 3.5 mL dry THF under nitrogen 

atmosphere was cooled down to 0 °C, after which the corresponding lithium reagent (1 mmol, 1 eq.) was added 

dropwise over the course of 15 min (unless otherwise noted). The resulting mixture was allowed to reach room 

temperature and a suspension of Pd2(dba)3 (22.9 mg, 0.025 mmol, 2.5 mol%) and SPhos (20.5 mg, 0.05 mmol, 

5.0 mol%) in 0.6 mL dry THF was added. The mixture was heated to reflux and stirred for 1 h (unless otherwise 

noted), after which the reaction was quenched with 3 mL methanol, 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. 

 



 One-Pot, Modular Approach to Functionalized Ketones via Nucleophilic Addition/Buchwald-Hartwig Amination Strategy 

 

72 

5 

(3-(dimethylamino)phenyl)(phenyl)methanone (5a): Synthesized using 3-chloro-N,N-

dimethylbenzamide (184 mg, 1 mmol, 1 eq.) and phenyllithium (0.53 mL, 1.9 M, 1 mmol, 

1 eq.). The title compound was obtained after column chromatography (SiO2, 

pentane/EtOAc 90:10) as a yellow oil, 168 mg, 75% yield. 1H NMR (400 MHz, CDCl3) δ 7.86 

– 7.79 (m, 2H), 7.60 – 7.54 (m, 1H), 7.47 (m, 2H), 7.33 – 7.29 (m, 1H), 7.19 (dd, J = 2.5, 1.5 

Hz, 1H), 7.06 (m, 1H), 6.95 (dd, J = 8.3, 2.4 Hz, 1H), 3.00 (s, 6H) ppm. 13C NMR (101 MHz, 

CDCl3) δ 197.62, 150.56, 138.48, 138.15, 132.31, 130.20, 128.83, 128.24, 118.89, 116.51, 113.41, 40.68 ppm. 

HRMS (ESI+, m/z): calcd for C15H16NO [M+H]+: 226.1232; found: 226.1229. Spectral data are in agreement with 

those reported in the literature.  

 

(4-(diethylamino)phenyl)(phenyl)methanone (5b): Synthesized using 4-chloro-

N,N-diethylbenzamide (212 mg, 1 mmol, 1 eq.) and phenyllithium (0.53 mL, 1.9 

M, 1 mmol, 1 eq.). The title compound was obtained after column 

chromatography (SiO2, pentane/EtOAc/TEA 89:10:1) as a yellow solid, 168 mg, 

66% yield. 1H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 9.0 Hz, 2H), 7.72 (d, J = 7.1 Hz, 

2H), 7.52 (t, J = 7.3 Hz, 1H), 7.45 (t, J = 7.3 Hz, 2H), 6.66 (d, J = 7.3 Hz, 2H), 3.44 

(q, J = 7.1 Hz, 4H), 1.22 (t, J = 7.1 Hz, 6H) ppm. 13C NMR (101 MHz, CDCl3) δ 195.01, 150.88, 139.56, 133.22, 

131.12, 129.51, 128.11, 125.38, 110.17, 44.76, 12.64 ppm. HRMS (ESI+, m/z): calcd for C17H20NO [M+H]+: 

254.1545; found: 254.1544. 

phenyl(4-(pyrrolidin-1-yl)phenyl)methanone (5c): Synthesized using (4-

chlorophenyl)(pyrrolidin-1-yl)methanone (210 mg, 1 mmol, 1 eq.) and 

phenyllithium (0.53 mL, 1.9 M, 1 mmol, 1 eq.). The title compound was obtained 

after column chromatography (SiO2, pentane/EtOAc 95:5) as a gray solid, 178 mg, 

71% yield. 1H NMR (400 MHz, CDCl3) δ 7.80 (d, J = 8.8 Hz, 2H), 7.71 (d, J = 7.1 Hz, 

2H), 7.52 (t, J = 7.3 Hz, 1H), 7.45 (t, J = 7.4 Hz, 2H), 6.55 (d, J = 8.8 Hz, 2H), 3.42 – 3.35 (m, 4H), 2.08 – 2.01 (m, 

4H) ppm. 13C NMR (101 MHz, CDCl3) δ 195.28, 151.05, 139.64, 133.09, 131.10, 129.53, 128.11, 124.37, 110.75, 

47.72, 25.59 ppm. HRMS (ESI+, m/z): calcd for C17H18NO [M+H]+: 252.1388; found: 252.1387. Spectral data are 

in agreement with those reported in the literature.1 

phenyl(4-(piperidin-1-yl)phenyl)methanone (5e): Synthesized using (4-

chlorophenyl)(piperidin-1-yl)methanone (224 mg, 1 mmol, 1 eq.) and 

phenyllithium (0.53 mL, 1.9 M, 1 mmol, 1 eq.). After the phenyllithium addition, 

the mixture was stirred for 1 h at 0 °C. The title compound was obtained after 

column chromatography (SiO2, pentane/EtOAc 95:5) as a pink solid, 212 mg, 80% 

yield. 1H NMR (400 MHz, CDCl3) δ 7.78 (d, J = 8.9 Hz, 2H), 7.73 (d, J = 7.3 Hz, 2H), 

7.53 (t, J = 7.3 Hz, 1H), 7.45 (t, J = 7.4 Hz, 2H), 6.88 (d, J = 8.3 Hz, 2H), 3.38 (m, 4H), 1.68 (br, 6H) ppm. 13C NMR 

(101 MHz, CDCl3) δ 195.20, 154.37, 139.20, 132.76, 131.36, 129.61, 128.14, 126.24, 113.23, 48.71, 25.49, 24.49 

ppm. HRMS (ESI+, m/z): calcd for C18H20NO [M+H]+: 266.1545; found: 266.1546. Spectral data are in agreement 

with those reported in the literature.2 

 

(4-morpholinophenyl)(phenyl)methanone (5f): Synthesized using (4-

chlorophenyl)(morpholino)methanone (226 mg, 1 mmol, 1 eq.) and 

phenyllithium (0.53 mL, 1.9 M, 1 mmol, 1 eq.). After the phenyllithium addition, 

the mixture was stirred for 1 h at 0 °C. The title compound was obtained after 

column chromatography (SiO2, pentane/EtOAc 90:10 to 50:50) as an off-white 

                                                                 
1 X. Zhang, G. Lu, C. Cai, Green Chem. 2016, 18, 5580-5585. 
2 G. Manolikakes, A. Gavryushin, P. Knochel, J. Org. Chem. 2008, 73, 1429-1434. 
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solid, 228 mg, 85% yield. 1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 8.9 Hz, 2H), 7.74 (d, J = 7.2 Hz, 2H), 7.55 (t, J = 

7.4 Hz, 1H), 7.46 (t, J = 7.5 Hz, 2H), 6.90 (d, J = 8.9 Hz, 2H), 3.91 – 3.84 (m, 4H), 3.36 – 3.30 (m, 4H) ppm. 13C NMR 

(101 MHz, CDCl3) δ 195.41, 154.03, 138.82, 132.60, 131.73, 129.75, 128.26, 128.18, 113.49, 66.69, 47.86 ppm. 

HRMS (ESI+, m/z): calcd for C17H18NO2 [M+H]+: 268.1338; found: 268.1338. Spectral data are in agreement with 

those reported in the literature.3 

 

(4-(4-methylpiperazin-1-yl)phenyl)(phenyl)methanone (5g): Synthesized 

using (4-chlorophenyl)(4-methylpiperazin-1-yl)methanone (239 mg, 1 mmol, 1 

eq.) and phenyllithium (0.53 mL, 1.9 M, 1 mmol, 1 eq.). After the phenyllithium 

addition, the mixture was stirred for 1 h at 0 °C. The title compound was 

obtained after column chromatography (SiO2, pentane/EtOAc 95:5 to 50:50) 

as a yellow solid, 202 mg, 72% yield. 1H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 

8.9 Hz, 2H), 7.73 (d, J = 7.3 Hz, 2H), 7.53 (t, J = 7.3 Hz, 1H), 7.45 (t, J = 7.5 Hz, 2H), 6.89 (d, J = 8.9 Hz, 2H), 3.43 – 

3.36 (m, 4H), 2.61 – 2.54 (m, 4H), 2.36 (s, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 195.35, 154.01, 138.95, 132.62, 

131.58, 129.68, 128.21, 127.40, 113.48, 54.81, 47.35, 46.16 ppm. HRMS (ESI+, m/z): calcd for C18H21N2O [M+H]+: 

281.1654; found: 281.1656. Spectral data (1H NMR) are in agreement with those reported in the literature.4 

 

(4-(benzyl(methyl)amino)phenyl)(phenyl)methanone (5h): Synthesized 

using N-benzyl-4-chloro-N-methylbenzamide (260 mg, 1 mmol, 1 eq.) and 

phenyllithium (0.53 mL, 1.9 M, 1 mmol, 1 eq.). After the phenyllithium 

addition, the mixture was stirred for 1 h at 0 °C. The catalyst was added and 

the mixture was heated under reflux and stirred for 16h. The title 

compound was obtained after column chromatography (SiO2, 

pentane/EtOAc 95:5) as a yellow oil, 262 mg, 87% yield. 1H NMR (400 MHz, CDCl3) δ 7.78 (d, J = 8.9 Hz, 2H), 7.72 

(d, J = 7.2 Hz, 2H), 7.52 (t, J = 7.3 Hz, 1H), 7.44 (t, J = 7.4 Hz, 2H), 7.34 (t, J = 7.3 Hz, 2H), 7.27 (t, J = 7.2 Hz, 1H), 

7.20 (d, J = 7.4 Hz, 2H), 6.75 (d, J = 8.9 Hz, 2H), 4.66 (s, 2H), 3.16 (s, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 195.20, 

152.73, 139.30, 137.54, 132.97, 131.32, 129.60, 128.95, 128.16, 127.46, 126.68, 125.65, 111.14, 56.26, 38.98 

ppm. HRMS (ESI+, m/z): calcd for C21H20NO [M+H]+: 302.1545; found: 302.1548. Spectral data are in agreement 

with those reported in the literature.5 

 

(4-(dibenzylamino)phenyl)(phenyl)methanone (5i): Synthesized using N,N-

dibenzyl-4-chlorobenzamide (100 mg, 0.3 mmol, 1 eq.) and phenyllithium 

(0.16 mL, 1.9 M, 0.3 mmol, 1 eq.) in 1 mL dry THF. After the phenyllithium 

addition, the mixture was stirred for 2 h at 0 °C. After addition of Pd2(dba)3 (2.5 

mol%, 0.0075 mmol, 6.8 mg) and SPhos (5.0 mol%, 0.015 mmol, 6.2 mg), the 

mixture was heated under reflux and stirred for 22 h, and quenched with 1 mL 

methanol. The title compound was obtained after column chromatography 

(SiO2, pentane/EtOAc 95:5) as an off-white solid, 26 mg, 23% yield. 1H NMR (400 MHz, CDCl3) δ 7.73 (m, 4H), 

7.51 (t, J = 7.3 Hz, 1H), 7.43 (t, J = 7.4 Hz, 2H), 7.38 – 7.27 (m, 6H), 7.24 (d, J = 7.3 Hz, 4H), 6.76 (d, J = 9.0 Hz, 2H), 

4.75 (s, 4H) ppm. 13C NMR (101 MHz, CDCl3) δ 195.11, 152.69, 139.20, 137.34, 133.04, 131.34, 129.58, 129.02, 

128.15, 127.46, 126.61, 125.92, 111.37, 54.24 ppm. HRMS (ESI+, m/z): calcd for C27H24NO [M+H]+: 378.1858; 

found: 378.1861. Spectral data are in agreement with those reported in the literature.6 

 

                                                                 
3 J. P. Wolfe, S. L. Buchwald, J. Org. Chem. 1997, 62, 1264-1267. 
4 K. Kamikawa, S. Sugimoto, M. Uemura, J. Org. Chem. 1998, 63, 8407-8410. 
5 X. Bei, T. Uno, J. Norris, H. W. Turner, W. H. Weinberg, W. H et al. Organometallics 1999, 18, 1840-1853. 
6 N. Matsuda, K. Hirano, T. Satoh, M. Miura, Angew. Chem. Int. Ed. 2012, 51, 3642-3645. 



 One-Pot, Modular Approach to Functionalized Ketones via Nucleophilic Addition/Buchwald-Hartwig Amination Strategy 

 

74 

5 

(4-(indolin-1-yl)phenyl)(phenyl)methanone (5j): Synthesized using (4-

chlorophenyl)(indolin-1-yl)methanone (258 mg, 1 mmol, 1 eq.) and 

phenyllithium (0.53 mL, 1.9 M, 1 mmol, 1 eq.). The title compound was 

obtained after column chromatography (SiO2, pentane/EtOAc 95:5) as a 

brown solid, 254 mg, 85% yield. 1H NMR (400 MHz, CDCl3) δ 7.88 (d, J = 8.7 

Hz, 2H), 7.78 (d, J = 7.3 Hz, 2H), 7.57 (t, J = 7.3 Hz, 1H), 7.48 (t, J = 7.5 Hz, 2H), 

7.34 (d, J = 8.2 Hz, 1H), 7.28 – 7.21 (m, 3H), 7.15 (t, J = 7.7 Hz, 1H), 6.87 (t, J = 7.2 Hz, 1H), 4.05 (t, J = 8.4 Hz, 2H), 

3.19 (t, J = 8.3 Hz, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 195.29, 147.88, 145.29, 138.81, 132.46, 132.24, 131.75, 

129.78, 128.75, 128.28, 127.32, 125.51, 120.71, 115.27, 109.99, 51.97, 28.19 ppm. HRMS (ESI+, m/z): calcd for 

C21H18NO [M+H]+: 300.1388; found: 300.1386. 

(4-(5-methylindolin-1-yl)phenyl)(phenyl)methanone (5k): Synthesized 

using (4-chlorophenyl)(5-methylindolin-1-yl)methanone (136 mg, 0.5 

mmol, 1 eq.) and phenyllithium (0.26 mL, 1.9 M, 0.5 mmol, 1 eq.) in 2 mL 

dry THF. After the phenyllithium addition, the mixture was stirred for 1 h 

at 0 °C. After addition of Pd2(dba)3 (2.5 mol%, 0.013 mmol, 11.3 mg) and 

SPhos (5.0 mol%, 0.025 mmol, 10.3 mg), the mixture was heated under 

reflux and stirred for 1 h, and quenched with 1 mL methanol. The title compound was obtained after column 

chromatography (SiO2, pentane/EtOAc 95:5) as a yellow solid, 88 mg, 56% yield. 1H NMR (400 MHz, CDCl3) δ 7.87 

(d, J = 8.9 Hz, 2H), 7.78 (d, J = 6.8 Hz, 1H), 7.56 (d, J = 7.5 Hz, 1H), 7.49 (dd, J = 8.2, 6.8 Hz, 2H), 7.25 (d, J = 8.0 Hz, 

1H), 7.21 (d, J = 8.9 Hz, 2H), 7.06 (s, 1H), 6.96 (d, J = 8.1 Hz, 1H), 4.02 (t, J = 8.3 Hz, 2H), 3.14 (t, J = 8.3 Hz, 2H), 

2.32 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 197.71, 150.57, 145.36, 141.43, 135.04, 135.02, 134.17, 132.84, 132.26, 

130.77, 130.72, 130.04, 128.85, 117.31, 112.48, 54.50, 30.68, 23.46. 

 

(4-(5-methoxyindolin-1-yl)phenyl)(phenyl)methanone (5l): 

Synthesized using (4-chlorophenyl)(5-methoxyindolin-1-yl)methanone 

(144 mg, 0.5 mmol, 1 eq.) and phenyllithium (0.26 mL, 1.9 M, 0.5 mmol, 

1 eq.) in 2 mL dry THF. After the phenyllithium addition, the mixture was 

stirred for 1 h at 0 °C. After addition of Pd2(dba)3 (2.5 mol%, 0.013 mmol, 

11.3 mg) and SPhos (5.0 mol%, 0.025 mmol, 10.3 mg), the mixture was 

heated under reflux and stirred for 1 h, and quenched with 1 mL methanol. The title compound was obtained 

after column chromatography (SiO2, pentane/EtOAc 90:10) as a yellow solid, 63 mg, 38% yield. 1H NMR (400 

MHz, CDCl3) δ 7.85 (d, J = 8.8 Hz, 2H), 7.76 (d, J = 7.0 Hz, 1H), 7.57 – 7.51 (m, 1H), 7.47 (t, J = 7.4 Hz, 2H), 7.26 (d, 

J = 8.6 Hz, 1H), 7.17 (d, J = 8.9 Hz, 2H), 6.83 (d, J = 1.5 Hz, 1H), 6.68 (dd, J = 8.8, 2.6 Hz, 1H), 4.03 (t, J = 8.3 Hz, 

2H), 3.78 (s, 3H), 3.15 (t, J = 8.2 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 197.65, 157.03, 150.63, 141.47, 141.44, 

136.55, 135.09, 134.11, 132.22, 130.75, 130.38, 116.82, 114.93, 114.07, 113.18, 58.48, 54.59, 30.95. 

 

(4-(3,4-dihydroisoquinolin-2(1H)-yl)phenyl)(phenyl)methanone (5m): 

Synthesized using (4-chlorophenyl)(3,4-dihydroisoquinolin-2(1H)-

yl)methanone (136 mg, 0.5 mmol, 1 eq.) and phenyllithium (0.26 mL, 1.9 M, 

0.5 mmol, 1 eq.) in 2 mL dry THF. After the phenyllithium addition, the 

mixture was stirred for 1 h at 0 °C. After addition of Pd2(dba)3 (2.5 mol%, 

0.013 mmol, 11.3 mg) and SPhos (5.0 mol%, 0.025 mmol, 10.3 mg), the 

mixture was heated under reflux and stirred for 1 h, and quenched with 1 mL methanol. The title compound was 

obtained after column chromatography (SiO2, pentane/EtOAc 95:5) as a yellow solid, 60 mg, 38% yield. 1H NMR 

(400 MHz, CDCl3) δ 7.84 (d, J = 9.2 Hz, 2H), 7.74 (d, J = 7.0 Hz, 2H), 7.59 – 7.42 (m, 3H), 7.24 – 7.15 (m, 3H), 6.91 

(d, J = 8.0 Hz, 2H), 4.56 (s, 2H), 3.69 (t, J = 5.8 Hz, 2H), 3.01 (t, J = 5.9 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 195.14, 

152.91, 135.03, 133.69, 132.75, 131.26, 129.51, 128.20, 128.04, 126.81, 126.50, 126.44, 125.96, 111.82, 48.98, 

44.74, 29.02. 
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(4-(dimethylamino)phenyl)(phenyl)methanone (5n): Synthesized using 4-chloro-

N,N-dimethylbenzamide (184 mg, 1 mmol, 1 eq.) and phenyllithium (0.53 mL, 1.9 M, 

1 mmol, 1 eq.). The title compound was obtained after column chromatography 

(SiO2, pentane/EtOAc 90:10) as a yellow solid, 196 mg, 87% yield. 1H NMR (400 MHz, 

CDCl3) δ 7.80 (d, J = 8.9 Hz, 2H), 7.72 (d, J = 7.2 Hz, 2H), 7.53 (t, J = 7.3 Hz, 1H), 7.45 

(t, J = 7.4 Hz, 2H), 6.69 (d, J = 8.9 Hz, 2H), 3.08 (s, 6H) ppm. 13C NMR (101 MHz, CDCl3) δ 195.31, 153.27, 139.37, 

132.87, 131.29, 129.59, 128.15, 120.71, 110.92, 40.33 ppm. HRMS (ESI+, m/z): calcd for C15H16NO [M+H]+: 

226.1232; found: 226.1229. Spectral data are in agreement with those reported in the literature.7 

 

(4-(dimethylamino)phenyl)(4-methoxyphenyl)methanone (5o): Synthesized 

using 4-chloro-N,N-dimethylbenzamide (184 mg, 1 mmol, 1 eq.) and 4-

methoxyphenyllithium (1 mmol, 1 eq.). The reaction was quenched with 2 mL 

water and 2 mL sat. aq. NH4Cl. Then the mixture was extracted three times 

with 10 mL diethyl ether and the combined organic layers were dried over 

MgSO4, filtered and the solvent was removed in vacuo. The title compound 

was obtained after column chromatography (SiO2, pentane/EtOAc/TEA 89:10:1) as a yellow solid, 137 mg, 54% 

yield. 1H NMR (400 MHz, CDCl3) δ 7.77 (m, 4H), 6.95 (d, J = 8.8 Hz, 2H), 6.69 (d, J = 9.0 Hz, 2H), 3.88 (s, 3H), 3.07 

(s, 6H) ppm. 13C NMR (101 MHz, CDCl3) δ 194.28, 162.39, 153.15, 132.60, 132.01, 131.84, 125.56, 113.41, 110.73, 

55.55, 40.24 ppm. HRMS (ESI+, m/z): calcd for C16H18NO2 [M+H]+: 256.1338; found: 256.1335. Spectral data are 

in agreement with those reported in the literature.8 

 

(4-(dimethylamino)phenyl)(3-(trifluoromethyl)phenyl)methanone (5p): 

Synthesized using 4-chloro-N,N-dimethylbenzamide (184 mg, 1 mmol, 1 eq.) 

and (3-(trifluoromethyl)phenyl)lithium (1 mmol, 1 eq.). The reaction was 

quenched with 2 mL water and 2 mL sat. aq. NH4Cl. Then the mixture was 

extracted three times with 10 mL diethyl ether and the combined organic 

layers were dried over MgSO4, filtered and the solvent was removed in vacuo. The title compound was obtained 

after column chromatography (SiO2, pentane/EtOAc/TEA 89:10:1) as a yellow solid, 145 mg, 49% yield. 1H NMR 

(400 MHz, CDCl3) δ 7.98 (s, 1H), 7.90 (d, J = 7.7 Hz, 1H), 7.77 (m, 3H), 7.59 (t, J = 7.7 Hz, 1H), 6.70 (d, J = 8.9 Hz, 

2H), 3.09 (s, 6H) ppm. 13C NMR (101 MHz, CDCl3) δ 193.57, 153.69, 140.18, 132.88, 132.69, 132.68, 128.79, 

127.77, 127.73, 127.70, 127.66, 126.36, 126.33, 126.29, 126.25, 124.15, 110.89, 40.22 ppm. 19F NMR (376 MHz, 

CDCl3) δ -62.67 ppm. HRMS (ESI+, m/z): calcd for C16H15F3NO [M+H]+: 294.1106; found: 294.1104. Spectral data 

(1H NMR) are in agreement with those reported in the literature.9 

 

Bis(4-(dimethylamino)phenyl)methanone (5q): Synthesized using 4-chloro-

N,N-dimethylbenzamide (184 mg, 1 mmol, 1 eq.) and (4-

(dimethylamino)phenyl)lithium (1 mmol, 1 eq.). The title compound was 

obtained after column chromatography (SiO2, pentane/EtOAc/TEA 94:5:1) as 

a green/gray solid, 110 mg, 41% yield. 1H NMR (400 MHz, CDCl3) δ 7.76 (d, J = 

8.9 Hz, 4H), 6.70 (d, J = 8.7 Hz, 4H), 3.06 (s, 12H) ppm. 13C NMR (101 MHz, CDCl3) δ 194.13, 152.81, 132.31, 

126.47, 110.68, 40.25 ppm. HRMS (ESI+, m/z): calcd for C17H21N2O [M+H]+: 269.1654; found: 269.1652. Spectral 

data are in agreement with those reported in the literature.10 

 

                                                                 
7 L. J. Gooßen, F. Rudolphi, C. Oppel, N. Rodríguez, Angew. Chem. Int. Ed. 2008, 47, 3043-3045. 
8 H. Li, Y. Xu, E. Shi, W. Wei, X. Suo, X. Wan, Chem. Commun. 2011, 47, 7880-7882. 
9 H. Muramatsu, A. Okumura, K. Shibata, M. Matsui, Chem. Ber. 1994, 127, 1627-1632. 
10 C. Berini, O. H. Winkelmann, J. Otten, D. A. Vicic, O. Navarro, Chem. Eur. J. 2010, 16, 6857-6860. 
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(4-(dimethylamino)phenyl)(furan-2-yl)methanone (5r) : Synthesized using 4-chloro-

N,N-dimethylbenzamide (184 mg, 1 mmol, 1 eq.) and 2-furyllithium (1 mmol, 1 eq.). 

The reaction was quenched with 2 mL water and 2 mL sat. aq. NH4Cl. Then the 

mixture was extracted three times with 10 mL diethyl ether and the combined 

organic layers were dried over MgSO4, filtered and the solvent was removed in vacuo. 

The title compound was obtained after column chromatography (SiO2, 

pentane/EtOAc/TEA 89:10:1) as a brown solid, 107 mg, 50% yield. 1H NMR (400 MHz, CDCl3) δ 8.03 (d, J = 9.0 Hz, 

2H), 7.65 (m, 1H), 7.19 (d, J = 3.4 Hz, 1H), 6.71 (d, J = 9.0 Hz, 2H), 6.56 (dd, J = 3.4, 1.6 Hz, 1H), 3.08 (s, 6H) ppm. 
13C NMR (101 MHz, CDCl3) δ 180.77, 153.49, 153.37, 145.89, 131.99, 124.67, 118.56, 111.88, 110.85, 40.16 ppm. 

HRMS (ESI+, m/z): calcd for C13H14NO2 [M+H]+: 216.1025; found: 216.1020. 

 

(4-(dimethylamino)phenyl)(thiophen-2-yl)methanone (5s): Synthesized using 4-

chloro-N,N-dimethylbenzamide (184 mg, 1 mmol, 1 eq.) and 2-thienyllithium (1.0 

mL, 1.0 M, 1 mmol, 1 eq.). The title compound was obtained after column 

chromatography (SiO2, pentane/EtOAc 90:10 to 50:50) as a green solid, 134 mg, 

58% yield. 1H NMR (400 MHz, CDCl3) δ 7.90 (d, J = 8.9 Hz, 2H), 7.63 (dd, J = 6.5, 4.8 

Hz, 2H), 7.14 (t, 1H), 6.71 (d, J = 8.9 Hz, 2H), 3.08 (s, 6H) ppm. 13C NMR (101 MHz, 

CDCl3) δ 186.33, 153.36, 144.58, 133.07, 132.34, 131.99, 127.59, 125.47, 110.89, 40.22 ppm. HRMS (ESI+, m/z): 

calcd for C13H14NOS [M+H]+: 232.0796; found: 232.0790. Spectral data are in agreement with those reported in 

the literature.11 

 

(4-(dimethylamino)phenyl)(2-(methoxymethoxy)phenyl)methanone (5t): 

Synthesized using 4-chloro-N,N-dimethylbenzamide (184 mg, 1 mmol, 1 eq.) and 

2-methoxymethoxy-phenyllithium (1 mmol, 1 eq.). The title compound was 

obtained after column chromatography (SiO2, pentane/EtOAc 90:10) as a yellow 

oil, 77 mg, 27% yield. 1H NMR (400 MHz, CDCl3) δ 7.76 (d, J = 9.0 Hz, 2H), 7.39 (t, 

J = 7.9 Hz, 1H), 7.30 (d, J = 7.5 Hz, 1H), 7.20 (d, J = 8.3 Hz, 1H), 7.07 (t, J = 7.4 Hz, 

1H), 6.65 (d, J = 8.9 Hz, 2H), 5.10 (s, 2H), 3.35 (s, 3H), 3.06 (s, 6H) ppm. 13C NMR 

(101 MHz, CDCl3) δ 194.52, 154.45, 153.57, 132.53, 131.35, 130.76, 129.02, 125.83, 121.83, 115.41, 110.80, 

94.87, 56.29, 40.30 ppm. HRMS (ESI+, m/z): calcd for C17H20NO3 [M+H]+: 286.1443; found: 286.1439. 

 

(4-(dimethylamino)phenyl)(o-tolyl)methanone (5u): Synthesized using 4-chloro-

N,N-dimethylbenzamide (184 mg, 1 mmol, 1 eq.) and 2-tolyllithium (1 mmol, 1 eq.). 

The title compound was obtained after column chromatography (SiO2, 

pentane/EtOAc 95:5 to 90:10) as a yellow oil, 63 mg, 26% yield. 1H NMR (400 MHz, 

CDCl3) δ 7.72 (d, J = 9.0 Hz, 2H), 7.37 – 7.18 (m, 4H), 6.66 (d, J = 9.0 Hz, 2H), 3.07 (s, 

6H), 2.29 (s, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 197.07, 153.63, 140.28, 135.86, 132.65, 130.69, 129.30, 

127.71, 125.57, 125.22, 110.88, 40.27, 19.80 ppm. HRMS (ESI+, m/z): calcd for C16H18NO [M+H]+: 240.1388; 

found: 240.1385. 

 

(4-chloro-2-methoxyphenyl)(morpholino)methanone (6): A solution of 4-chloro-2-

methoxybenzoic acid (1 g, 5.4 mmol, 1 eq.) in 25 mL DCM was cooled down to 0°C. 

SOCl2 (1.2 mL, 16 mmol, 3 eq.) was added slowly over the course of 10 min, after 

which the mixture was allowed to reach room temperature and stirred overnight. 

The mixture was concentrated under reduced pressure to remove the excess of 

SOCl2. The residue was dissolved in 20 mL DCM and a solution of morpholine (1 mL, 11 mmol, 2 eq.)  and 

                                                                 
11 J. R. Schmink, S. W. Krska, J. Am. Chem. Soc. 2011, 133, 19574-19577. 
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triethylamine (3.5 mL, 25 mmol, 5 eq.) in 10 mL DCM was added dropwise at 0oC and stirred 3h at room 

temperature. The reaction was quenched by addition of 20 mL H2O and the mixture was then extracted with 

3x25 mL DCM. The combined organic layers were dried over Na2SO4  and the solvent was removed under reduced 

pressure. The crude product was purified by column chromatography (SiO2, pentane/EtOAc from 90:10 to 

50:50), after which the product (6) was obtained as a yellow solid (1.28 g, 93%). 1H NMR (400 MHz, CDCl3) δ 7.19 

(d, J = 8.0 Hz, 1H), 6.99 (dd, J = 8.0, 1.7 Hz, 1H), 6.91 (d, J = 1.5 Hz, 1H), 3.84 (s, 3H), 3.77 (m, 4H), 3.66 – 3.52 (m, 

2H), 3.30 – 3.17 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 167.01, 156.13, 136.36, 129.24, 123.98, 121.39, 

111.93, 67.06, 66.96, 56.02, 47.44, 42.35 ppm. HRMS (ESI+, m/z): calcd for C12H15ClNO3 [M+H]+: 256.0740; found: 

256.0743. 

 

(2-methoxy-4-morpholinophenyl)(phenyl)methanone (7) : A solution of (4-

chloro-2-methoxyphenyl)(morpholino)methanone (6) (128 mg, 0.5 mmol, 1 eq.) 

in 0.7 mL dry THF was cooled down to 0 °C, after which phenyllithium (0.26 mL, 

1.9 M, 0.5 mmol, 1 eq.) was added dropwise over the course of 15 min. The 

resulting mixture was stirred for 1 h at 0 °C and then allowed to reach room 

temperature. A suspension of Pd2(dba)3 (2.5 mol%, 0.012 mmol, 11 mg) and 

SPhos (5.0 mol%, 0.025 mmol, 10 mg) in 0.1 mL dry THF was added. The mixture was heated under reflux and 

stirred for 2 h. The reaction was quenched with 2 mL sat. aq. NH4Cl followed by 2 mL aq. sol. HCl (1M). Then the 

mixture was extracted with 3x10 mL of ethyl acetate and the combined organic layers were dried over Na2SO4 

and the solvent was removed under reduced pressure. The title compound was obtained after column 

chromatography (SiO2, pentane/EtOAc from 90/10 to 10/90) as a yellow solid (135 mg, 91%). 1H NMR (400 MHz, 

CDCl3) δ 7.76 (d, J = 8.5 Hz, 2H), 7.51 (t, J = 7.4 Hz, 1H), 7.46 – 7.36 (m, 3H), 6.52 (dd, J = 8.6, 2.2 Hz, 1H), 6.44 (s, 

1H), 3.88 (d, J = 4.9 Hz, 4H), 3.71 (s, 3H), 3.30 (t, J = 4.9 Hz, 4H) ppm. 13C NMR (101 MHz, CDCl3) δ δ 195.38, 

159.96, 154.95, 139.44, 132.67, 132.05, 129.62, 127.96, 119.62, 106.47, 98.03, 66.71, 55.55, 48.25. HRMS (ESI+, 

m/z): calcd for C18H20NO3 [M+H]+: 298.1443; found: 298.1446.  

 

1-(2-Hydroxy-4-morpholin-4-yl-phenyl)-phenyl-methanone (8) : To a solution 

of (2-methoxy-4-morpholinophenyl)(phenyl)methanone (7) (21.5 mg, 0.072 

mmol, 1 eq.) in 1 mL of DCM was added dropwise at 0oC a solution of BBr3 (22 

µL, 0.22 mmol, 3 eq) in 0.2 mL of DCM. The reaction mixture was stirred for 2h 

at room temperature and then quenched with 2 mL sat. aq. NaHCO3, diluted with 

20 mL H2O and extracted with 3x25 mL DCM. The combined organic layers were 

dried over Na2SO4 and the solvent was removed under reduced pressure. The crude compound was purified by 

column chromatography (SiO2, pentane/EtOAc 90:10), after which the product (8) was obtained as a yellow solid 

(15.1 mg, 74%). 1H NMR (400 MHz, CDCl3) δ 7.62 (d, J = 7.0 Hz, 2H), 7.58 – 7.40 (m, 4H), 6.38 (d, J = 2.3 Hz, 1H), 

6.33 (dd, J = 9.1, 2.4 Hz, 1H), 3.83 (m, 4H), 3.36 (m, 4H) ppm. 13C NMR (101 MHz, CDCl3) δ 201.58, 168.58, 159.08, 

141.24, 137.89, 133.77, 131.42, 130.87, 113.80, 107.73, 103.04, 69.10, 49.55. 
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Chapter 6 

6 Palladium-Catalyzed Cross-Coupling of Lithium Acetylides 

The incorporation of alkynes in organic molecules is a valuable tool for the formation of C-C bonds, 

and a versatile handle for further modifications. The most well-known reaction to perform this 

transformation is the Sonogashira cross-coupling. Here we present a method complementary to the 

Sonogashira reaction, demonstrating the cross-coupling of lithium acetylides with aryl bromides. The 

reaction takes place at room temperature in 45 min, affording the corresponding phenylacetylenes 

in good to excellent yields, thereby providing a mild alternative to the Sonogashira reaction. The 

herein reported procedure displays a remarkable functional group tolerance for a lithium cross-

coupling reaction. 

 

 

 

 

This chapter was published as: 

H. Helbert‡, P. Visser‡, J. G. H. Hermens, J. Buter, B. L. Feringa, Nat. Catal. 2020, 3, 664-671. 

 

‡: H. Helbert and P. Visser contributed equally to this work  
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6.1 Introduction 

Due to their synthetic versatility, alkynes are valuable building blocks and act as functional groups for 

further chemical transformations.1 The functionality is present in (biologically active) natural 

products and has found widespread application in click chemistry, bioorthogonal labelling, 

pharmaceuticals, macromolecules, and molecular electronics.1-3 Alkynes can be synthesized in a non-

catalytic manner using one-carbon homologation reactions of carbonyl functionalities such as the 

Corey-Fuchs, Seyferth-Gilbert and Ohira-Bestmann reactions,4 as well by the double 

dehydrohalogenation of dihaloalkanes.5 In modern synthesis, alkyne functionalities are usually 

incorporated by the catalytic cross-coupling of terminal alkynes.6  

The most well-known and widely applied7,8 reaction in this category is the transition metal-catalysed 

cross-coupling of organic (pseudo)halides with alkynes, commonly referred to as the Sonogashira 

reaction. Despite its prominent role amongst cross-coupling methodologies for C-C bond formation, 

these types of transformations often require the use of elevated temperatures, long reaction times 

or co-catalysts.7 Shorter reaction times can be achieved using microwave irradiation, allowing for the 

alkynylation of reactive aryl iodides in 2.5 min,9 and the coupling of various aryl (pseudo)halides in 5-

25 min at 120 °C.10 The reaction temperature and time have been decreased using ultrasound 

irradiation, resulting in the coupling of reactive aryl iodides at ambient temperature.11 Although 

Sonogashira cross-coupling reactions using organometallic-based acetylides have been 

comprehensively described,7,8 reports on the cross-coupling of lithium acetylides with aryl halides are 

very limited.12-16 Our group previously reported the C(sp2)-C(sp2) and C(sp2)-C(sp3) palladium-

catalysed cross-coupling reactions of organolithium reagents, which generally proceeded with short 

reaction times at room temperature.17-21 Encouraged by these findings, we took the challenge of 

developing a C(sp2)-C(sp) cross-coupling between readily available aryl bromides and lithium 

acetylenes, focussing on efficient C-C bond formation under mild conditions. 

Figure 6.1 Catalytic acetylene cross-coupling reactions and product applications. 

 
Generalized comparison of the Sonogashira cross-coupling (top reaction) for the synthesis of aryl acetylenes, and the 

newly developed (bottom reaction) mild cross-coupling of aryl bromides with lithium acetylides. (cat. = catalyst, eq. 

= equivalents, rt = room temperature, min = minutes). 
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Herein we present a highly efficient approach for the construction of aryl acetylenes, scalable to 

multi-grams, via the cross-coupling of lithium acetylides with common aryl and alkenyl bromides 

(Figure 6.1). The reaction proceeds within 45 min  at room temperature and provides the products in 

good to excellent yield. A broad substrate scope is presented in which a remarkable functional group 

tolerance is displayed, performing the reactions on aryl bromides containing organolithium sensitive 

functional groups such as esters, amides, carbamates and nitriles. The methodology reported herein 

provides the synthetic chemist with a fast alternative to the well-known Sonogashira coupling under 

mild, copper-free conditions that can be applied for the facile preparation of key intermediates in 

natural product synthesis, material synthesis, and chemical biology.   

 

6.2 Preliminary studies and catalyst optimization.  

The initial investigations involved the model reaction between 1-bromo-3-(methoxymethyl)benzene 

1 and commercially available lithium (trimethylsilyl)acetylide by adding the lithium acetylide to a 

mixture of 1 and the palladium-catalyst in toluene. Employing Pd2(dba)3/XPhos,22 a catalyst we 

previously used in the cross-coupling of alkenyl lithium compounds with aryl bromides,19 25% 

conversion towards the desired product 2 was observed at room temperature, albeit selective, 

without dehalogenation (3) or homocoupling (4) products being formed (Table 6.1, Entry 1). Despite 

numerous efforts to optimize this reaction by screening different catalysts, ligands, temperatures and 

the use of additives, no improvements were found. However, using freshly prepared lithium 

(trimethylsilyl)acetylene in THF resulted in nearly full conversion to 2 with excellent selectivity using 

2.5 mol% Pd2(dba)3/XPhos as the catalyst (Table 6.1, Entry 2). Although promising, reproducibility 

issues were encountered applying this catalytic system (Supplementary Table 4). Facing the challenge 

of identifying a catalytic system which would consistently and selectively afford product 2, we 

performed the reaction with Pd2(dba)3, Pd/C and Pd-PEPPSI-IPent, which did not result in product 

formation (Table 6.1, Entries 3-5). On the contrary, O2-activation of Pd[P(tBu3)]2 provided a highly 

active catalyst18 yielding 2 with excellent conversion (>99%) and selectivity (>99%) in 30 min (Table 

6.1, Entry 6). Surprisingly, the reaction did not proceed when lowering the addition time to 15 min or 

increasing the addition time to 1 h with 2.5 mol% catalyst loading (Table 6.1, Entries 7, 8). A possible 

explanation for this outcome is the formation of a catalytically inactive tetraorganopalladium 

[Li2Pd(C≡C-TMS)4] species, in accordance with a previous observation by Negishi and co-workers.23 

To us, this indicated that this catalytic system is strongly influenced by the stoichiometry between 

the organolithium reagent and the catalyst, which are dependent on both catalyst loading and rate 

of addition. We also investigated [Pd(μ-I)PtBu3]2, employed by Schoenebeck and co-workers in the 

cross-coupling of organozinc and -magnesium reagents.24 Addition of the lithium acetylide solution 

over 30 min provided 2 with excellent conversion (Table 6.1, Entry 9). The [Pd(μ-I)PtBu3]2 catalyst 

proved to be slightly more active than the O2-activated Pd[P(tBu3)]2 catalyst as 15 min addition 

afforded quantitative conversion into 2 (Entry 10 vs. 7). Decreasing the catalyst loading or addition 

time resulted in similar catalyst deactivation as observed using Pd[P(tBu3)]2/O2. 
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Table 6.1 Reaction optimization.  

 

 

 

 

 

 

 

 

 

  

 

 

 

a) RLi: (trimethylsilyl)acetylene (0.65 mmol), tBuLi (0.78 mmol) in THF (0.5 M); 1 (0.5 mmol), toluene (4 mL). b) 

Determined by GC/MS analysis. c) Using a commercial solution (0.5 M in THF) of lithium (trimethylsilyl)acetylide. d) 

Reproducibility issues (see results section; preliminary studies and catalyst optimization). e) 1 equiv. of lithium 

acetylide. (MOM = Methoxymethyl ether, Me = Methyl, eq. = equivalents, iPr = isopropyl, cy = cyclohexyl, tBu = tert-

butyl, dba =  dibenzylideneacetone, t = time, min = minutes, conv. = conversion). 

Preliminary investigations comparing [Pd(μ-I)PtBu3]2 with our Pd[P(tBu3)]2/O2 catalyst indicated that 

the latter was more broadly applicable to both electron-rich and electron-poor substrates. This 

catalytic system was therefore chosen for investigations towards the substrate scope and functional 

group tolerance. 

 

6.3 Aryl bromide substrate scope and functional group tolerance  

With an optimized catalytic system in hand, we investigated the scope of the transformation towards 

a wide variety of aryl bromides. High compatibility with both electron-rich and electron-poor aryl 

Entrya [Pd] t (min) [Pd] (mol %) Conv.(%)b 2:3:4b 

1c Pd2(dba)3/XPhos 30 5 25:0:0 

2d Pd2(dba)3/XPhos 30 5 98:0:0 

3 Pd2(dba)3 60 5 No conv. 

4 Pd/C 60 5 No conv. 

5 Pd-PEPPSI-IPent 60 5 No conv. 

6 Pd[P(tBu3)]2/O2 30 5 >99:0:0 

7 Pd[P(tBu3)]2/O2 15 5 No conv. 

8 Pd[P(tBu3)]2/O2 60 2.5 No conv. 

9e [Pd(μ-I)P(tBu)3]2 30 2.5 >99:0:0 

10e [Pd(μ-I)P(tBu)3]2 15 2.5 >99:0:0 
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bromides was demonstrated, providing the corresponding cross-coupled products in good to 

excellent yields (up to 99%) (Scheme 6.1). In case of some ortho-substituted aryl bromides, a slight 

temperature increase, to 50 °C, allowed for higher conversion towards the corresponding products 

(9, 14 and 16). Remarkably, sterically hindered, bis-ortho-substituted product 21 was obtained in 70% 

yield at ambient temperature. Notably, alkenyl bromides were also viable coupling partners providing 

product 23. In agreement with our previous studies,18 using the Pd[P(tBu3)]2/O2 catalyst in cross-

coupling reactions, the selectivity of aryl bromides over -chlorides and -triflates was demonstrated 

by the synthesis of acetylides 20 and 22, respectively. 

We also investigated the compatibility of the C-C bond formation with heterocyclic compounds, as 

these structural features are present in numerous biologically active natural products and 

pharmaceuticals.25,26 To our delight benzodiozole, pyrrole, (benzo-)thiophene, indole, isoquinoline, 

dibenzofurane and morpholine could be successfully alkynylated, affording the valuable scaffolds, 24 

to 31 in good yields (Scheme 6.1, up to 90%). 

Organolithium reagents are highly reactive, acting as strong nucleophiles as well as strong bases.27,28 

These features generally limit their application as cross-coupling partners in the presence of 

functionalized substrates. Performing cross-coupling reactions in the presence of organolithium-

sensitive functional groups at ambient temperature is therefore a major challenge in particular, as an 

efficient catalytic system should outcompete the natural reactivity of the organolithium reagents. 

Although exhibiting attenuated reactivity in comparison with alkyl-, vinyl- and aryl lithium species, 

lithium acetylides are considered strong nucleophiles and bases (pKa of Ph-C≡CH = 29).29 However, 

due to their diminished reactivity we envisioned that a broader substrate scope, employing 

substrates bearing acidic hydrogen atoms or electrophilic functionalities, might be achieved by 

performing the cross-coupling of aryl bromides with lithium acetylenes. 

To our delight, when applying our protocol to such reactive, functionalized (hetero)arenes, we 

discovered a remarkable functional group tolerance (Scheme 6.1). 2-Bromoindene and 2-

bromofluorene, which contain notably acidic (benzylic) hydrogen atoms (pKa = 20 and 23, 

respectively),30,31 were coupled in very good yields, providing compounds 32 and 33. Particularly 

noteworthy are boronic esters, which are electrophilic due to the presence of an empty p-orbital and 

are well known to readily react with organolithium reagents.32 Despite its electrophilic nature, 

functionalized aryl boronic ester 34 could be obtained in 66% yield, enabling further transformation 

involving the boronic ester moiety.32  
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Scheme 6.1 Variation of aryl/alkenyl bromides 

RLi: (trimethylsilyl)acetylene (1.2 mmol), nBuLi (1.2 mmol) in THF (0.5 M); RBr (1.0 mmol), O2-activated Pd[P(tBu)3]2 (5 mol%), toluene 

(8 mL), 30 min addition, rt, Isolated yields are given in all cases. [a] 50 °C. [b] 1.05 eq. RLi. [c] 1.2 eq. of RLi / Br [d] Addition time of 30 

min / Br. (tBu = tert-butyl, Me = methyl, eq. = equivalents, rt = room temperature, min = minutes, quant. = quantitative, TIPS = 

triisopropylsilyl). 

 

Carbonyl functionalities are notoriously reactive towards organolithium reagents, providing 1,2-

addition products.33 Surprisingly, these challenging carbonyl substrates proved to be well tolerated 

under the reaction conditions (Scheme 6.1). In particular, the reaction of amide-, carbamate- and 

ester-functionalized substrates afforded the alkynylated products 35, 36 and 37 in high yields (77% - 

84%). The reaction with ethyl-4-bromobenzoate and 4-bromo-N,N-dimethylbenzamide were also 

performed without catalyst, showing that most of the starting material reacted with lithium 
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(trimethylsilyl)acetylide to the corresponding 1,2-addition products. These findings emphasize the 

efficiency of the catalytic system, which is able to outcompete undesired side-reactions in various 

transformations involving lithium acetylides. Using more challenging and relevant esters, specifically 

those present in natural products,34 such as a 6-bromophthalide and 6-bromocoumarin, we were 

pleased to isolate the corresponding products 38 and 39, albeit in lower yields. Encouraged by those 

results, 6-bromochromone was subjected to the same reaction conditions. Although product 40 was 

isolated in relatively low yield, it is remarkable that the cross-coupling reaction can still be performed 

in the presence of a conjugated ketone. To the best of our knowledge, no other examples are 

reported where organolithium reagents are successfully cross-coupled in the presence of a 

conjugated ketone at ambient temperature. Nitriles, which bear similar reactivity towards 

organolithium reagents as carbonyl containing substrates,35 proved to be well tolerated, affording 

the desired cross-coupled product 41 in high yield (86%) starting from 4-bromobenzonitrile. 

Moderate yield was obtained when reacting 4-bromophenylacetonitrile, which contains not only an 

electrophilic nitrile functionality, but also an additional acidic (benzylic) position. Finally, while alkyl 

lithium reagents are known to reduce N=N bonds in azobenzenes,36 43 could be obtained in excellent 

isolated yield (93%), thereby providing a scaffold used in areas ranging from photoresponsive 

materials37 to photopharmacology.38 The demonstrated functional group tolerance at ambient 

temperature represents an important step in the development of organolithium cross-coupling 

reactions. Previously the use of low temperatures,17,18,39 siloxane-transfer agents,40 or the use of flow 

chemistry41 (short residence times) was required to demonstrate compatibility with electrophilic 

functionalities in organolithium cross-coupling reactions which can now be circumvented in the case 

of the catalytic C-C bond formation of lithium acetylides.  

The possibility of performing multiple cross-coupling reactions using di-, tri- and tetra- bromides was 

also explored (Scheme 6.1). This allowed for the bis-functionalization of stiff stilbene 44, a compound 

extensively studied for its photoisomerization properties.42 The reaction of di-, tri-, and tetra-

brominated substrates afforded particularly valuable products (15, 45-48; 60-99% yield). These types 

of scaffolds are widely used as rigid platforms for the formation of microporous materials.43 They can 

also serve as valuable building blocks for the formation of carbon-based materials1 and dendrimers.44  

 

6.4 Lithium acetylide scope 

Variations of the lithium acetylide reagents were investigated by performing the cross-coupling 

reaction with 4-bromoanisole and 4-bromobenzotrifluoride (Scheme 6.2). As expected, changing the 

silyl-protecting group at the acetylene, from trimethylsilyl to triisoproylsilyl, did not alter the 

efficiency of the reaction, providing the desired products 49 and 50 in 96% and 97% yield, 

respectively. Coupling of the linear aliphatic terminal alkyne, 1-hexynyllithium, afforded the cross-

coupling products 51 and 52. The internal alkyne in such products can be isomerized in an alkyne-

zipper reaction45 to provide the terminal alkyne, which is a versatile handle for further reactions. 

Cross-coupling reactions with 4-phenyl-1-butynyllithium afforded the desired products 53 and 54, 
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albeit with moderate yields, whereas 6-chloro-hex-1-nyllithium proved to be a viable coupling 

partner, with no reaction taking place at the terminal chloride that can be used for further 

transformations. Highly rewarding, cycloalkylacetylenes could be coupled, giving rise to the 

cyclopropyl phenyl acetylenes 57 and 58 in excellent yield, as was the cyclohexyl acetylene product 

59.  

Scheme 6.2 Variation of the lithium acetylide 

 
RLi: Acetylene (1.2 mmol), nBuLi (1.2 mmol) in THF (0.5 M); RBr (1.0 mmol), O2-activated Pd[P(tBu)3]2 (5 mol%), 

toluene (8 mL), 30 min addition, rt, Isolated yields are given unless noted otherwise. ( tBu = tert-butyl, rt = room 

temperature, min = minutes, Me = methyl, TMS = trimethylsilyl). 

Our methodology also proved to be suitable for the synthesis of bis-aryl substituted acetylenes, as 

was shown by reacting the lithium acetylenes generated from phenylacetylene, 9-

ethynylphenanthrene, and 2-ethynylthiophene. The desired products (60 - 65) were obtained in good 

to excellent isolated yields (up to 97%), with the results for the electron-donating 4-bromoanisole 

consistently better than for the electron-poor 4-bromobenzotrifluoride.  

We were intrigued by the possibility to employ heteroatom-functionalized terminal alkynes in the 

cross-coupling reaction. 3-Methyl-3-trimethylsilyloxy-1-butynyl lithium, a well-known protected 

acetylene, could be coupled efficiently with 4-bromoanisole (91% for 66) although the reaction with 

4-bromobenzotrifluoride provided the desired product in low yield (10% for 67). 1-Dimethylamino-
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2-propynyl lithium and 3-methoxyprop-1-ynyl lithium could also be coupled. The obtained products 

(68 - 70) are important allene-precursors used in the synthesis of heterocycles.46 Finally, the lithiated 

propargyl aldehyde diethyl acetal provided a 3-phenylpropiolaldehyde precursor (71) which is a 

substrate in the synthesis of complex and widely used heterocycles such as 4‐isoxazolines,47 as well 

as 1,2,4-oxadiazoles and isoxazoles.48 

Aldehydes are highly valuable products for subsequent transformations but their synthesis using 

organolithium cross-coupling chemistry comprises a major challenge. Not unexpectedly, when the 

reaction was performed on a substrate bearing a free aldehyde moiety, only the 1,2-addition product 

was observed. Encouraged by our recent studies,49 Weinreb amide 72 was reduced in-situ with DIBAL-

H to afford the tetrahedral aluminium intermediate 73. Subjected to the catalytic cross-coupling with 

lithium (trimethylsilyl)acetylide, aldehyde 74 was obtained in an one-pot procedure after aqueous 

acidic workup (Scheme 6.3). 

Scheme 6.3 One-pot synthesis of an aldehyde via lithium acetylide cross-coupling. 

 
In-situ generated Weinreb amide aluminum complex 73 reacts with lithium acetylides providing the cross-coupled 

benzaldehyde 74. (DIBAL-H = diisobutyl aluminumhydride, min = minutes, rt = room temperature, tBu = tert-butyl, 

Me = methyl) 

6.5 Scalability and application 

Scaling up reaction methodologies from lab- to preparative scale is known to come paired with 

increased reaction times, a decrease of heat transfer with increased reaction volume, as well as a 

decrease in mixing efficiency.50 One of the first steps in the upscaling process is the translation from 

lab, i.e. sub-gram scale, to preparative scale, i.e. multi-gram scale. Performing the cross-coupling of 

aryl bromides with lithium (trimethylsilyl)acetylide on 2.5 g scale, both electron-rich (8) and electron-

deficient products (18, 75) were isolated in excellent yields (91 - 99%) whereas the sterically 

encumbered, di-ortho substituted, aryl bromide furnished the corresponding product 21 in 87% yield 

(Scheme 6.4).  
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Scheme 6.4 Scalability investigation  

 
Reactions performed with 2.5 g substrate. (tBu = tert-butyl, Me = methyl, rt = room temperature, min = minutes). 

In order to demonstrate applications of our methodology, three examples of previously reported 

products, synthesized using Sonogashira cross-coupling reactions, were selected for comparison 

(Scheme 6.5). N,N-dimethyl-4-((trimethylsilyl)ethynyl)aniline 13 has been used in the synthesis of 

cationic photosensitizers, which are employed in photodynamic therapy.51 The Sonogashira cross-

coupling performed by Detty and co-workers furnished the desired product in 90% yield but required 

a reaction time of 8 h at the high temperature of 106 °C.51 Our catalytic cross-coupling reaction 

provided product 13 in a similar yield of 91%, but proceeds 10x as fast (45 min) at ambient 

temperature. 

The second example pertains to the synthesis of pharma intermediate 24, used in the construction 

of a potential inhibitor for aurora kinases A and B; enzymes that are overexpressed in human 

tumors.52 Minaruzzaman and co-workers performed the Sonogashira cross-coupling between 4-

bromo-1,2-(methylenedioxy)benzene with (trimethylsilyl)acetylide at 90 °C, providing the desired 

product 24 in 62% after 24 h.53 Our method provided 24 in 45 min, at room temperature, with an 

isolated yield of 75%, showing the beneficial effects of ambient conditions and short reaction times.  

Compound 15 was previously used in the construction of 1,4-bis(4-

(phenylethynyl)phenylethynyl)benzene-based films, which were investigated for their application in 

light emitting diodes (LEDs).54 Adachi and co-workers obtained product 15 in 93 % yield after 24 h at 

50 °C, starting from the aryl iodide.54 Using the more readily available (and cheaper) aryl bromide, 

the desired product was isolated in 99% yield, again, after only 45 min at room temperature. The 

comparison with these three reported syntheses, which have found application in the preparation of 

highly relevant target structures, highlights the advantageous role that our developed methodology 

can fulfil.  
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Scheme 6.5 Potential application of the cross-coupling methodology. 

 
Comparison of the developed protocol with reported syntheses of a photosensitiser, pharma intermediate and an 

optoelectronic material. (Me = methyl, cat. = catalyst, Ph = phenyl, eq. = equivalent, h = hour, tBu = tert-butyl, rt = 

room temperature, min = minutes, Et = ethyl, DIPEA = N,N-diisopropylethylamine). 

6.6 Conclusions 

In summary, we have developed an efficient cross-coupling of lithium acetylides, complementary to 

the Sonogashira coupling. The reaction between aryl bromides and lithium acetylides allows the 

efficient synthesis of aryl acetylides at ambient temperature with short reaction times (45 min). The 

scope of the reaction is broad with respect to both the nature of the lithium acetylides and aryl 

bromides (>60 examples). Particularly noteworthy is the demonstration of the cross-coupling in the 

presence of acidic (benzylic) and organolithium-reactive functional groups, such as amides, 

carbamates, boronic esters, lactones, azobenzenes, nitriles and esters. The alkynylation of these 

functionalized systems can now be easily and efficiently achieved using Pd-catalysed organolithium 

cross-coupling chemistry at room temperature. The (sp2)-(sp) C-C bond formation also proved to be 

scalable without attenuation of the catalytic efficiency. The cross-coupling of lithium acetylides thus 

opens up many avenues for the fast and facile late-stage functionalization of functional group 

containing molecules, such as natural products, materials and pharmaceuticals. 
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6.9 Experimental section 

General Experimental Procedure for the Cross-Coupling of Aryl Bromides and Lithium Acetylides 

Pd[P(tBu)3]2/O2 was prepared by purging a solution of Pd[P(tBu)3]2 in toluene (10 mg/mL) with molecular oxygen 

(3 x 20 mL for 200 mL of catalyst solution) and stirring the solution for 16 h, resulting in a rapid colour transition 

from orange to dark red-brown. 

In a dry Schlenk flask under an inert atmosphere, a prepared Pd[P(tBu)3]2/O2 solution (2.6 mL; 10 mg/mL; 5 mol%) 

and the corresponding aryl bromide (1.0 mmol) were dissolved in dry toluene (5.4 mL) and left to stir at RT for 

5 min. Meanwhile, a solution of the corresponding acetylene (1.2 eq.) in THF was stirred at 0 °C and n-Buli (1.6 

M in hexanes; 1.2 eq.) was slowly added, resulting in a 0.5 M solution, after which the mixture was allowed to 

warm to RT. The freshly prepared organolithium reagent was then added to the reaction mixture over 30 min 

using a syringe pump. The reaction mixture was stirred for 15 min after addition of the lithium acetylide and 

subsequently quenched by addition of iPrOH. The mixture was concentrated onto silica and subjected to flash 

column chromatography to afford the desired product. 

 

Compounds characterisation 

Trimethyl[(naphthalen-2-yl)ethynyl]silane (5) 

Synthesised using the general procedure from 2-bromonaphthalene (207 mg). 

The product was obtained as an off-white solid (225 mg; quant.) after purification 

by automated flash column chromatography (n-Pentane). 1H NMR (300 MHz, 

CDCl3) δ 8.02 (d, J = 0.8 Hz, 1H; Ar), 7.85 – 7.73 (m, 3H; Ar), 7.55 – 7.46 (m, 3H; Ar), 0.29 (s, 9H; Si(CH3)3). 13C NMR 

(75 MHz, CDCl3) δ 132.89, 132.86, 132.02, 128.58, 127.87, 127.79, 127.74, 126.74, 126.51, 120.40, 105.44, 94.53, 

0.04. Data in accordance with the literature.1 

 

[(2-methoxyphenyl)ethynyl]trimethylsilane (6) 

Synthesised using the general procedure from 2-bromoanisole (187 mg). The product 

was obtained as a red-brown oil (195 mg; 96 %) after purification by automated flash 

column chromatography (n-Pentane). 1H NMR (400 MHz, CDCl3) δ 7.43 (dd, J = 7.6, 1.6 

Hz, 1H; Ar), 7.30 – 7.24 (m, 1H; Ar), 6.91 – 6.81 (m, 2H; Ar), 3.87 (s, 3H; OCH3), 0.26 (s, 

9H; Si(CH3)3). 13C NMR (101 MHz, CDCl3) δ 160.45, 134.32, 130.10, 120.46, 112.43, 110.80, 101.39, 98.60, 55.96, 

0.24. Data in accordance with the literature.2 

 

[(3-methoxyphenyl)ethynyl]trimethylsilane (7) 

Synthesised using the general procedure from 3-bromoanisole (187 mg). The 

product was obtained as a red-brown oil (110 mg; 54 %) after purification by 

automated flash column chromatography (n-Pentane). 1H NMR (400 MHz, CDCl3) 

δ 7.19 (t, J = 7.9 Hz, 1H; Ar), 7.06 (d, J = 7.6 Hz, 1H; Ar), 7.00 – 6.97 (m, 1H; Ar), 6.89 – 6.84 (m, 1H; Ar), 3.79 (s, 

3H, OCH3), 0.25 (s, 9H, Si(CH3)3). 13C NMR (101 MHz, CDCl3) δ 161.86, 131.92, 127.20, 126.73, 119.18, 117.99, 

107.64, 96.59, 57.92, 2.61. Data in accordance with the literature.2 

 

                                                                 
1 H. Uji, J. Ogawa, K. Itabashi, T. Imai, S. Kimura, Chem. Commun. 2018, 54, 12483-12486 
2 H. Ueda, M. Yamaguchi, H. Kameya, K. Sugimoto, H. Tokuyama, Org. Lett. 2014, 16, 4948-4951 
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[(4-methoxyphenyl)ethynyl]trimethylsilane (8) 

Synthesised using the general procedure from 4-bromoanisole (187 mg). The 

product was obtained as a brown oil (155 mg; 76 %) after purification by 

automated flash column chromatography (n-Pentane). 1H NMR (300 MHz, CDCl3) 

δ 7.40 (d, J = 9.1 Hz, 2H; Ar), 6.82 (d, J = 8.8 Hz, 2H; Ar), 3.80 (s, 3H; OCH3), 0.23 

(s, 9H; Si(CH3)3). 13C NMR (75 MHz, CDCl3) δ 159.87, 133.62, 115.37, 113.93, 105.32, 92.57, 55.44, 0.22. Data in 

accordance with the literature.2 

 

((2-(methoxymethoxy)phenyl)ethynyl)trimethylsilane (9) 

Synthesised using the general procedure from 1-bromo-2-(methoxymethoxy)benzene 

(217 mg) at 50 °C. The product was obtained as a brown solid (173 mg; 74 %) after 

purification by automated flash column chromatography (n-Pentane/EtOAc 95/5). 1H 

NMR (400 MHz, CDCl3) δ 7.44 (dd, J = 7.6, 1.7 Hz, 1H; Ar), 7.25 (ddd, J = 8.5, 7.5, 1.7 Hz, 1H; Ar), 7.07 (d, J = 8.3 

Hz, 1H; Ar), 6.95 (td, J = 7.5, 0.9 Hz, 1H; Ar), 5.24 (s, 2H; -OCH2OCH3), 3.54 (s, 3H; -OCH2OCH3), 0.26 (s, 9H; -

Si(CH3)3). 13C NMR (101 MHz, CDCl3) δ 160.75, 136.60, 132.48, 124.53, 118.35, 116.70, 103.88, 101.05, 97.87, 

58.93, 2.68. Data in accordance with the literature.3 

 

((3-(methoxymethoxy)phenyl)ethynyl)trimethylsilane (10) 

Synthesised using the general procedure from 1-bromo-3-

(methoxymethoxy)benzene (2.0 g; 9.2 mmol). The product was obtained as a 

red-brown oil (1.91 g; 89 %) after purification by automated flash column 

chromatography (n-Hexane/EtOAc 98/2). 1H NMR (400 MHz, CDCl3) δ 7.20 (t, J = 7.9 Hz, 1H; Ar), 7.15 (t, J = 1.9 

Hz, 1H; Ar), 7.11 (d, J = 7.6 Hz, 1H; Ar), 7.02 – 6.94 (m, 1H; Ar), 5.16 (s, 2H; OCH2OCH3), 3.47 (s, 3H; OCH2OCH3), 

0.25 (s, 9H; Si(CH3)3). 13C NMR (101 MHz, CDCl3) δ 159.51, 131.94, 128.32, 126.82, 121.93, 119.76, 107.40, 96.97, 

96.76, 58.67, 2.61. Data in accordance with the literature.4 

 

((4-(methoxymethoxy)phenyl)ethynyl)trimethylsilane (11) 

Synthesised using the general procedure from 1-bromo-4-

(methoxymethoxy)benzene (2.0 g; 9.2 mmol). The product was obtained as a 

red-brown oil (1.75 g; 81 %) after purification by automated flash column 

chromatography (n-Hexane/EtOAc 98/2). 1H NMR (400 MHz, CDCl3) δ 7.40 (d, J = 8.8 Hz, 2H; Ar), 6.95 (d, J = 8.8 

Hz, 2H; Ar), 5.16 (s, 2H; OCH2OCH3), 3.46 (s, 3H; OCH2OCH3), 0.25 (s, 9H; Si(CH3)3). 13C NMR (101 MHz, CDCl3) δ 

157.50, 133.52, 116.61, 116.11, 105.15, 94.37, 92.83, 56.16, 0.18. Data in accordance with the literature.4 

 

1-methylthio-4-[2-(trimethylsilyl)ethynyl]benzene (12) 

Synthesised using the general procedure from 4-bromothioanisole (203 mg). The 

product was obtained as a yellow oil (183 mg; 83 %) after purification by 

automated flash column chromatography (n-Pentane). 1H NMR (300 MHz, CDCl3) 

δ 7.37 (d, J = 9.6 Hz, 2H; Ar), 7.15 (d, J = 7.9 Hz, 2H; Ar), 2.47 (s, 3H; SCH3), 0.24 (s, 9H; Si(CH3)3). 13C NMR (75 

MHz, CDCl3) δ 139.73, 132.38, 125.76, 119.47, 105.01, 94.29, 15.44, 0.15. Data in accordance with the literature.5 

                                                                 
3 N. Isono, M. Lautens, Org. Lett. 2009, 11, 1329-1331 
4 D. P. Flaherty, T. Kiyota, Y. Dong, T. Ikezu, J. L. Vennerstrom, J. Med. Chem. 2010, 53, 7992-7999 
5 Y. Arakawa, S. Kang, H. Tsuji, J. Watanabea, G.-I. Konishi, RSC Adv. 2016, 6, 92845-92851 
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N,N-dimethyl-4-[(trimethylsilyl)ethynyl]aniline (13) 

Synthesised using the general procedure from 4-bromo-N,N-dimethylaniline (200 

mg). The product was obtained as a dark-brown solid (197 mg; 91 %) after 

purification by automated flash column chromatography (n-Pentane/EtOAc 

98/2). 1H NMR (400 MHz, CDCl3) δ 7.35 (d, J = 8.9 Hz, 2H; Ar), 6.60 (d, J = 8.9 Hz, 

2H; Ar), 2.97 (s, 6H; N(CH3)2), 0.24 (s, 9H; Si(CH3)3). 13C NMR (101 MHz, CDCl3) δ 150.33, 133.25, 111.72, 110.03, 

106.70, 91.29, 40.30, 0.37. Data in accordance with the literature.6 

 

trimethyl((2-(trifluoromethoxy)phenyl)ethynyl)silane (14) 

Synthesised using the general procedure from 1-bromo-2-(trifluoromethoxy)benzene 

(241 mg) at 50 °C. The product was obtained as a light-brown oil (165 g; 64 %) after 

purification by automated flash column chromatography (n-Pentane). 1H NMR (400 

MHz, CDCl3) δ 7.51 (dd, J = 7.9, 1.6 Hz, 1H; Ar), 7.34 (td, J = 8.2, 7.5, 1.7 Hz, 1H; Ar), 7.26 

– 7.19 (m, 2H; Ar), 0.26 (s, 9H; Si(CH3)3). 13C NMR (101 MHz, CDCl3) δ 149.95, 133.88, 129.75, 126.78, 121.46, 

120.72 (q, J = 258.1 Hz), 118.20, 100.76, 98.80. 19F NMR (376 MHz, CDCl3) δ -57.66. Data in accordance with the 

literature. 

 

1,4-Bis(trimethylsilylethynyl)benzene (15) 

Starting from (4-bromophenylethynyl)trimethylsilane : Synthesised 

using the general procedure from (4-

bromophenylethynyl)trimethylsilane (253 mg). The product was 

obtained as an off-white solid (207 mg; 77 %) after purification by 

automated flash column chromatography (n-Pentane). 

Starting from 1,4-dibromobenzene : Synthesised using the general procedure from 1,4-dibromobenzene (236 

mg). Reaction performed using 2.2 eq. (trimethylsilyl)acetylene. The product was obtained as a light-brown solid 

(267 mg; 99 %) after purification by automated flash column chromatography (n-Pentane). 1H NMR (400 MHz, 

CDCl3) δ 7.39 (s, 4H; Ar), 0.25 (s, 18H; Si(CH3)3). 13C NMR (101 MHz, CDCl3) δ 131.89, 123.29, 104.70, 96.44, 0.06. 

Data in accordance with the literature.7 

 

trimethyl((2-(trifluoromethyl)phenyl)ethynyl)silane (16) 

Synthesised using the general procedure from 2-bromobenzotrifluoride (225 mg) at 50 

°C. The product was obtained as a yellow oil (216 mg; 89 %) after purification by 

automated flash column chromatography (n-Pentane). 1H NMR (400 MHz, CDCl3) δ 7.63 

(d, J = 7.8 Hz, 1H; Ar), 7.59 (d, J = 7.6 Hz, 1H; Ar), 7.46 (t, J = 7.5 Hz, 1H; Ar), 7.39 (t, J = 

7.6 Hz, 1H; Ar), 0.26 (s, 9H; Si(CH3)3). 13C NMR (101 MHz, CDCl3) δ 134.27, 132.73, 132.42, 132.12, 131.82, 131.42, 

131.41, 131.40, 131.38, 128.30, 127.66, 125.99, 125.94, 125.88, 125.83, 124.94, 122.22, 121.54, 119.50, 101.10, 

101.09, 101.08, 100.68, -0.26. 19F NMR (376 MHz, CDCl3) δ -62.46. Data in accordance with the literature.8 

 

trimethyl((3-(trifluoromethyl)phenyl)ethynyl)silane (17) 

Synthesised using the general procedure from 3-bromobenzotrifluoride (225 

mg). The product was obtained as a yellow oil (229 mg; 95 %) after purification 

by automated flash column chromatography (n-Pentane). 1H NMR (400 MHz, 

CDCl3) δ 7.73 (s, 1H; Ar), 7.62 (d, J = 7.7 Hz, 1H; Ar), 7.56 (d, J = 7.9 Hz, 1H; Ar), 7.42 (t, J = 7.8 Hz, 1H; Ar), 0.27 (s, 

9H; Si(CH3)3). 13C NMR (101 MHz, CDCl3) δ 133.48 (q, J = 32.7 Hz), 131.39 (q, J = 7.6 Hz), 131.35, 133.26 – 127.82 

                                                                 
6 N. Niamnont, W. Siripornnoppakhun, P. Rashatasakhon, M. Sukwattanasinitt, Org. Lett. 2009, 11, 2768-2771 
7 J. R. Gardinier, P. J. Pellechia, M. D. Smith, J. Am. Chem. Soc. 2005, 127, 12448-12449 
8 D. Lasányi, G. L. Tolnai, Org. Lett. 2019, 21, 10057-10062 
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(m), 127.60 (q, J = 3.8 Hz), 126.72, 124.96, 105.89, 98.84, 2.44. 19F NMR (376 MHz, CDCl3) δ -63.04. Data in 

accordance with the literature.9 

 

trimethyl((4-(trifluoromethyl)phenyl)ethynyl)silane (18) 

Synthesised using the general procedure from 4-bromobenzotrifluoride (225 

mg). The product was obtained as a brown oil (240 mg; 99 %) after purification 

by automated flash column chromatography (n-Pentane). 1H NMR (400 MHz, 

CDCl3) δ 7.56 (s, 4H; Ar), 0.27 (s, 9H; Si(CH3)3). 13C NMR (101 MHz, CDCl3) δ 

132.33, 130.31 (d, J = 32.8 Hz), 127.30 – 126.94 (m), 125.28 (q, J = 3.8 Hz), 125.45 – 119.88 (m), 103.57, 97.33, -

0.05. 19F NMR (376 MHz, CDCl3) δ -62.92. Data in accordance with the literature.10 

 

trimethyl((4-nitrophenyl)ethynyl)silane (19) 

Synthesised using the general procedure from 1-bromo-4-nitrobenzene (202 

mg). The product was obtained as a dark-brown solid (154 mg; 70 %) after 

purification by automated flash column chromatography (n-Pentane).11 1H NMR 

(400 MHz, CDCl3) δ 8.16 (d, J = 8.8 Hz, 2H; Ar), 7.59 (d, J = 8.8 Hz, 2H; Ar), 0.27 (s, 

9H; Si(CH3)3). 13C NMR (101 MHz, CDCl3) δ 147.29, 132.82, 130.11, 123.61, 102.83, 100.75, -0.16. Data in 

accordance with the literature.12 

 

((3-chlorophenyl)ethynyl)trimethylsilane (20) 

Synthesised using the general procedure from 1-bromo-3-chlorobenzene (0.19 g) 

at 50 °C. The product was obtained as a yellow oil (200 mg; 96 %) after purification 

by automated flash column chromatography (n-Pentane). 1H NMR (300 MHz, 

CDCl3) δ 7.47 – 7.44 (m, 1H; Ar), 7.39 – 7.27 (m, 2H; Ar), 7.25 – 7.19 (m, 1H; Ar), 0.24 (s, 9H; Si(CH3)3). 13C NMR 

(75 MHz, cdcl3) δ 134.18, 131.98, 130.18, 129.58, 128.90, 124.97, 103.56, 95.87, 0.01. Data in accordance with 

the literature.12 

 

1-(trimethylsilyl)-2-(2,6-dimethylphenyl)ethyne (21) 

Synthesised using the general procedure from 2-bromo-1,3-dimethylbenzene (185 mg). 

The product was obtained as a yellow oil (142 mg; 70 %) after purification by automated 

flash column chromatography (n-Pentane). 1H NMR (300 MHz, CDCl3) δ 7.11 (dd, J = 8.7, 

6.2 Hz, 1H; Ar), 7.03 (ddd, J = 7.4, 1.4, 0.7 Hz, 2H), 2.43 (s, 6H; Ar(CH3)2), 0.27 (s, 9H; Si(CH3)3). 13C NMR (75 MHz, 

CDCl3) δ 140.77, 127.97, 126.70, 123.05, 102.94, 102.85, 21.20, 0.32. Data in accordance with the literature.13 

 

6-((trimethylsilyl)ethynyl)naphthalen-2-yl trifluoromethanesulfonate 

(22) 

Synthesised using the general procedure from 6-bromonaphthalen-2-yl 

trifluoromethanesulfonate (355 mg). The product was obtained as a 

light-brown oil (211 mg; 59%) after purification by automated flash 

column chromatography (n-Pentane). 1H NMR (400 MHz, CDCl3) δ 8.02 

(s, 1H; Ar), 7.86 (d, J = 9.1 Hz, 1H; Ar), 7.79 (d, J = 8.6 Hz, 1H; Ar), 7.71 (d, J = 2.3 Hz, 1H; Ar), 7.60 (dd, J = 8.5, 1.5 

Hz, 1H; Ar), 7.37 (dd, J = 9.0, 2.5 Hz, 1H; Ar), 0.30 (s, 9H; Si(CH3)3). 13C NMR (101 MHz, CDCl3) δ 147.69, 132.90, 

                                                                 
9 P. L. McGrier et al., Chem. Commun. 2007, 2127-2129 
10 F. Le Vaillant, T. Courant, J. Waser, Angew. Chem. Int. Ed. 2015, 54, 11200-11204 
11 Separation of the product from minor aliphatic impurities could not be achieved. 
12 L.-P. B. Beaulieu, L. B. Delvos, A. B. Charette, Org. Lett. 2010, 12, 1348-1351 
13 T. Saiki et al., Bull. Chem. Soc. Jpn. 2000, 73, 1893-1902 
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131.99, 131.84, 130.58, 130.48, 128.10, 122.26, 120.43, 119.32, 118.93 (q, J = 320.8 Hz), 104.56, 96.27, 0.06. 19F 

NMR (376 MHz, CDCl3) δ -72.83. Data in accordance with the literature.14 

 

1-phenyl-4-trimethylsilyl-1-buten-3-yne (23) 

Synthesised using the general procedure from β-bromostyrene (183 mg). The 

product was obtained as a light-yellow oil (169 mg; 85 %) after purification by 

automated flash column chromatography (n-Pentane). 1H NMR (400 MHz, CDCl3) 

δ 7.40 – 7.25 (m, 5H), 7.01 (d, J = 16.3 Hz, 1H; ArCH=CH), 6.19 (d, J = 16.3 Hz, 1H; ArCH=CH), 0.24 (s, 9H; Si(CH3)3). 
13C NMR (101 MHz, CDCl3) δ 142.51, 136.27, 128.85, 128.26, 126.44, 108.18, 104.54, 97.02, 0.11. Data in 

accordance with the literature.15 

 

5-[2-(Trimethylsilyl)ethynyl]-1,3-benzodioxole (24) 

Synthesised using the general procedure from 1-bromo-3,4-

(methylenedioxy)benzene (201 mg). The product was obtained as an off-white 

solid (163 mg; 75 %) after purification by automated flash column 

chromatography (n-Pentane). 1H NMR (400 MHz, CDCl3) δ 7.85 (d, J = 7.9 Hz, 1H; Ar), 7.60 (d, J = 8.0 Hz, 1H; Ar), 

7.57 (s, 1H; Ar), 5.29 (s, 2H; OCH2O), 0.27 (s, 9H; Si(CH3)3). 13C NMR (101 MHz, CDCl3) δ 148.16, 147.40, 126.88, 

116.55, 112.01, 108.45, 105.11, 101.40, 92.42, 0.15. Data in accordance with the literature.16 

 

1-(triisopropylsilyl)-3-((trimethylsilyl)ethynyl)-1H-pyrrole (25) 

Synthesised using the general procedure from 3-bromo-1-(tri(isopropyl)silyl)pyrrole 

(302 mg). The product was obtained as a red-brown oil (256 mg; 80 %) after 

purification by automated flash column chromatography (n-Pentane). 1H NMR (400 

MHz, CDCl3) δ 7.01 (s, 1H; Ar), 6.63 (t, J = 2.2 Hz, 1H; Ar), 6.39 (dd, J = 2.8, 1.3 Hz, 

1H; Ar), 1.42 (p, J = 7.5 Hz, 3H; Si(CH(CH3)2)3), 1.08 (d, J = 7.5 Hz, 18H; Si(CH(CH3)2)3), 0.22 (s, 9H; Si(CH3)3). 13C 

NMR (101 MHz, CDCl3) δ 129.33, 124.13, 114.23, 106.33, 101.38, 92.32, 17.85, 11.72, 0.39. HRMS (ESI+, m/z): 

calculated for C18H33NSi2+ [M+H+]: 320.2224; found: 320.2228. Data in accordance with the literature.17 

 

trimethyl(thiophen-3-ylethynyl)silane (26) 

Synthesised using the general procedure from 3-bromothiophene (163 mg). The product 

was obtained as a yellow oil (117 mg; 65 %) after purification by automated flash column 

chromatography (n-Pentane). 1H NMR (400 MHz, CDCl3) δ 7.48 (dd, J = 3.0, 1.1 Hz, 1H; 

Ar), 7.24 (dd, J = 5.0, 3.0 Hz, 1H; Ar), 7.13 (dd, J = 5.0, 1.0 Hz, 1H; Ar), 0.25 (s, 9H; Si(CH3)3). 13C NMR (101 MHz, 

CDCl3) δ 130.20, 129.68, 125.27, 122.49, 100.07, 93.97, 0.12. Data in accordance with the literature.18 

 

1-methyl-5-trimethylsilanylethynyl-1H-indole (27) 

Synthesised using the general procedure from 5-bromo-1-methylindole (210 mg). 

The product was obtained as a dark-brown oil (156 mg; 70 %) after purification by 

automated flash column chromatography (n-Pentane/EtOAc 100/0 gradient 

99/1). 1H NMR (400 MHz, CDCl3) δ 7.80 (s, 1H; Ar), 7.34 (dd, J = 8.5, 1.4 Hz, 1H; Ar), 

7.23 (d, J = 8.5 Hz, 1H; Ar), 7.05 (d, J = 3.1 Hz, 1H; Ar), 6.46 (d, J = 2.9 Hz, 1H; Ar), 3.77 (s, 3H; NCH3), 0.28 (s, 9H; 

                                                                 
14 H. Liu, R. Huang, Y. Fang, Chin. J. Chem. 2017, 35, 707-715 
15 T. Schabel, B. Plietker, Chem. Eur. J. 2013, 19, 6938-6941 
16 Y. Jeong, J. Lee, J.-S. Ryu, Bioorg. Med. Chem. 2016, 24, 2114-2124 
17 A. Alvarez, A. Guzman, A. Ruiz, E. Velarde, J. M. Muchowski, J. Org. Chem. 1992, 57, 1653-1656  
18 Y. Yuan, T. Michinobu, J. Polym. Sci. Pol. Chem. 2011, 49, 225-233 
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Si(CH3)3). 13C NMR (101 MHz, CDCl3) δ 136.56, 129.86, 128.28, 125.60, 125.46, 113.77, 109.22, 107.26, 101.44, 

91.14, 33.02, 0.35. Data in accordance with the literature.19 

 

(benzo[b]thiophen-3-ylethynyl)trimethylsilane (28) 

Synthesised using the general procedure from 3-bromothianaphthene (213 mg). 

The product was obtained as a brown oil (208 mg; 90 %) after purification by 

automated flash column chromatography (n-Pentane). 1H NMR (400 MHz, CDCl3) δ 

7.95 (d, J = 7.9 Hz, 1H), 7.84 (d, J = 8.0 Hz, 1H), 7.65 (s, 1H), 7.46 (td, J = 8.1, 7.6, 1.2 Hz, 1H), 7.39 (td, J = 7.6, 7.1, 

1.3 Hz, 1H), 0.33 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 139.40, 138.85, 130.83, 125.19, 124.85, 123.21, 122.68, 

118.59, 98.51, 97.28, 0.23. Data in accordance with the literature.20 

 

4-((trimethylsilyl)ethynyl)isoquinoline (29) 

Synthesised using the general procedure from 4-bromoisoquinoline (208 mg). The 

product was obtained as a brown oil (97 mg; 43 %) after purification by automated 

flash column chromatography (n-Pentane). 1H NMR (400 MHz, CDCl3) δ 9.17 (s, 1H; Ar), 

8.70 (s, 1H; Ar), 8.22 (d, J = 8.4 Hz, 1H; Ar), 7.96 (d, J = 8.2 Hz, 1H; Ar), 7.81 – 7.75 (m, 

1H; Ar), 7.66 – 7.61 (m, 1H; Ar), 0.34 (s, 9H; Si(CH3)3). 13C NMR (101 MHz, CDCl3) δ 

152.24, 147.03, 135.83, 131.25, 127.99, 127.96, 127.78, 125.22, 115.89, 102.73, 100.01, 0.12. Data in accordance 

with the literature.21 

 

(dibenzo[b,d]furan-4-ylethynyl)trimethylsilane (30) 

Synthesised using the general procedure from 4-bromodibenzofuran (247 mg). 

The product was obtained as a light-brown oil (150 mg; 57 %) after purification 

by automated flash column chromatography (n-Pentane). 1H NMR (400 MHz, 

CDCl3) δ 7.95 – 7.89 (m, 2H; Ar), 7.66 (d, J = 8.3 Hz, 1H; Ar), 7.58 (dd, J = 7.6, 0.9 

Hz, 1H; Ar), 7.52 – 7.45 (m, 1H; Ar), 7.36 (t, J = 7.5 Hz, 1H; Ar), 7.29 (t, J = 7.7 Hz, 1H; Ar), 0.36 (s, 9H; Si(CH3)3). 
13C NMR (101 MHz, CDCl3) δ 156.33, 156.31, 131.23, 127.63, 124.55, 124.02, 123.10, 122.68, 121.20, 120.85, 

112.23, 107.92, 99.98, 99.22, 0.19. Data in accordance with the literature.22 

 

4-(4-trimethylsilanylethynylphenyl)morpholine (31) 

Synthesised using the general procedure from 4-(4-bromophenyl)morpholine 

(242 mg) at 50 °C. The product was obtained as a light-brown solid (177 mg; 

68 %) after purification by automated flash column chromatography (n-

Pentane/EtOAc : 100/0 to 90/10). 1H NMR (400 MHz, CDCl3) δ 7.37 (d, J = 8.9 

Hz, 2H; Ar), 6.79 (d, J = 8.9 Hz, 2H; Ar), 4.02 – 3.78 (m, 4H; N(CH2CH2)2O), 3.32 

– 3.11 (m, 4H; N(CH2CH2)2O), 0.23 (s, 9H; Si(CH3)3). 13C NMR (101 MHz, CDCl3) δ 151.10, 133.25, 114.75, 113.80, 

105.79, 92.35, 66.86, 48.58, 0.27. HRMS (ESI+, m/z): calculated for C15H22NOSi+ [M+H+]: 260.1465; found: 

260.1466. Data in accordance with the literature.23 

 

((1H-inden-2-yl)ethynyl)trimethylsilane (32) 

Synthesised using the general procedure from 2-bromoindene (195 mg). The 

product was obtained as an off-white solid (170 mg; 80 %) after purification by 

automated flash column chromatography (n-Pentane). 1H NMR (400 MHz, CDCl3) δ 7.41 (d, J = 7.2 Hz, 1H; Ar), 

                                                                 
19 A. P.Kozikowski et al., J. Am. Chem. Soc. 2007, 129, 8328-8332 
20 M. Saurabh, R. C. Larock, J. Org. Chem. 2010, 75, 1652-1658 
21 T. Sakamoto, M. Shiraiwa, Y. Kondo, H. Yamanaka, Synthesis 1983, 312-314 
22 S.-W. Cha et al., U.S. Patent US2017/141322, May 18, 2017 
23 A. Elangovan, T.-Y. Chen, C.-Y. Chena, T.-I. Ho, Chem. Comm. 2003, 2146-2147 (2003) 
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7.37 (d, J = 7.2 Hz, 1H; Ar), 7.30 – 7.26 (m, 1H; Ar), 7.23 (td, J = 7.3, 1.1 Hz, 1H; Ar), 7.11 (s, 1H; ArCH), 3.54 (s, 2H; 

ArCH2), 0.26 (s, 9H; Si(CH3)3). 13C NMR (101 MHz, CDCl3) δ 144.02, 143.01, 138.45, 127.30, 126.88, 126.02, 123.69, 

121.64, 102.23, 99.53, 42.88, 0.15. Data in accordance with the literature.24 

 

2-trimethylsilylethynylfluorene (33) 

Synthesised using the general procedure from 2-bromofluorene (245 mg). 

The product was obtained as an off-white solid (211 mg; 81 %) after 

purification by automated flash column chromatography (n-Pentane). 1H 

NMR (400 MHz, CDCl3) δ 7.77 (d, J = 7.5 Hz, 1H; Ar), 7.71 (d, J = 7.9 Hz, 1H; 

Ar), 7.66 (s, 1H; Ar), 7.53 (dd, J = 16.3, 7.6 Hz, 2H; Ar), 7.39 (t, J = 7.3 Hz, 1H; Ar), 7.32 (td, J = 7.4, 1.1 Hz, 1H; Ar), 

3.88 (s, 2H; ArCH2Ar), 0.29 (s, 9H; Si(CH3)3). 13C NMR (101 MHz, CDCl3) δ 143.74, 143.15, 142.19, 141.19, 131.00, 

128.70, 127.32, 127.04, 125.22, 121.25, 120.36, 119.78, 106.02, 94.13, 36.83, 0.21. Data in accordance with the 

literature.25 

 

trimethyl((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)ethynyl)silane (34) 

Synthesised using the general procedure from 2-(4-bromophenyl)-4,4,5,5-

tetramethyl-1,3,2-dioxaborolane (283 mg). The product was obtained as a 

dark-brown solid (199 mg; 66 %) after purification by automated flash 

column chromatography (n-Pentane). 1H NMR (300 MHz, CDCl3) δ 7.73 (d, 

J = 8.1 Hz, 2H; Ar), 7.46 (d, J = 8.1 Hz, 2H; Ar), 1.33 (s, 12H; C((CH3)2)2), 0.24 (s, 9H; Si(CH3)3). 13C NMR (101 MHz, 

CDCl3) δ 134.57, 131.22, 125.89, 105.31, 95.66, 84.07, 25.02, 0.09.26 Data in accordance with the literature.27 

 

N,N-dimethyl-4-((trimethylsilyl)ethynyl)benzamide (35) 

Synthesised using the general procedure from 4-bromo-N,N-

dimethylbenzamide (228 mg). The product was obtained as a red-brown oil 

(207 mg; 84 %) after purification by automated flash column chromatography 

(n-Pentane/EtOAc : 100/0 to 90/10). 1H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 

8.3 Hz, 2H; Ar), 7.34 (d, J = 8.3 Hz, 2H; Ar), 3.09 (s, 3H; N(CH3)2), 2.94 (s, 3H; N(CH3)2), 0.25 (s, 9H; Si(CH3)3). 13C 

NMR (101 MHz, CDCl3) δ 171.04, 136.20, 132.01, 127.17, 124.58, 104.35, 95.95, 0.02.28 Data in accordance with 

the literature.29 

 

tert-butyl 5-((trimethylsilyl)ethynyl)indoline-1-carboxylate (36) 

Synthesised using the general procedure from tert-butyl 5-bromoindole-

1-carboxylate (296 mg). The product was obtained as an off-white solid 

(241 mg; 77 %) after purification by automated flash column 

chromatography (n-Pentane/EtOAc : 100/0 to 90/10). 1H NMR (400 MHz, 

CDCl3) δ 7.29 (d, J = 8.2 Hz, 1H; Ar), 7.26 (s, 1H; Ar), 7.24 (s, 1H; Ar), 3.97 

(t, J = 8.6 Hz, 2H; ArCH2CH2N), 3.04 (t, J = 8.7 Hz, 2H; ArCH2CH2N), 1.56 (s, 9H; CO2C(CH3)3), 0.23 (s, 9H; Si(CH3)3). 

13C NMR (101 MHz, CDCl3) δ 152.50, 132.02, 128.35, 128.29, 116.59, 114.42, 105.74, 103.86, 92.59, 47.88, 28.57, 

0.22. HRMS (ESI+, m/z): calculated for C18H25NO2SiNa+ [M+Na+]: 338.1547; found: 338.1548. Data in accordance 

with the literature.30 

                                                                 
24 S. M. Wilkerson-Hill, C. M., Lavados, R. Sarpong et al., Tetrahedron 2016, 72, 3635-3640 
25 L. Liu, W.-Y. Wong, Y.-W. Lam, W.-Y. Tam et al., Inorg. Chim. Acta 2007, 360, 109-121 
26 Although nine 13C signals are expected, the obtained spectrum matches the literature. 
27 D. L. Browne, M. Baumann, B. H. Harji, I. R. Baxendale, S. V. Ley, Org. Lett. 2011, 13, 3312-3315 
28 The dimethylamide CH3 signals could not be observed by 13C-NMR, although they were observed by 1H-NMR. 
29 L. C. Gobbi et al., U.S. Patent US2005/113374, May 26, 2005 
30 W. Qu et al., Bioorg. Med. Chem. Lett. 2008, 18, 4823-4827 
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ethyl 4-((trimethylsilyl)ethynyl)benzoate (37) 

Synthesised using the general procedure from ethyl 4-bromobenzoate (229 

mg) and 1.05 eq. lithium (trimethylsilyl)acetylide. The product was 

obtained as a brown oil (205 mg; 83 %) after purification by automated 

flash column chromatography (n-Pentane/EtOAc : 100/0 to 90/10). 1H NMR 

(300 MHz, CDCl3) δ 7.97 (d, J = 8.7 Hz, 2H; Ar), 7.51 (d, J = 8.7 Hz, 2H; Ar), 

4.37 (q, J = 7.1 Hz, 2H; CO2CH2CH3), 1.38 (t, J = 7.1 Hz, 3H; CO2CH2CH3), 0.25 (s, 9H; Si(CH3)3). 13C NMR (75 MHz, 

CDCl3) δ 166.04, 131.82, 130.03, 129.33, 127.62, 104.11, 97.55, 61.14, 14.30, -0.17. HRMS (ESI+, m/z): calculated 

for C14H18O2Si+ [M+H+]: 247.1149; found: 247.1149. Data in accordance with the literature.31 

 

6-((trimethylsilyl)ethynyl)isobenzofuran-1(3H)-one (38). 

Synthesised using the general procedure from 6-bromophthalide (213 mg) using 

1.05 eq. lithium (trimethylsilyl)acetylide. The product was obtained as an off-

white solid (126 mg; 55 %) after purification by automated flash column 

chromatography (n-Pentane/EtOAc : 100/0 to 90/10). 1H NMR (400 MHz, CDCl3) δ 7.85 (d, J = 7.9 Hz, 1H; Ar), 

7.60 (d, J = 8.0 Hz, 1H; Ar), 7.57 (s, 1H; Ar), 5.29 (s, 2H; CO2CH2), 0.27 (s, 9H; Si(CH3)3). 13C NMR (101 MHz, CDCl3) 

δ 170.43, 146.51, 132.91, 129.30, 125.69, 125.49, 125.32, 103.50, 99.16, 69.39, -0.12. HRMS (ESI+, m/z): 

calculated for C13H15O2Si+ [M+H+]: 281.0836; found: 281.0835. 

 

6-((trimethylsilyl)ethynyl)-2H-chromen-2-one (39) 

Synthesised using the general procedure from 6-bromochromen-2-one (225 

mg) using 1.05 eq. lithium (trimethylsilyl)acetylide. The product was obtained 

as a brown solid (50 mg; 21 %) after purification by automated flash column 

chromatography (n-Pentane/EtOAc : 95/5). 1H NMR (400 MHz, CDCl3) δ 7.63 (d, J = 9.6 Hz, 1H; Ar), 7.59 (s, 1H; 

Ar), 7.59 – 7.57 (m, 1H; CH=CH(CO)), 7.24 (d, J = 5.4 Hz, 1H; Ar), 6.43 (d, J = 9.6 Hz, 1H; CH=CH(CO)), 0.25 (s, 9H; 

Si(CH3)3). 13C NMR (101 MHz, CDCl3) δ 162.80, 156.31, 145.34, 137.81, 133.95, 122.36, 121.34, 120.06, 119.67, 

105.66, 97.91, 2.51. HRMS (ESI+, m/z): calculated for C14H15O2Si+ [M+H+]: 243.0836; found: 243.0834. Data in 

accordance with the literature.32 

 

6-(2-(trimethylsilyl)ethynyl)chromone (40) 

Synthesised using the general procedure from 7-bromochromone (225 mg) using 

1.05 eq. lithium (trimethylsilyl)acetylide. The product was obtained as a dark-

brown solid (70 mg; 29 %) after purification by automated flash column 

chromatography (n-Pentane/EtOAc : 100/0 to 90/10). 1H NMR (400 MHz, CDCl3) 

δ 8.30 (d, J = 2.0 Hz, 1H; Ar), 7.83 (d, J = 6.0 Hz, 1H; OCH=CH(CO)), 7.70 (dd, J = 8.7, 2.1 Hz, 1H; Ar), 7.38 (d, J = 

8.7 Hz, 1H; Ar), 6.32 (d, J = 6.0 Hz, 1H; OCH=CH(CO), 0.25 (s, 9H; Si(CH3)3). 13C NMR (101 MHz, CDCl3) δ 176.87, 

156.11, 155.40, 136.83, 129.86, 124.80, 120.81, 118.51, 113.30, 103.25, 95.89, -0.02. HRMS (ESI+, m/z): 

calculated for C14H15O2Si+ [M+H+]: 243.0836; found: 243.0837. Data in accordance with the literature.33 

 

4-((trimethylsilyl)ethynyl)benzonitrile (41) 

Synthesised using the general procedure from 4-bromobenzonitrile (182 mg) 

using 1.05 eq. lithium (trimethylsilyl)acetylide. The product was obtained as an 

off-white solid (172 mg; 86 %) after purification by automated flash column 

chromatography (n-Pentane/EtOAc 100/0 gradient 95/5). 1H NMR (400 MHz, 

                                                                 
31 F. A. Mandl et al. Angew. Chem. Int. Ed. 2016, 55, 14852-14857  
32 W. Peng, J. Shan, CN Patent CN109180710, January 11, 2019 
33 T. Patonay, I. Pazurik, A. Ábrahám, Aust. J. Chem. 2013, 66, 646-654 
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CDCl3) δ 7.58 (d, J = 8.5 Hz, 2H; Ar), 7.53 (d, J = 8.5 Hz, 2H; Ar), 0.26 (s, 9H; Si(CH3)3). 13C NMR (101 MHz, CDCl3) 

δ 132.56, 132.04, 128.12, 118.54, 111.90, 103.10, 99.69, -0.14. Data in accordance with the literature.34 

 

2-(4-((trimethylsilyl)ethynyl)phenyl)acetonitrile (42) 

Synthesised using the general procedure from 4-bromophenylacetonitrile 

(196 mg) using 1.05 eq. lithium (trimethylsilyl)acetylide. The product was 

obtained as a red-brown oil (106 mg; 50 %) after purification by automated 

flash column chromatography (n-Pentane). 1H NMR (400 MHz, CDCl3) δ 7.47 (d, J = 8.2 Hz, 2H; Ar), 7.26 (d, J = 

8.2 Hz, 2H; Ar), 3.74 (s, 2H; ArCH2CN), 0.25 (s, 9H; Si(CH3)3). 13C NMR (101 MHz, CDCl3) δ 132.76, 130.18, 127.92, 

123.28, 117.52, 104.18, 95.41, 23.68, 0.04. Data in accordance with the literature.35 

 

1-phenyl-2-(4-((trimethylsilyl)ethynyl)phenyl)diazene (43) 

Synthesised using the general procedure from 1-(4-bromophenyl)-2-

phenyldiazene (261 mg). The product was obtained as an orange solid 

(259 mg; 93 %) after purification by automated flash column 

chromatography (n-Pentane/EtOAc : 99/1). 1H NMR (400 MHz, CDCl3) δ 

7.92 (d, J = 7.6 Hz, 2H), 7.87 (d, J = 8.1 Hz, 2H), 7.61 (d, J = 8.1 Hz, 2H), 

7.53 (d, J = 6.7 Hz, 1H), 7.50 (s, 1H), 7.49 (d, J = 9.7 Hz, 1H), 0.29 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 152.77, 

152.04, 132.94, 131.40, 129.27, 125.90, 123.09, 122.92, 104.78, 97.18, 0.07. HRMS (ESI+, m/z): calculated for 

C17H19N2Si+ [M+H+]: 279.1312; found: 279.1311. Data in accordance with the literature.36 

 

(Z)-6,6'-bis((trimethylsilyl)ethynyl)-2,2',3,3'-tetrahydro-1,1'-biindenylidene 

(44) 

Synthesised using the general procedure from (Z)-6,6'-dibromo-2,2',3,3'-

tetrahydro-1,1'-biindenylidene (390 mg). Reaction performed using 2.2 eq. 

(trimethylsilyl)acetylene. The product was obtained as a light-brown solid (113 

mg; 49 %) after purification by automated flash column chromatography (n-

Pentane). 1H NMR (400 MHz, CDCl3) δ 8.12 (s, 2H; Ar), 7.29 (dd, J = 7.8, 1.3 Hz, 2H; Ar), 7.21 (d, J = 7.8 Hz, 2H; 

Ar), 2.99 – 2.94 (m, 4H; ArCH2CH2C), 2.79 (t, J = 6.8 Hz, 4H; ArCH2CH2C), 0.23 (s, 9H; (Si(CH3)3)2). 13C NMR (101 

MHz, CDCl3) δ 149.06, 140.51, 135.18, 131.43, 126.49, 125.18, 120.79, 105.71, 92.98, 35.03, 30.83, 0.27. HRMS 

(ESI+, m/z): calculated for C28H33Si2+ [M+H+]: 425.2115; found: 425.2112. 

 

1,3,5-Tris(trimethylsilylethynyl)benzene (45) 

Synthesised using the general procedure from 1,3,5-tribromobenzene 

(315 mg). Reaction performed using 3.2 eq. (trimethylsilyl)acetylene. 

The product was obtained as a dark-brown solid (300 mg; 82 %) after 

purification by automated flash column chromatography (n-Pentane). 

1H NMR (400 MHz, CDCl3) δ 7.49 (s, 3H; Ar), 0.23 (s, 27H; (Si(CH3)3)3). 13C 

NMR (101 MHz, CDCl3) δ 135.07, 123.82, 103.31, 95.74, 0.00. Data in 

accordance with the literature.37 

 

                                                                 
34 S. B. Munoz, Org. Biomol. Chem. 2015, 14, 85-92 
35 A. G. Kumar, G. P. Priya, M. Alagar, New. J. Chem. 2018, 42, 5767-5773 
36 N. Möller, Angew. Chem. Int. Ed. 2017, 56, 4356-4360 
37 G. Wei, Q. Wu, G. Jianga, G. Li, J. Mater. Chem. A. 2019, 7, 13449-13454 
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1,2,4,6-Tetra(trimethylsilylethynyl)benzene (46) 

Synthesised using the general procedure from 1,2,4,5-

tetrabromobenzene (315 mg). Reaction performed using 4.5 eq. 

(trimethylsilyl)acetylene, addition of the lithium acetylide over 2 h at 50 

°C. The product was obtained as an off-white solid (231 mg; 87 %) after 

purification by automated flash column chromatography (n-Pentane). 

1H NMR (400 MHz, CDCl3) δ 7.57 (s, 2H; Ar), 0.25 (s, 36H; (Si(CH3)3)4). 13C NMR (101 MHz, CDCl3) δ 136.15, 125.46, 

102.14, 101.00, 0.06. HRMS (ESI+, m/z): calculated for C26H39Si4+ [M+H+]: 463.2123; found: 463.2122. Data in 

accordance with the literature.38 

 

((3,4-dimethylthiophene-2,5-diyl)bis(ethyne-2,1-

diyl))bis(trimethylsilane) (47). 

Synthesised using the general procedure from 2,5-dibromo-3,4-

dimethylthiophene (270 mg) using 2.2 eq. lithium 

(trimethylsilyl)acetylide. The product was obtained as a light-brown solid (183 mg; 60 %) after purification by 

automated flash column chromatography (n-Pentane/DCM 100/0 gradient 70/30). 1H NMR (400 MHz, CDCl3) δ 

2.16 (s, 6H; Ar(CH3)2), 0.25 (s, 18H; (Si(CH3)3)2). 13C NMR (101 MHz, CDCl3) δ 142.69, 118.79, 101.61, 97.53, 14.32, 

0.11. HRMS (ESI+, m/z): calculated for C16H25SSi2+ [M+H+]: 305.1210; found: 305.1209. 

 

Tetrakis(4-((trimethylsilyl)ethynyl)phenyl)methane (48) 

Synthesised using the general procedure from tetrakis(4-

bromophenyl)methane (0.15 mmol, 95.4 mg). Reaction 

performed using 4.5 eq. (trimethylsilyl)acetylene, addition 

of the lithium acetylide over 2 h at 50 °C. The product was 

obtained as an brown solid (71 mg; 67 %) after purification 

by automated flash column chromatography (n-Pentane). 
1H NMR (400 MHz, CDCl3) δ 7.31 (d, J = 8.5 Hz, 8H), 7.03 (d, 

J = 8.5 Hz, 8H), 0.22 (s, 36H). 13C NMR (101 MHz, CDCl3) δ 

148.61, 134.00, 133.35, 123.81, 107.22, 97.39, 67.38, 2.57. Data in accordance with the literature.39 

 

triisopropyl((4-methoxyphenyl)ethynyl)silane (49) 

Synthesised using the general procedure from 4-bromoanisole (187 mg). The 

product was obtained as a colourless oil (277 mg; 96 %) after purification by 

automated flash column chromatography (n-Pentane). 1H NMR (400 MHz, 

CDCl3) δ 7.42 (d, J = 8.8 Hz, 2H; Ar), 6.82 (d, J = 8.8 Hz, 2H; Ar), 3.81 (s, 3H; 

OCH3), 1.13 (s, 21H; Si(iPr)3). 13C NMR (101 MHz, CDCl3) δ 159.74, 133.64, 115.95, 113.92, 107.26, 88.78, 55.44, 

18.84, 11.52. Data in accordance with the literature.40 

 

1-(cyclohexylethynyl)-4-(trifluoromethyl)benzene (50) 

Synthesised using the general procedure from 4-bromobenzotrifluoride (225 

mg). The product was obtained as a yellow oil (318 mg; 97 %) after purification 

by automated flash column chromatography (n-Hexane). 1H NMR (400 MHz, 

CDCl3) δ 7.56 (s, 4H; Ar), 1.14 (s, 21H; Si(iPr)3). 13C NMR (101 MHz, CDCl3) δ 

132.41, 130.24 (q, J = 32.3 Hz), 127.52 – 127.47 (m), 125.29 (q, J = 3.9 Hz), 122.76, 105.69, 93.95, 18.79, 11.48. 
19F NMR (376 MHz, CDCl3) δ -62.97. Data in accordance with the literature.40 

                                                                 
38 B. C. Berries, G. H. Hovakeemian, Y. H. Lai, H. Mestdagh, K. P. C. Vollhardt, J. Am. Chem. Soc. 1985, 107, 5670-5687 
39 C. A. Gunawardana, M. Đaković, C. B. Aakeröy, Chem. Commun. 2018, 54, 607-610 
40 R. D. Kavthe, Y. Ishikawa, I. Kusuma, N. Asao, Chem. Eur. J. 2018, 24, 15777-15780 



Chapter 6 

 

101 

6 

 

1-(hex-1-yn-1-yl)-4-methoxybenzene (51) 

Synthesised using the general procedure from 4-bromoanisole (187 mg). The 

product was obtained as a yellow oil (162 mg; 86 %) after purification by 

automated flash column chromatography (n-Pentane). 1H NMR (400 MHz, CDCl3) 

δ 7.33 (d, J = 8.8 Hz, 2H; Ar), 6.81 (d, J = 8.9 Hz, 2H; Ar), 3.79 (s, 3H; OCH3), 2.39 (t, J = 7.0 Hz, 2H; 

C≡CCH2(CH2)2CH3), 1.64 – 1.54 (m, 2H; C≡CCH2CH2CH2CH3), 1.53 – 1.42 (m, 2H; C≡C(CH2)2CH2CH3), 0.95 (t, J = 7.3 

Hz, 3H; C≡C(CH2)3CH3). 13C NMR (101 MHz, CDCl3) δ 159.10, 132.97, 116.42, 113.92, 88.87, 80.35, 55.37, 31.11, 

22.17, 19.24, 13.80. Data in accordance with the literature.41 

 

1-(hex-1-yn-1-yl)-4-(trifluoromethyl)benzene (52) 

Synthesised using the general procedure from 4-bromobenzotrifluoride (225 mg). 

The product was obtained as a colourless oil (168 mg; 74 %) after purification by 

automated flash column chromatography (n-Pentane). 1H NMR (400 MHz, CDCl3) δ 

7.51 (d, J = 8.4 Hz, 2H; Ar), 7.46 (d, J = 8.3 Hz, 2H; Ar), 2.41 (t, J = 7.0 Hz, 2H; C≡CCH2(CH2)2CH3), 1.64 – 1.54 (m, 

2H; C≡CCH2CH2CH2CH3), 1.52 – 1.42 (m, 2H; C≡C(CH2)2CH2CH3), 0.94 (t, J = 7.3 Hz, 3H; C≡C(CH2)3CH3). 13C NMR 

(101 MHz, CDCl3) δ 131.90, 129.37 (q, J = 32.6 Hz), 128.14 (d, J = 1.5 Hz), 125.24 (q, J = 3.8 Hz), 124.19 (q, J = 

272.0 Hz), 93.45, 79.65, 30.79, 22.18, 19.27, 13.76. 19F NMR (376 MHz, CDCl3) δ -62.78. Data in accordance with 

the literature.42 

 

1-methoxy-4-(4-phenylbut-1-yn-1-yl)benzene (53) 

Synthesised using the general procedure from 4-bromoanisole (187 mg). 

The product was obtained as a pale yellow oil (134 mg; 57 %) after 

purification by automated flash column chromatography (n-Pentane). 1H 

NMR (400 MHz, CDCl3) δ 7.38 – 7.19 (m, 7H), 6.81 (d, J = 8.8 Hz, 2H), 3.79 

(s, 3H), 2.90 (t, J = 7.5 Hz, 2H), 2.67 (t, J = 7.5 Hz, 2H). 13C NMR (101 MHz, 

CDCl3) δ 159.23, 140.95, 132.98, 128.67, 128.49, 126.40, 116.14, 113.96, 88.01, 81.15, 55.37, 35.46, 21.83. Data 

in accordance with the literature.43 

 

1-(4-phenylbut-1-yn-1-yl)-4-(trifluoromethyl)benzene (54) 

Synthesised using the general procedure from 4-bromobenzotrifluoride 

(225 mg). The product was obtained as a white solid (105 mg; 38 %) after 

purification by automated flash column chromatography (n-Pentane). 1H 

NMR (400 MHz, CDCl3) δ 7.52 (d, J = 8.2 Hz, 2H), 7.44 (d, J = 8.1 Hz, 2H), 

7.31 (m, 2H), 7.26 (m, 3H), 2.93 (t, J = 7.5 Hz, 2H), 2.71 (t, J = 7.5 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 140.57, 131.89, 129.53 (q, J = 32.6 Hz), 128.66, 128.58, 127.84, 126.58, 125.27 (q, J 

= 3.7 Hz), 124.15 (q, J = 272 Hz), 92.45, 80.43, 35.07, 21.81. 19F NMR (376 MHz, CDCl3) δ -62.78. Data in 

accordance with the literature.43 

 

                                                                 
41 W.-T. Tsai, Y.-Y. Lin, Y.-A, Chen, C.-F. Lee, Synlett 2014, 25, 443-447 
42 O. Mada, T. Kida, K. Yonekura, T. Tsuchimoto, Adv. Synth. Catal. 2019, 361, 2825-2831  
43 M. H. Auckland et al., Angew. Chem. Int. Ed. 2018, 57, 9785-9789 
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1-(6-chlorohex-1-yn-1-yl)-4-methoxybenzene (55) 

Synthesised using the general procedure from 4-bromoanisole (187 mg). The 

product was obtained as a yellow oil (225 mg; quant.) after purification by 

automated flash column chromatography (n-Pentane) (the final compound 

contains 8% of starting material as impurity). 1H NMR (400 MHz, CDCl3) δ 7.33 

(d, J = 8.8 Hz, 2H), 6.82 (d, J = 8.8 Hz, 2H), 3.60 (t, J = 6.6 Hz, 2H), 2.45 (t, J = 6.9 

Hz, 2H), 1.96 (tt, J = 8.3, 6.4 Hz, 2H), 1.75 (tt, J = 8.3, 6.4 Hz, 2H). 13C NMR (101 

MHz, CDCl3) δ 159.26, 133.00, 116.07, 113.98, 87.77, 81.06, 55.39, 44.75, 

31.79, 26.13, 18.86. Data in accordance with the literature.44 

 

1-(6-chlorohex-1-yn-1-yl)-4-(trifluoromethyl)benzene (56) 

CAS Registry Number: 1052215-98-1 

Synthesised using the general procedure from 4-bromobenzotrifluoride (225 

mg). The product was obtained as a colourless oil (195 mg; 75 %) after 

purification by automated flash column chromatography (n-Pentane). 1H NMR 

(400 MHz, CDCl3) δ 7.52 (d, J = 8.3 Hz, 2H; Ar), 7.46 (d, J = 8.3 Hz, 2H; Ar), 3.59 

(t, J = 6.5 Hz, 2H; C≡C (CH2)3CH2Cl), 2.47 (t, J = 6.9 Hz, 2H); -CH2(CH2)3Cl, 2.01 – 

1.90 (m, 2H; C≡CCH2CH2(CH2)2Cl), 1.77 (p, J = 7.0 Hz, 2h; C≡C(CH2)2CH2CH2Cl). 
13C NMR (101 MHz, CDCl3) δ 134.40, 132.05 (q, J = 32.6 Hz), 130.26, 127.76 (q, J = 3.8 Hz), 126.61 (q, J = 272.1 

Hz), 94.74, 82.73, 47.08, 34.25, 28.34, 21.38. 19F NMR (282 MHz, CDCl3) δ -62.77. Data in accordance with the 

literature.45 

1-(cyclopropylethynyl)-4-methoxybenzene (57) 

CAS Registry Number: 85157-62-6 

Synthesised using the general procedure from 4-bromoanisole (187 mg). The 

product was obtained as a light-brown that slowly crystallized (153 mg; 89 %) after 

purification by automated flash column chromatography (n-Pentane). 1H NMR 

(400 MHz, CDCl3) δ 7.31 (d, J = 8.8 Hz, 2H; Ar), 6.80 (d, J = 8.8 Hz, 2H; Ar), 3.79 (s, 3H; OCH3), 1.43 (tt, J = 8.2, 5.1 

Hz, 1H; CH(CH2)2), 0.84 (dq, J = 8.2, 3.0 Hz, 2H; CH(CH2)2 (protons syn to CH(CH2)2)), 0.77 (tt, J = 5.2, 2.4 Hz, 1H; 

CH(CH2)2 (protons anti to CH(CH2)2)). 13C NMR (101 MHz, CDCl3) δ 161.62, 135.60, 118.66, 116.42, 94.33, 78.11, 

57.86, 11.14, 2.78. Data in accordance with the literature.46 

 

1-(cyclopropylethynyl)-4-(trifluoromethyl)benzene (58) 

Synthesised using the general procedure from 4-bromobenzotrifluoride (225 mg). 

The product was obtained as pale yellow oil (205 mg; 97 %) after purification by 

automated flash column chromatography (n-Pentane). 1H NMR (400 MHz, CDCl3) δ 

7.52 (d, J = 8.3 Hz, 2H; Ar), 7.45 (d, J = 8.2 Hz, 2H; Ar), 1.46 (tt, J = 8.2, 5.1 Hz, 1H; -

CH-), 0.90 (dq, J = 8.2, 3.2, 2.7 Hz, 2H; -CH(CH2)2 (protons syn to CH(CH2)2)), 0.83 (tt, J = 5.2, 3.0 Hz, 2H; -CH(CH2)2 

(protons anti to CH(CH2)2)). 13C NMR (101 MHz, CDCl3) δ 131.90, 129.45, 129.13, 128.04, 128.03, 128.01, 128.00, 

125.28, 125.24, 125.21, 125.17, 122.83, 96.48, 74.86, 8.89, 0.32. 19F NMR (376 MHz, CDCl3) δ -62.75. HRMS (ESI+, 

m/z): calculated for C12H10F3
+ [M+H+]: 211.0729; found: 211.0729. Data in accordance with the literature.47 

 

                                                                 
44 B. H. Lipshutz, D. W. Chung, B. Rich, Org. Lett. 2008, 10, 3793-3796 
45 J. J. Dai et al., J. Am. Chem. Soc. 2013, 135, 8436-8439 
46 P. Prabhala, H. M. Savanur, R. G. Kalkhambkar, K. K. Laali, Eur. J. Org. Chem. 2019, 10, 2061-2064 
47 S. Ye, Z.-X. Yu, Org. Lett. 2010, 12, 804-807 
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1-(cyclohexylethynyl)-4-(trifluoromethyl)benzene (59) 

Synthesised using the general procedure from 4-bromobenzotrifluoride (225 

mg). The product was obtained as a dark-yellow liquid (219 mg; 87 %) after 

purification by automated flash column chromatography (n-Pentane). 1H NMR 

(400 MHz, CDCl3) δ 7.53 (d, J = 8.4 Hz, 2H; Ar), 7.48 (d, J = 8.4 Hz, 2H; Ar), 2.60 

(tt, J = 8.8, 3.5 Hz, 1H; CH(CH2CH2)2CH2), 1.92 – 1.85 (m, 2H; CH(CH2CH2)2CH2 

(protons syn to CH(CH2CH2)2CH2)), 1.80 – 1.71 (m, 2H; CH(CH2CH2)2CH2 (protons anti to CH(CH2CH2)2CH2)), 1.61 

– 1.48 (m, 3H; CH(CH2CH2)2CH2 (protons syn to CH(CH2CH2)2CH2)), 1.36 (q, J = 10.0 Hz, 3H; CH(CH2CH2)2CH2 

(protons anti to CH(CH2CH2)2CH2)). 13C NMR (101 MHz, CDCl3) δ 131.92, 129.50, 129.17, 128.23, 128.21, 125.57, 

125.25, 125.21, 125.17, 125.13, 122.87, 102.51, 97.39, 79.65, 32.68, 29.85, 26.03, 25.02. 19F NMR (376 MHz, 

CDCl3) δ -62.79. Data in accordance with the literature.48 

 

1-methoxy-4-(phenylethynyl)benzene (60) 

Synthesised using the general procedure from 4-bromoanisole (187 mg). The 

product was obtained as a brown solid (170 mg; 82 %) after purification by 

automated flash column chromatography (n-Pentane). 1H NMR (400 MHz, CDCl3) 

δ 7.51 (dd, J = 7.9, 1.7 Hz, 2H), 7.47 (d, J = 8.7 Hz, 2H), 7.38 – 7.28 (m, 3H), 6.87 

(d, J = 8.9 Hz, 2H), 3.81 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 159.76, 133.19, 

131.59, 131.58, 128.44, 128.07, 123.74, 115.53, 114.14, 89.51, 88.21, 55.43. Data in accordance with the 

literature.49 

 

1-(phenylethynyl)-4-(trifluoromethyl)benzene (61) 

Synthesised using the general procedure from 4-bromobenzotrifluoride (225 

mg). The product was obtained as a white solid (155 mg; 63 %) after purification 

by automated flash column chromatography (n-Pentane). 1H NMR (400 MHz, 

CDCl3) δ 7.65 – 7.57 (m, 4H), 7.57 – 7.51 (m, 2H), 7.40 – 7.32 (m, 3H). 13C NMR 

(101 MHz, CDCl3) δ 131.96, 131.90, 130.06 (q, J = 32.6 Hz), 128.98, 128.60, 

127.29, 127.28, 125.43 (q, J = 3.9 Hz), 124.10 (q, J = 272 Hz) 122.72, 91.90, 88.11. 19F NMR (376 MHz, CDCl3) δ -

62.82. Data in accordance with the literature.50 

 

9-((4-methoxyphenyl)ethynyl)phenanthrene (62) 

Synthesised using the general procedure from 4-bromoanisole (187 mg). The 

product was obtained as an off-white solid (300 mg; 97 %) after purification 

by automated flash column chromatography (n-Pentane). 1H NMR (400 MHz, 

CDCl3) δ 8.71 (dd, J = 6.2, 3.2 Hz, 1H; Ar), 8.67 (d, J = 8.1 Hz, 1H; Ar), 8.60 – 

8.55 (m, 1H; Ar), 8.08 (s, 1H; Ar), 7.88 (d, J = 7.7 Hz, 1H; Ar), 7.72 (dd, J = 6.0, 

3.5 Hz, 2H; Ar), 7.64 (q, J = 8.4, 7.5 Hz, 4H; Ar), 6.95 (d, J = 8.7 Hz, 2H; Ar), 

3.86 (s, 3H; OCH3). 13C NMR (101 MHz, CDCl3) δ 159.92, 133.31, 131.52, 131.48, 131.32, 130.28, 130.26, 128.62, 

127.40, 127.14, 127.14, 127.05, 122.90, 122.74, 120.11, 115.60, 114.25, 94.17, 86.57, 55.47. HRMS (ESI+, m/z): 

calculated for C23H17O+ [M+H+]: 309.1274; found: 309.1275. 

                                                                 
48 Z.-Y. Song, C.-L. Zhanga, S. Ye, Org. Biomol. Chem. 2019, 17, 181-185 
49 N. Topolovčan, S. Hara, I. Císařová, Z. Tošner, M. Kotora, Eur. J. Org. Chem. 2020, 2, 234-240 
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9-((4-(trifluoromethyl)phenyl)ethynyl)phenanthrene (63) 

Synthesised using the general procedure from 4-bromobenzotrifluoride (225 

mg). The product was obtained as a white solid (291 mg; 84 %) after 

purification by automated flash column chromatography (n-Pentane). 1H NMR 

(400 MHz, CDCl3) δ 8.73 – 8.70 (m, 1H; Ar), 8.68 (d, J = 8.2 Hz, 1H; Ar), 8.53 – 

8.50 (m, 1H; Ar), 8.12 (s, 1H; Ar), 7.89 (d, J = 8.3 Hz, 1H; Ar), 7.77 (d, J = 8.0 Hz, 

2H; Ar), 7.75 – 7.71 (m, 2H; Ar), 7.68 (t, J = 7.4 Hz, 3H; Ar), 7.65 – 7.60 (m, 1H; 

Ar). 13C NMR (101 MHz, CDCl3) δ 132.62, 132.03, 131.24, 131.05, 130.65, 130.28, 130.20 (q, J = 32.7 Hz), 128.83, 

127.94, 127.37, 127.32, 127.21, 126.89, 125.53 (q, J = 3.8 Hz), 123.03, 122.81, 119.07. 19F NMR (376 MHz, CDCl3) 

δ -62.79. HRMS (ESI+, m/z): calculated for C23H14F3
+ [M+H+]: 347.1042; found: 347.1043.  

 

2-((4-methoxyphenyl)ethynyl)thiophene (64) 

Synthesised using the general procedure from 4-bromoanisole (187 mg). The 

product was obtained as a brown oil (133 mg; 62 %) after purification by 

automated flash column chromatography ((n-Pentane/EtOAc : 100/0 to 95/5). 1H 

NMR (400 MHz, CDCl3) δ 7.44 (d, J = 8.8 Hz, 2H), 7.27 – 7.22 (m, 2H), 6.99 (m, 1H), 

6.86 (d, J = 8.8 Hz, 2H), 3.81 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 159.89, 133.06, 131.56, 127.16, 126.93, 123.85, 

115.14, 114.17, 93.15, 81.38, 55.43. Data in accordance with the literature.50 

 

2-((4-(trifluoromethyl)phenyl)ethynyl)thiophene (65) 

Synthesised using the general procedure from 4-bromobenzotrifluoride (225 

mg). The product was obtained as a white solid (136 mg; 54 %) after 

purification by automated flash column chromatography (n-Pentane). 1H NMR 

(400 MHz, CDCl3) δ 7.61 (s, 4H), 7.36 – 7.31 (m, 2H), 7.04 (m, 1H). 13C NMR 

(101 MHz, CDCl3) δ 132.80, 131.69, 130.15 (q, J = 32.8 Hz), 128.21, 127.40, 

126.92, 125.46 (q, J = 3.7 Hz), 124.06 (q, J = 272 Hz), 122.66, 91.80, 85.23. 19F 

NMR (376 MHz, CDCl3) δ -62.84. Data in accordance with the literature.51 

 

((4-(4-methoxyphenyl)-2-methylbut-3-yn-2-yl)oxy)trimethylsilane (66) 

Synthesised using the general procedure from 4-bromoanisole (187 mg). The 

product was obtained as a yellow oil (238 mg; 91 %) after purification by 

automated flash column chromatography ((n-Pentane/EtOAc : 100/0 to 95/5). 
1H NMR (400 MHz, CDCl3) δ 7.33 (d, J = 8.8 Hz, 2H), 6.82 (d, J = 8.8 Hz, 2H), 

3.79 (s, 3H), 1.55 (s, 6H), 0.21 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 159.61, 132.96, 115.41, 114.06, 93.14, 82.97, 

67.06, 55.41, 33.28, 2.03. HRMS (APCI+, m/z): calculated for C12H13O+ [M-OTMS]+: 173,0961; found: 173,0964. 

 

trimethyl((2-methyl-4-(4-(trifluoromethyl)phenyl)but-3-yn-2-yl)oxy)silane 

(67) 

Synthesised using the general procedure from 4-bromobenzotrifluoride (225 

mg). The product was obtained as a yellow oil (31 mg; 10 %) after purification 

by automated flash column chromatography (n-Pentane). 1H NMR (400 MHz, 

CDCl3) δ 7.57 (d, J = 8.2 Hz, 2H), 7.51 (d, J = 8.2 Hz, 2H), 1.59 (s, 6H), 0.23 (s, 

9H). 13C NMR (101 MHz, CDCl3) δ 131.79, 130.07 (q, J = 32.7 Hz), 127.07, 125.39 (q, J = 3.7 Hz), 124.01 (q, J = 272 

Hz), 97.17, 81.79, 67.01, 33.05, 2.03.. 19F NMR (376 MHz, CDCl3) δ -62.88. HRMS (APCI+, m/z): calculated for 

C12H10F3
+ [M-OTMS]+: 211,0729; found: 211,0729. 

                                                                 
50 A. Xia, Org. Lett. 2019, 21, 3028-3033. 
51 V. Weingand et al., Chem. Eur. J. 2018, 24, 3725-3728 
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3-(4-methoxyphenyl)-N,N-dimethylprop-2-yn-1-amine (68) 

Synthesised using the general procedure from 4-bromoanisole (187 mg). The 

product was obtained as a yellow oil (187 mg; 99 %) after purification by 

automated flash column chromatography (n-Pentane/EtOAc : 100/0 to 90/10). 

1H NMR (400 MHz, CDCl3) δ 7.36 (d, J = 8.8 Hz, 2H; Ar), 6.81 (d, J = 8.8 Hz, 2H; Ar), 3.79 (s, 3H; -OCH3), 3.43 (s, 

2H; C≡CCH2N(CH3)2), 2.35 (s, 6H; C≡CCH2N(CH3)2). 13C NMR (101 MHz, CDCl3) δ 159.47, 133.17, 115.48, 113.95, 

85.07, 83.22, 55.35, 48.75, 44.39. HRMS (ESI+, m/z): calculated for C12H15NO+ [M+H+]: 190.1226; found: 

190.1228. Data in accordance with the literature.52 

 

N,N-dimethyl-3-(4-(trifluoromethyl)phenyl)prop-2-yn-1-amine (69) 

Synthesised using the general procedure from 4-bromobenzotrifluoride (225 

mg). The product was obtained as a yellow oil (173 mg; 76 %) after purification 

by automated flash column chromatography (n-Pentane/EtOAc/NEt3 84/15/1 

gradient 79/20/1). 1H NMR (400 MHz, CDCl3) δ 7.55 (d, J = 8.7 Hz, 2H; Ar), 7.52 (d, J = 8.7 Hz, 2H; Ar), 3.47 (s, 2H; 

C≡CCH2N(CH3)2), 2.36 (s, 6H; C≡CCH2N(CH3)2). 13C NMR (101 MHz, CDCl3) δ 132.05, 129.93 (q, J = 32.6 Hz), 127.21 

– 127.16 (m), 125.31 (q, J = 3.8 Hz), 124.06 (q, J = 272.1 Hz), 87.60, 84.11, 48.69, 44.46. 19F NMR (376 MHz, CDCl3) 

δ -62.87. HRMS (ESI+, m/z): calculated for C12H13F3N+ [M+H+]: 228.0995; found: 228.0994. Data in accordance 

with the literature.53 

 

1-methoxy-4-(3-methoxyprop-1-yn-1-yl)benzene (70) 

Synthesised using the general procedure from 4-bromoanisole (187 mg). The 

product was obtained as a colourless oil (100 mg; 57 %) after purification by 

automated flash column chromatography (n-Pentane/EtOAc : 100/0 to 90/10). 
1H NMR (400 MHz, CDCl3) δ 7.39 (d, J = 8.8 Hz, 2H), 6.83 (d, J = 8.8 Hz, 2H), 4.31 (s, 2H), 3.80 (s, 3H), 3.44 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 159.85, 133.37, 114.87, 114.04, 86.42, 83.61, 60.63, 57.75, 55.40. 

 

1-(3,3-diethoxyprop-1-yn-1-yl)-4-methoxybenzene (71) 

Synthesised using the general procedure from 4-bromoanisole (187 mg). The 

product was obtained as a yellow oil (128 mg; 55 %) after purification by 

automated flash column chromatography (n-Pentane/EtOAc : 100/0 to 

90/10). 1H NMR (400 MHz, CDCl3) δ 7.41 (d, J = 8.9 Hz, 2H; Ar), 6.82 (d, J = 8.9 

Hz, 2H; Ar), 5.47 (s, 1H; CH(OCH2CH3)2), 3.87 – 3.77 (m, 2H; CH(OCH2CH3)2), 

3.80 (s, 3H; ArOCH3), 3.65 (dq, J = 9.5, 7.1 Hz, 1H; CH(OCH2CH3)2), 1.27 (t, J = 

7.1 Hz, 6H; CH(OCH2CH3)2). 13C NMR (101 MHz, CDCl3) δ 160.06, 133.52, 114.06, 113.99, 92.02, 85.38, 83.20, 

60.99, 55.38, 15.26. HRMS (ESI+, m/z): calculated for C14H18O3Na+ [M+Na+]: 257.1148; found: 257.1153. Data in 

accordance with the literature.54 

 

4-((trimethylsilyl)ethynyl)benzaldehyde (74) 

In a dry Schlenk flask under inert atmosphere, 4-bromo-N-methoxy-N-

methylbenzamide (0.5 mmol, 122 mg) was dissolved in dry toluene (2 mL), 

Diisobutylaluminium hydride solution (1 eq., 1.0 M in THF) was added dropwise at 

0oC, the ice bath was removed at the end of the addition and the reaction mixture 

was left to stir at RT for 15 min. A prepared Pd(PtBu3)2/O2 solution (1.3 mL; 10 

mg/mL in toluene; 5 mol%) was added. Freshly prepared lithium (trimethylsilyl)acetylide solution (1.2 eq., 0.5 M 

                                                                 
52 Q. Shen, L. Zhang, Y.-R. Zhou, J.-X. Li, Tetrahedron Lett. 2013, 54, 6725-6728 
53 T. Tani et al., Adv. Synth. Catal. 2019, 361, 1815-1834 
54 J. S. Capani, J. E. Cochran, J. Liang, J. Org. Chem. 2019, 84, 9378-9384. 
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solution in THF/hexane) was added dropwise at RT over 30 min using a syringe pump. The reaction mixture was 

stirred for 15 min after addition of the lithium acetylide and quenched by addition of sat. aq. NH4Cl solution. The 

reaction mixture was extracted with 3x25 mL EtOAC, the combined organic layer was washed with 3x25 mL of 1 

M aq. HCl solution. The organic phase was dried over Na2SO4 and concentrated onto silica and subjected to flash 

column chromatography (Pentane/EtOAc : 0 to 5%) to afford the aldehyde 75 (55 mg; 54 %). 1H NMR (400 MHz, 

CDCl3) δ 9.98 (s, 1H), 7.79 (d, J = 8.4 Hz, 2H), 7.58 (d, J = 8.2 Hz, 2H), 0.25 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 

194.03, 138.22, 135.11, 132.06, 131.98, 106.46, 101.65, 2.42. Data in accordance with the literature.55 

 

((4-chlorophenyl)ethynyl)trimethylsilane (75) 

Synthesised using the general procedure from 1-bromo-4-chlorobenzene (2.5 g). 

The product was obtained as a pale brown solid (2.63 g; 97 %) after purification by 

automated flash column chromatography (n-Pentane). 1H NMR (400 MHz, CDCl3) 

δ 7.38 (d, J = 8.7 Hz, 2H), 7.27 (d, J = 7.9, 2H), 0.24 (s, 9H). 13C NMR (75 MHz, CDCl3) δ 133.32, 128.68, 95.48, 

86.30, 0.04. Data in accordance with the literature.56 

 

 

  

                                                                 
55 I. M. Mahmud, N. Zhou, L. Wang, Y. Zhao, Tetrahedron 2008, 64, 11420-11432 
56 D. Lasányi, G. L. Tolnai, Org. Lett. 2019, 21, 10057-10062 
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Chapter  7 

7 Exploring hydroxymethylation strategies with formaldehyde 

and its potential application in the synthesis of radiolabelled 

[11C]Prednisolone. 
 

In this chapter, we explored potential synthetic routes to access late-stage radiolabelling for PET 

isotopes, using hydroxymethylation reaction. We aimed to develop a strategy to introduce carbon-

11 in the α-hydroxymethyl ketone functionality, with potential application in the labelling of 

prednisolone. With this in mind, we exploited the reactivity umpolung to find suitable precursors that 

could readily react as synthons with the easily accessible [11C]CH2O-labelled building block. 

Investigation of an organocatalytic method and the Corey-Seebach reaction are presented here. 
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7.1 Introduction 

The α-hydroxymethyl ketone is a commonly occurring motif in biologically active molecules. Notably, 

it is present in world best-selling drugs such as doxorubicin, prednisolone and dexamethason (Figure 

7.1). Prednisolone is indicated in several condition, varying from the treatment of cancer, 

inflammations allergies or autoimmune disease. Severe adverse effects are sometimes seen from 

patients, particularly when it is prescribed for long-term use.1 For example, prednisolone is directly 

linked to the increasing risk of heart failure or osteoporosis in patients exposed to regular treatments. 

The physiological background of these side effects is yet to be fully understood. 

Figure 7.1 Doxurobicin, prednisolone, and dexamethasone, three drugs containing an α-hydroxymethyl ketone moiety. 

 

Positron emission tomography (PET) provides in vivo data on the behavior of drugs and can 

participate in the decision-making process for a specific treatment for a given patient. This 

contributes to the emergence of personalized medicine for improved healthcare. PET has proven to 

be a useful tool in personalized medicine because of its ability to evaluate treatment outcome or 

possible complications of a specific treatment.2 To perform such evaluation, there is a need for 

radiolabelled analogues of drugs. Interestingly, there is no 11C-analogue of doxorubicin or 

prednisolone known. An interesting approach would be to establish a labeling strategy to label the 

α-hydroxymethyl ketone moiety in such drugs with carbon-11, thereby addressing an important class 

of coumpounds. Carbon-11 labeling strategies are limited by the short half-life of this isotope (t1/2 = 

20.3 min), hence only a few readily accessible building blocks can be used. A retrosynthetic analysis, 

applying umpolung principles, disconnects the α-hydroxymethyl ketone moiety in an electrophilic 

carbonyl a1 and its nucleophilic counterpart d1. By inverting the natural polarity of aldehydes, it is 

possible to create α-hydroxymethyl ketone from an accessible 11C-building block: [11C]CH2O (Scheme 

7.1). [11C]CH2O was previously synthetized from cyclotron-produced [11C]CO2. Reacting the [11C]CO2 

with LiAlH4 leads to its full reduction into [11C]CH3OH, which can be selectively oxidized to [11C]CH2O 

by silver.3 Alternatively, [11C]CH2O can be produced in high yield and selectivity starting from [11C]CH3I 

by treatment with trimethylamine N‐oxide.4 
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Scheme 7.1 Retrosynthetic and synthetic approaches towards hydroxymethylation  

 

From this retrosynthetic approach, different synthetic pathways are emerging to access α-

hydroxymethyl ketones (Scheme 7.1b). Organocatalytic methods have been reported, offering a one-

step route towards the target moiety.5 These methods heavily rely on the use of N-heterocyclic 

carbene (NHC) catalysts to reverse the natural reactivity of carbonyls. For long, the organocatalytic 

approaches required extensive reaction time of several hours, disqualifying them for applications 

with carbon-11. In the recent years, microwave-assisted protocols brought down reaction times,6 

thereby gaining interest for isotopic labelling with short-living isotopes. Alternatively, protected 

forms of aldehydes, can be synthetized. Umpolung reactivity can be achieved via Corey-Seebach 

reaction through the formation of dithioacetals,7 or using cyano silyl ethers as reactive 

intermediates.8 In both cases, the intermediates, bearing an acidic proton, reveal their nucleophilic 

character upon deprotonation. Such nucleophiles readily react with formaldehyde, yielding, after 

deprotection the desired α-hydroxymethyl ketones. 
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7.2 Organocatalysis approach 

Scheme 7.2 Reaction mechanism and catalysts synthesis 

 

First investigations were performed with NHC as organocatalysts to generate in-situ a Breslow 

intermediate directly from a given aldehyde.9 From a mechanistic perspective (Scheme 7.2a), the 

carbene first undergoes nucleophilic attack on an aldehyde, followed by a proton transfer and 

forming the Breslow intermediate. A second aldehyde can then be attacked by the in-situ formed 

intermediate. As highlighted by this mechanism, selectivity of such reaction can be a major challenge 

and the formation of homocoupled product can radically lower the reaction efficiency.10 Two 

catalysts of choice (compounds 2 and 6) are emerging from previous work5,6 on hydroxymethylation 

reactions and were synthesized according to scheme 7.2b. The azolium-2-carboxylate 2 is used a 

precatalalyst, being activated upon release of CO2 under microwave irradiation, revealing the free 

carbene as the active catalyst.6b The organocatalysts 2 and 6 were tested using benzaldehyde as 

starting material for preliminary evaluation (Table 7.1). 

Table 7.1 Reaction optimization with benzaldehyde 

 
Entry Conc. 7 (M) Catalyst Heating source (T) Reaction time 8 (GC-MS conv.) 

1 0.25 6 Oil bath (66 oC) 14 h 18 % 

2 0.25 6 MW (100 oC) 10 min traces 

3 3.3 6 MW (100 oC) 10 min 40 % 

4 3.3 2 MW (100 oC) 5 – 60 min traces 

 

The reaction was first carried out with heating by an oil bath, using the carbene precursor 6 in 

combination with 20 mol% of DIPEA, in THF at reflux (66 oC), and this led to poor conversion towards 
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product 8 (18 % after 14 h, entry 1), that was not compatible with the short reaction times required 

for 11C-radiochemistry. The first attempt to use microwave heating only led to traces of product 

formation within minutes (entry 2) but using a more concentrated reaction mixture (3.3 M) drastically 

increased the conversion to 40% in 15 min (entry 3). All attempts to use the precatalyst 2 were 

unsuccessful to yield the expected product (entry 4), therefore the organocatyst 6 was chosen to 

performed further optimization studies. Hydroxymethylation procedures are often performed in 

presence of an excess of paraformaldehyde (PFA), here it was important to lower the amount of 

paraformaldehyde used to one equivalent to better resemble labelling conditions, where [11C]CH2O 

would be the limiting reagent. This change in stoichiometry was expected to influence the amount of 

homocoupling product formed, therefore the reaction with octanaldehyde was studied as aliphatic 

aldehydes are more prone to homocoupling in such reactions (Table 7.2). 

Table 7.2 Reaction optimization with octanaldehyde 

 
Entry Conc. 9 (M) DIPEA (mol %) 6 (mol %) PFA (eq.) 10:11:9 (GC-MS conv.) 

1 3.3 20 10 3 55:30:15 

2 3.3 20 10 1 41:41:17 

3 3.3 50 25 1 53:27:11 

4 3.3 100 50 1 47:28:9 

5 0.2 100 50 1 29:33:38 

 

As anticipated, reducing from 3 eq. of paraformaldehyde to 1 eq. resulted in an increase of 

homocoupling towards the formation of 11 (entries 1 and 2). Increasing the amount of catalyst and 

base used allow to compensate for this loss in selectivity (entries 3 and 4). Unfortunately, using a 

more diluted reaction mixture resulted in a combined loss in conversion and selectivity (entry 5).  

Scheme 7.3 Synthesis of the prednisolone precursor 

 
a) NaBH4, MeOH, 1.5 h, 0 oC. b) NaIO4, MeOH/H2O, 2 h, rt. c) TMSCl, DIPEA, DMF, 2 h, rt. 
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Next, the synthesis of the suitable aldehyde precursor for prednisolone labelling was performed. 

Starting from prednisolone, the hydroxymethylketone functionality was efficiently reduced by NaBH4 

into the corresponding diol 12 in satisfactory yield (95%). Next the oxidative cleavage to 13, the 

prednisolone-aldehyde of interest, was performed in 50% isolated yield, using NaIO4 as oxidant. A 

significant amount of ketone 14 was formed during this reaction varying from 52% to 37% (based on 
1H-NMR). The presence of free alcohols was envisioned to be potentially troublesome for further 

transformation, hence the protection of 13 with TMS protecting group was performed, to yield 15. 

Unfortunately, performing the reaction starting from prednisolone derivatives, with or without 

alcohol groups protected, did not yield the expected products. Similarly, reacting a less functionalized 

steroid (synthesized via an adapted route from scheme 7.3), did not lead to product formation (Figure 

7.2). The lack of reactivity observed for the steroids was attributed to the steric hindrance induced 

by the steroidal structure, notably the adjacent quaternary carbon centers. 

Figure 7.2 Unreactive steroids tested under optimized organcatalyzed hydroxymethylation conditions 

 

7.3 Correy-Seebach approach 

Despite of the lack of reactivity observed in organocatalyzed hydroxymethylation reactions for the 

substrates of interest, stepwise approaches were considered. Preliminary results focused later 

investigations on the use of the Corey-Seebach reaction instead of synthetic routes using cyano silyl 

ethers. This choice was driven by the accessibility, stability and possibility of purifying the dithiane 

intermediate by column chromatography, as opposed to cyano silyl ethers that were water-sensitive 

and unstable when subjected to column chromatography. The Corey-Seebach reaction allows for the 

isolation of stable dithiane intermediates. Subsequent deprotonation with a strong base yields a 

highly reactive intermediate which readily attacks electrophiles.11 First attempts on a model 

substrate 16 confirmed the feasibility of such procedure, using paraformaldehyde as electrophile 

(Scheme 7.4). To envision this strategy for radiolabelling purposes, it is essential to optimize the 

deprotection step and keep the overall procedure time to its minimum. To achieve a fast, one-pot, 

reaction / deprotection sequence, a deprotection method employing SelectFluor™ was tested but 

led to multiple product formation.12 Alternatively, the oxidative cleavage of the dithiane with NCS 
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and AgNO3 was attempted13 and afforded 19 in high selectivity and full conversion, based on GC-MS, 

within 5 min. thereby being applicable in the context of radiolabelling with 11C. 

Scheme 7.4 Corey-Seebach approach on a test substrate  

 
a) 1,3-propanedithiol, BF3

.Et2O, 14 h, rt. b) nBuLi, THF, 30 min, -78 oC. c) PFA, 10 min, -78 oC to rt. d) NCS, AgNO3 

Aiming to adapt the synthesis route presented in scheme 7.3 for the synthesis of prednisolone, the 

synthesis of the corresponding dithiane compound was attempted starting from 13. Using a standard 

Lewis acid assisted method was unsuccessful and yielded the ketone 14, product of the retro-aldol 

reaction. To avoid the formation of 14, the TMS-protected compound 15 was used but, once again, 

the expected dithiane protected compound was not observed at the end of the reaction. At this stage, 

it can only be assumed that further optimisation of the dithiane protection reaction, in combination 

with the appropriate choice of protecting groups, would eventually allow for the formation of a 

suitable precursor for prednisolone via this synthetic route. 

7.4 Conclusion and outlook 

In conclusion, the two synthetic routes were explored for the late stage functionnalisation of 

prednisolone with a formaldehyde surrogate, but they did not afford the expected product. Hence 

the labelling was not attempted with [11C]CH2O at this stage. In this work, the synthesis and reactivity 

of prednisolone precursors were found to be a major limitation. Nonetheless, the synthesis of an 

aldehyde prednisolone-precursor is presented and can be of value for further investigation on late-

stage functionalisation with formaldehyde. It appears that the steroid aldehydes are unreactive 

under standard hydroxymethylation reaction conditions, therefore a new catalyst screening could be 

performed directly on steroids to find a suitable catalyst for this type of structure. The high 

concentrations necessary to obtain significant conversion towards the hydroxymethylated product 

might also be of concern when translating this methodology into a radiolabelling producdure, where 

[11C]CH2O will be available in very limited amount. Further investigation on the synthetic route using 

cyano silyl ethers could also be an interesting path to follow. Here we discarded this approach as the 

cyano silyl ether was obtained as a mixture with the starting material, thereby leading to multiple 

product formation upon deprotonation with a strong base follow by quenching with an electrophile. 

Isolation by column chromatography could be achieved by introducing more stable cyano silyl ethers 

(e. g. TIPS or TBDMS groups), hence having a pure precursor to start with for the crucial synthesis 

step. 
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7.6 Experimental section 

 

1,3-dimesityl-4,5-dihydro-1H-imidazol-3-ium-2-carboxylate (2) 

In a dry Schlenk flask under N2, 1,3-Bis(2,4,6-

trimethylphenyl)imidazolinium chloride (2.03 g, 5.93 mmol, 1.00 eq) and 

KHMDS (1.24 g, 6.23 mmol, 1.05 eq) were dissolved in 70 mL of dry 

Toluene. The reaction mixture was stirred for 3 h at rt and was then 

filtered over celite under N2 atmosphere into another dry Schlenk flask. CO2 (g) was then bubbled into the filtrate 

for 45 min. forming a white precipitate. The precipitate was filtered, washed with 3 x 20 mL of Et2O and dried 

under vacuo to afford the title compound as a white solid (1.45 g, 70 % yield). 1H NMR (400 MHz, DMSO-d6) δ 

7.86 (s, 2H), 7.08 (s, 4H), 2.32 (s, 6H), 2.09 (s, 12H). The spectral data is in accordance with the literature.1 

 

2-bromocycloheptan-1-one (4) 

Cycloheptanone (7.1 mL, 60 mmol, 1.0 eq) and p-Toluenesulfonic acid monohydrate (1.1 g, 6.0 

mmol, 0.1 eq) were dissolved in 50 mL of DCM, N-Bromosuccinimide (11 g, 60 mmol, 1.0 eq) was 

added portionwise and the reaction mixture was stirred overnight at rt. 200 mL of H2O were added. 

Phases were separated and the aqueous phase was extracted with 3 x 100 mL. The combined organic phases 

were dried over Na2SO4, filtered, the solvent was evaporated, and the crude mixture was purified by column 

chromatography to afford the title compound (7.5 g, 86 % yield). 1H NMR (400 MHz, CDCl3) δ 4.38 (dd, J = 9.6, 

                                                                 
1 E. Papadaki, L. Delaude, V. Magrioti, Tetrahedron 2017, 73, 7295-7300 
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5.1 Hz, 1H), 2.92 – 2.78 (m, 1H), 2.54 – 2.43 (m, 1H), 2.42 – 2.29 (m, 1H), 2.06 – 1.86 (m, 3H), 1.82 – 1.68 (m, 1H), 

1.63 – 1.50 (m, 2H), 1.45 – 1.31 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 208.94, 56.37, 42.06, 36.92, 32.24, 29.48, 

27.63. The spectral data are in accordance with the literature.2 

 

 3-mesityl-3,4,5,6,7,8-hexahydro-2H-cyclohepta[d]thiazole-2-thione (5) 

2,4,6-trimethylaniline (5.5 mL, 39 mmol, 1.0 eq) and NaOH (1.6 g, 39 mmol, 1.0 eq) were 

dissolved in 50 mL of DMSO, CS2 (2.3 mL, 39 mmol, 1.0 eq) was added and α-

bromocycloheptanone (7.3 g, 39 mmol, 1.0 eq) was added dropwise. The reaction mixture 

was stirred at rt for 48 h. 100 mL was added and the precipitate was filtered. The 

precipitate was dissolved in 100 mL of EtOH, then 5 mL of conc. HCl aq. sol. (37%) was 

added dropwise, and the reaction mixture was stirred for 1 h under reflux. After cooling 

the reaction mixture to 0 °C, 100 mL of H2O were added, the precipitate was filtered and dried in vacuo. The 

product was used without further purification in the subsequent step. 

 

3-mesityl-5,6,7,8-tetrahydro-4H-cyclohepta[d]thiazol-3-ium perchlorate (6) 

3-mesityl-3,4,5,6,7,8-hexahydro-2H-cyclohepta[d]thiazole-2-thione was suspended in 

120 mL of acetic acid and 30% H2O2 (6.9 mL, 0.13 mol, 3.3 eq) was added dropwise and 

the reaction mixture was stirred for 1 h at rt. Volatiles were removed under air flow at 

45°C. The residue was dissolved in 20 mL of MeOH and NaClO4 (13 g, 0.16 mol, 4.0 eq) 

was added dropwise at 0 °C as a 100 mL solution in MeOH/H2O (2/1), the reaction mixture 

was stirred at rt for 1 h. 100 mL of H2O and 200 mL of DCM were added. The phases were separated and the 

aqueous layer was extracted with 4 x 100 mL of DCM. The combined organic layers were dried over Na2SO4, 

filtered and the solvent was evaporated in vacuo. Et2O was added to the crude residue and the mixture was 

sonicated to give a beige precipitate, the precipitate was filtered and washed with 3 x 20 mL of Et2O yielding the 

title compound as a beige solid (6.0 g, 42 % yield). 1H NMR (400 MHz, CDCl3) δ 9.66 (s, 1H), 7.06 (s, 2H), 3.18 – 

3.09 (m, 2H), 2.59 – 2.51 (m, 2H), 2.37 (s, 3H), 1.97 (s, 6H), 1.93 – 1.85 (m, 1H), 1.71 – 1.61 (m, 2H). 13C NMR (101 

MHz, CDCl3) δ 158.32, 150.43, 144.83, 143.53, 136.65, 135.48, 132.85, 33.50, 30.86, 29.51, 29.35, 28.27, 23.83, 

19.99. The spectral data are in accordance with the literature.3 

 

2-hydroxy-1-phenylethan-1-one (8) 

In a dry microwave vial was added benzaldehyde (0.10 mL, 1.0 mmol, 1.0 eq), organocatalyst 6 

(37 mg, 0.1 mmol, 0.1 eq), DIPEA (33 μL, 0.2 mmol, 0.2 eq) and paraformaldehyde (90 mg, 3.0 

mmol, 3.0 eq) in 0.3 mL of dry THF. The vial was sealed and heated in the microwave for 15 min 

at 100°C (max. power: 50 W). After cooling to room temperature, the solvent was evaporated 

under reduced pressure. The residue was taken up with CH2Cl2 (15 mL) and H2O (15 mL). The aqueous layer was 

extracted twice with CH2Cl2 (2 x 15 mL). The combined organic layers were dried over anhydrous Na2SO4 and the 

solvent was removed under reduced pressure. The product was purified by column chromatography (eluent: 

Pentane/EtOAc: 90/10 to 50/50). 1H NMR (400 MHz, CDCl3) δ 8.02 – 7.87 (m, 2H), 7.67 – 7.59 (m, 1H), 7.54 – 

7.49 (m, 2H), 4.89 (s, 2H), 3.52 (bs, 1H). The spectral data is in accordance with the literature.4 

 

1-hydroxynonan-2-one (10) 

In a dry microwave vial was added octanal (0.16 mL, 1.0 mmol, 1.0 eq), 

organocatalyst 6 (92 mg, 0.25 mmol, 0.25 eq), DIPEA (83 μL, 0.5 mmol, 0.5 eq) 

and paraformaldehyde (30 mg, 1.0 mmol, 1.0 eq) in 0.3 mL of dry THF. The vial was sealed and heated in the 

microwave for 10 min at 100°C (max. power: 50 W). After cooling to room temperature, the solvent was 

                                                                 
2 M. Draskovits, H. Kalaus, C. Stanetty, M. D. Mihovilovic, Chem. Commun. 2019, 55, 12144-12147 
3 N. Kuhl, F. Glorius, Chem. Commun. 2011, 47, 573-575 
4 J. M. William, M. Kuriyama, O. Onomura, Adv. Synth. Catal. 2014, 356, 934-940 
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evaporated under reduced pressure. The residue was taken up with CH2Cl2 (15 mL) and H2O (15 mL). The 

aqueous layer was extracted twice with CH2Cl2 (2 x 15 mL). The combined organic layers were dried over 

anhydrous Na2SO4 and the solvent was removed under reduced pressure. The product was purified by column 

chromatography (eluent: Pentane/EtOAc: 90/10 to 50/50). 1H NMR (400 MHz, CDCl3) δ 4.23 (s, 2H), 3.12 (bs, 1H), 

2.40 (t, J = 7.5 Hz, 2H), 1.63 (p, J = 7.5 Hz, 2H), 1.34 – 1.22 (m, 8H), 0.92 – 0.84 (m, 3H). 13C NMR (101 MHz, CDCl3) 

δ 212.54, 70.72, 41.09, 34.24, 31.80, 31.58, 26.39, 25.22, 16.68. The spectral data are in accordance with the 

literature.5 

 

20β-hydroxy-prednisolone (12) 

Prednisolone (0.20 g, 0.55 mmol, 1.0 eq) was dissolved in 10 mL of MeOH, 

NaBH4 (23 mg, 0.61 mmol, 1.1 eq) was added at 0 °C and the reaction mixture 

was stirred for 1.5 h at 0 °C. The solvent was evaporated in vacuo. The crude 

residue was dissolved in 50 mL of EtOAc, 20 mL of H2O were added and acidified 

with 20 mL 1M HCl aq. sol. Phases were separted and the aqueous layer was 

extracted further with 3 x 50 mL of EtOAc. The combined organic layers were 

dried over Na2SO4, filtered and the solvent was removed in vacuo, affording the title compound as a white solid 

(0.19 g, 95 % yield). 1H NMR (400 MHz, DMSO-d6) δ 7.30 (d, J = 10.1 Hz, 1H), 6.13 (dd, J = 10.1, 1.9 Hz, 1H), 5.94 

– 5.83 (m, 1H), 5.73 (s, 1H), 4.52 (d, J = 3.4 Hz, 1H), 4.33 (s, 1H), 4.27 – 4.10 (m, 1H), 4.09 – 3.92 (m, 1H), 3.64 – 

3.49 (m, 1H), 3.49 – 3.33 (m, 2H), 3.31 (s, 1H), 2.31 – 2.22 (m, 1H), 2.07 – 1.92 (m, 2H), 1.92 – 1.85 (m, 1H), 1.76 

– 1.40 (m, 4H), 1.38 (s, 3H), 1.15 (s, 3H), 1.03 – 0.75 (m, 4H). The spectral data are in accordance with the 

literature.6 

 

(8S,9S,10R,11S,13S,14S,17R)-11,17-dihydroxy-10,13-dimethyl-3-oxo-

6,7,8,9,10,11,12,13,14,15,16,17-dodecahydro-3H-cyclopenta[a]phenanthrene 

-17-carbaldehyde (13) 

12 (0.50 g, 1.4 mmol, 1.0 eq) was dissolved in 30 mL of MeOH, NaIO4 (0.34 g, 1.5 

mmol, 1.1 eq) was added dropwise as a 10 mL solution in H2O at 0°C. The 

reaction mixture was stirred at rt for 2 h. MeOH was evaporated in vacuo, The 

residual aqueous layer was extracted with 3 x 20 mL of EtOAc. The combined organic layers were dried over 

Na2SO4, filtered and the solvent was evaporated in vacuo. The crude product was purified by column 

chromatography (DCM/MeOH : 98/2) to afford the title compound as a white solid in 50% yield. 1H NMR (400 

MHz, CDCl3) δ 9.78 (s, 1H), 7.23 (d, J = 10.1 Hz, 1H), 6.25 (dd, J = 10.1, 1.9 Hz, 1H), 6.01 (t, J = 1.7 Hz, 1H), 4.47 (q, 

J = 3.3 Hz, 1H), 3.43 (s, 1H), 2.67 – 2.44 (m, 2H), 2.34 (ddd, J = 13.4, 4.9, 2.0 Hz, 1H), 2.25 – 2.06 (m, 2H), 2.05 – 

1.97 (m, 1H), 1.93 (dd, J = 14.3, 3.7 Hz, 1H), 1.72 – 1.52 (m, 3H), 1.45 (s, 3H), 1.34 (dd, J = 14.2, 2.6 Hz, 1H), 1.28 

(s, 3H), 1.22 – 1.14 (m, 1H), 1.09 (dd, J = 11.2, 3.5 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 208.25, 189.18, 172.47, 

158.66, 130.56, 125.14, 90.13, 72.85, 57.73, 54.08, 53.19, 46.65, 42.51, 36.63, 35.16, 34.65, 33.24, 27.81, 23.75, 

20.59. 

 

Note : Substantial amount of 11β-hydroxy-1,4-androstene-3,17-dione (14) could be 

isolated from the synthesis of 13. 1H NMR (400 MHz, DMSO-d6) δ 7.30 (d, J = 10.1 

Hz, 1H), 6.14 (dd, J = 10.1, 1.9 Hz, 1H), 5.91 (t, J = 1.6 Hz, 1H), 4.81 (d, J = 3.4 Hz, 1H), 

4.23 (t, J = 3.3 Hz, 1H), 3.30 (s, 1H), 2.60 – 2.51 (m, 1H), 2.39 (dd, J = 18.5, 8.8 Hz, 

1H), 2.31 (ddd, J = 13.2, 4.9, 1.9 Hz, 1H), 2.21 – 2.04 (m, 2H), 2.01 – 1.82 (m, 2H), 

1.79 (dd, J = 13.9, 2.6 Hz, 1H), 1.56 (tt, J = 12.1, 8.6 Hz, 1H), 1.39 (s, 3H), 1.25 (dd, J = 

13.8, 3.3 Hz, 1H), 1.21 – 1.13 (m, 1H), 1.04 (s, 3H), 0.95 (dd, J = 11.1, 3.4 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) 

                                                                 
5 A. Wissner, J. Org. Chem. 1979, 44 (25), 4617-4622 
6 S. Costa, F. Zappaterra, D. Summa, B. Semeraro, G. Fantin, Molecules 2020, 25 (9), 2192 
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δ 221.61, 188.23, 173.37, 159.64, 130.24, 124.80, 71.22, 58.54, 58.02, 53.77, 49.61, 46.87, 37.90, 35.55, 34.22, 

33.53, 24.58, 24.02, 18.50. The spectral data are in accordance with the literature.7 

 

(8S,9S,10R,11S,13S,14S,17R)-10,13-dimethyl-3-oxo-11,17-

bis((trimethylsilyl)oxy)-6,7,8,9,10,11,12,13,14,15,16,17-dodecahydro-3H-

cyclopenta[a]phenanthrene-17-carbaldehyde (15) 

In a dry Schlenk flask under N2 atmosphere, 13 (0.11 g, 0.32 mmol, 1.0 eq) 

was dissolved in 5 mL of dry DMF, DIPEA (1.1 mL, 6.4 mmol, 20 eq) was added 

and TMSCl (0.6 mL, 4.8 mmol, 15 eq) was added dropwise. The reaction 

mixture was stirred overnight at rt 100 mL of H2O was added to quench the reaction mixture which was extracted 

with 3 x 50 mL of EtOAC. The combined organic layer was washed with 3x50 mL of H2O, dried over Na2SO4, 

filtered and the solvent was evaporated to afford the title compound as a white solid (110 mg, 72% yield) 1H 

NMR (400 MHz, CDCl3) δ 9.56 (s, 1H), 6.26 (dd, J = 10.0, 1.9 Hz, 1H), 6.01 (t, J = 1.7 Hz, 1H), 4.45 (d, J = 3.2 Hz, 

1H), 2.53 (ddd, J = 15.1, 11.8, 3.9 Hz, 2H), 2.40 – 2.20 (m, 1H), 2.20 – 2.01 (m, 2H), 1.92 (dd, J = 14.1, 3.5 Hz, 1H), 

1.83 – 1.69 (m, 1H), 1.67 – 1.47 (m, 3H), 1.47 – 1.38 (m, 1H), 1.36 (s, 3H), 1.32 – 1.18 (m, 1H), 1.18 – 1.08 (m, 

1H), 1.03 (dd, J = 10.9, 3.2 Hz, 1H), 0.92 (s, 3H), 0.17 (s, 9H), 0.07 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 205.63, 

189.04, 172.79, 158.19, 130.68, 125.11, 93.49, 73.81, 58.86, 54.14, 51.49, 46.54, 41.45, 36.76, 34.69, 33.62, 

33.09, 26.80, 23.18, 19.61, 4.30, 3.66. 

 

2-(1-phenylethyl)-1,3-dithiane (17) 

In a dry Schlenk were dissolved 2-phenylpropanal (0.50 mL, 3.7 mmol, 1.0 eq) and propane-1,3-

dithiol (0.56 mL, 5.6 mmol, 1.5 eq) in 5 mL of dry DCM. BF3
.Et2O (0.91 mL, 7.4 mmol, 2.0 eq) was 

added dropwise at 0°C and the reaction mixture was stirred overnight at rt. 20 mL of H2O were 

added to quench the reaction mixture which was extracted with 3 x 20 mL of DCM. The combined 

organic layer was washed with 20 mL of 0.2M aq. sol. NaOH followed by 20 mL of H2O. The 

organic layer was dried over Na2SO4, filtered and the solvent was evaporated to afford a crude mixture that was 

purified by column chromatography (Pentane/EtOAc : gradient from 100/0 to 95/5) to afford the title compound 

(0.71 g, 85% yield). 1H NMR (400 MHz, CDCl3) δ 7.38 – 7.22 (m, 5H), 4.26 (d, J = 7.5 Hz, 1H), 3.09 (p, J = 7.2 Hz, 

1H), 2.91 – 2.76 (m, 4H), 2.14 – 2.02 (m, 1H), 1.89 – 1.73 (m, 1H), 1.48 (d, J = 7.1 Hz, 3H). 13C NMR (101 MHz, 

CDCl3) δ 145.67, 130.92, 130.36, 129.75, 57.61, 47.52, 33.69, 33.29, 28.50, 21.30. The spectral data are in 

accordance with the literature.8 

 

1-hydroxy-3-phenylbutan-2-one (19) 

In a dry microwave vial was added 2-Phenylpropanal (0.13 g, 1.0 mmol, 1.0 eq), organocatalyst 

6 (37 mg, 0.1 mmol, 0.1 eq), DIPEA (33 μL, 0.2 mmol, 0.2 eq) and paraformaldehyde (90 mg, 

3.0 mmol, 3.0 eq) in 0.3 mL of dry THF. The vial was sealed and heated in the microwave for 

15 min at 100°C (max. power: 50 W). After cooling to room temperature, the solvent was 

evaporated under reduced pressure. The residue was taken up with CH2Cl2 (15 mL) and H2O 

(15 mL). The aqueous layer was extracted twice with CH2Cl2 (2 x 15 mL). The combined organic layers were dried 

over anhydrous Na2SO4 and the solvent was removed under reduced pressure. The product was purified by 

column chromatography (eluent: Pentane/EtOAc: 90/10 to 50/50). 1H NMR (400 MHz, CDCl3) δ 7.38 – 7.31 (m, 

2H), 7.31 – 7.27 (m, 1H), 7.24 – 7.19 (m, 2H), 4.20 (s, 2H), 3.77 (q, J = 7.0 Hz, 1H), 2.98 (bs, 1H), 1.48 (d, J = 7.0 

Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 212.74, 142.00, 131.77, 130.36, 130.29, 69.47, 51.89, 19.83. The spectral 

data are in accordance with the literature.9  

                                                                 
7 F. Sommer, C. O. Kappe, D. Cantillo, Chem. Eur. J. 2021, 27 (19), 6044-6049 
8 P. D. Dharpure, A. Bhowmick, P. K. Warghude, R. G. Bhat, Tetrahedron Lett. 2020, 61 (3), 151407 
9 E. Papadaki, V. Magrioti, Tetrahedron Lett. 2020, 61 (4), 151419 
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Starting from 17 (112 mg, 0.5 mmol, 1.0 eq) dissolved in 2 mL of dry THF, n-BuLi (0.38 mL, 0.6 mmol, 1.2 eq) was 

added dropwise at -78 oC and the reaction mixture was stirred at -78 oC for 30 min. Paraformaldehyde (45 mg, 

1.5 mmol, 3.0 eq) was added and the reaction mixture was allowed to warm up to rt over 10 min, after which a 

premixed solution of N-Chlorosuccinimide (0.33 mg, 2.5 mmol, 5.0 eq) and AgNO3 (0.43 g, 2.5 mmol, 5.0 eq) in 

2 mL of MeCN/H2O (1/1) was added and the reaction mixture was stirred for 5 min at rt before being filtered 

and analysed by GC-MS. 
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Chapter  8 

8 Ultrafast photoclick reaction for 18F-PET tracer synthesis in 

flow 
 

The development of ultrafast methods for indirect labelling in PET tracer synthesis is an ongoing 

challenge. Here we present the development of a photoclick transformation for the synthesis of 

short-lived 18F-PET tracers based on the photocycloaddition reaction of 9,10-phenanthrenequinones 

(PQs) with electron-rich alkenes. The respective precursors are synthetically easily accessible and can 

be functionalized with various target groups. Using a flow photo-microreactor, the photoclick 

reaction can be performed in 60 sec only, and permitted the labelling of a prostate specific (PSMA-

targeting) tracer and of an 18F-Vancomycin derivative, clinically relevant for the imaging of bacterial 

infection. 
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8.1 Introduction 

Positron Emission Tomography (PET) is a key molecular imaging technique, characterized by 

unparalleled sensitivity.1 It targets the tissue of interest with tracers functionalized with radioactive, 

short half-life positron-emitting nuclides for detection by gamma cameras. Therefore, the 

development of radiopharmaceuticals for PET is highly dependent on our ability to introduce 

radionuclides efficiently and rapidly into the target chemical structures. The workhorse radionuclide 

for PET is fluorine-18, which is characterized by a half-life suitable for radiosynthesis and 

biodistribution (t1/2 = 109.8 min). Emission of low-energy positrons (Emean = 0.64 MeV) accompanies 

the decay of 18F, allowing for relatively high image resolution.1 Consequently, 18F is the most widely 

used radionuclide for the clinical labelling of PET-radiopharmaceuticals. Labelling methods to 

introduce 18F can be divided into direct and indirect techniques. Most direct labelling strategies rely 

on the use of 18F- to functionalize a wide range of substrates, introducing 18F-aryl, 18F-alkyl or 18F-CF2 

groups.2,3 These new direct labelling strategies expanded the applicability of the method in the past 

years, however they suffer from the need of elevated reaction temperatures and low functional 

group tolerance.4–7 Recently, milder direct labelling methods are emerging, involving chelation of 

Al18F and 18F-19F-exchange reactions on heteroatoms like Si and B.8–11 Hence, indirect labelling is often 

the preferred option for particularly sensitive substrates.12,13 This approach is based on the 

fluorination of a prosthetic group that is subsequently attached to a tracer in a bioorthogonal 

reaction. 

Due to the limited half-life of 18F, this final coupling step has to be very efficient and fast.13,14 Hence, 

the copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction became an attractive labelling 

method.15–17 Its metal-free labelling variants, such as strain-promoted click chemistry (SPAAC)18–22 

and tetrazine trans- cyclooctene cycloadditions (IEDDA),23–27 were introduced in an attempt to 

address the issues related to slow reaction rate and copper toxicity (Figure 8.1A).28,29 Considering the 

challenge to develop very fast, clean, and precise methods for indirect labelling, photochemical click 

reactions would provide particularly an appealing alternative (Figure 8.1B). 

Highly beneficial is that photoclick reactions can combine important requirements to provide a 

practical indirect labelling protocol, such as high functional group tolerance, ambient reaction 

conditions, easy operation in a photoflow reactor and, importantly, one might achieve extremely high 

reaction rates without the need for additional reagents or catalysts. The outstanding possibilities 

offered by photochemical reactions30 have recently been recognized in several radiochemical 

applications i.e. a methylation protocol for 11C-PET ligand synthesis,31 photoactivatable aryl azides 

and photo-triggered reaction of tetrazoles for radiosynthesis of 89Zr-labelled proteins.32–35 However, 

so far a very limited number of photochemical transformations has been utilized as key step in the 

indirect labelling of 18F-PET tracers,36–38 and neither of them provides the modularity and selectivity 

typical of click reactions. Namely, the photoreactions showcased for PET-tracer synthesis often lack 

in functional group tolerance.37,38 or are performed with short irradiation wavelength that can be 

absorbed by, or damage, common biomolecules.39 With these challenges in mind, we were aiming to 
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identify and evaluate a fast photoclick reaction that can be conveniently used for the versatile 

preparation of 18F-PET tracers under visible light irradiation.  

Figure 8.1 Overview of different “click” reactions used in PET tracer synthesis 

 
A. Established CuAAC, SPAAC, and IEDDA techniques. B. Novel ultrafast photoclick reaction presented here. 

An interesting candidate for such process is provided by photocycloaddition between 9,10-

phenantroquinones (PQs) and suitably substituted alkenes (see Figure 8.1B).40 While this “photoclick” 

reaction was already discovered in the 1940s, the need for long reaction times hampered its 

application in synthesis.41 Recently, using a suitable high-power LED light source, the transformation 

was performed in the minute-range in a biological environment.42 We envisioned that this fast and 

clean photoclick reaction holds tremendous potential for indirect labelling of tracers with short-lived 

radioisotopes to produce 18F-PET-radiopharmaceuticals (Figure 8.1B). Here, we present the 

development of the PQ photoclick reaction into highly efficient batch- and flow- methodology for 

ultrafast radiosynthesis and its application for the preparation of 18F-labelled compounds including a 

prostate cancer biomarker. 

8.2 Initials results and study of vinyl ethers 

Irradiation of the energetically lower transition band of PQ (λmax at 395 nm) excites the system to the 

S1, which eventually populates the lowest triplets state (T1) via intersystem crossing (ISC). From T1, 

the system either relaxes in a non-radiative process or, in the presence of a suitable reaction partner, 

such as the electron-rich vinyl ether, reacts in a [4+2] photocycloaddition to form the 



Chapter 8 

 

123 

8 

photocycloaddition product (PQ-VEs).40,41,43,44 The conversion can be followed by UV-Vis absorption 

and fluorescence spectroscopy, as the product emits a strong blue fluorescence. 

After identifying that both cyclic and linear F-VEs show excellent reactivity towards PQ, quickly 

generating the desired fluorogenic photocycloadducts, we synthesized the 18F-radiolabelled analogs 

of a linear and a cyclic F-VE. The fluorination of the corresponding tosylates was performed by rapid 

(3 min) nucleophilic substitution with azeotropically dried [18F]F-/K222 (Scheme 8.1). Both vinyl ethers 

could be successfully radiolabeled. Purification of the 18F-products by distillation significantly 

shortened the overall labelling procedure, as compared to the commonly used HPLC or SPE 

purification.45 Satisfyingly, after only 5 min of total synthesis time, 18F-VE1 was isolated in 58% 

radiochemical yield (RCY) and 18F-VE2 in 37% RCY. Both compounds could be directly used for the 

subsequent photoclick reaction. Irradiation of PQ in the presence of both 18F-VE linkers under 

standard condition showed full conversion of the radioactive starting material, however, none of the 

photochemical cycloaddition product was observed. 

Scheme 8.1 18F-Fluorination of vinyl ether linkers. 

 

1H-NMR analysis of the reaction between VE2 and PQ revealed that without an excess of the trap, 

namely the VEs, photooxidation degraded the product. Consequently, the photochemical reactions 

at equimolar ratios or with excess of PQ (to simulate the situation of radiosynthesis) were performed 

with deoxygenated solvents. To our delight, degradation of the product was prevented, and F-VE2-

PQ remained unaffected even after 10 min of irradiation. Applying oxygen-free conditions to the 

radiolabelling procedure with 18F-VE1 resulted in 18F-labelled product 18F-PQ-VE1 in high conversion 

(RCC 69%) in 5 min. The use of cyclic 18F-VE2 resulted in lower conversion to the product (RCC 20% 

to 18F-PQ-VE2) compared to the linear VE (Figure 8.2C).  

8.3 Photoclick in flow for 18F-labelling 

To improve the efficiency of the photoclick reaction, and to further reduce the reaction time, the 

reaction was optimized in a microfluidic flow photoreactor. This ensured effective light penetration 

and allowed us to automate the protocol. Towards this goal, a commercially available FlowSafe 

synthesis module17 was equipped with two 395 nm LEDs (see Figure 8.2B). Indeed, performing the 

reaction this way enhanced the irradiation efficiency significantly and allowed achieving high 

conversions even at residence times as short as 60 s. The high conversion observed in batch for the 
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synthesis of 18F-VE1-PQ could be improved even further in flow, affording the desired product in 77% 

RCC (Figure 8.2C). 

Figure 8.2 Scope Radiolabelled 18F-VE-PQ 

 
A. Batch setup. B. Flow setup. C. Scope of “hot” F-VE-PQs including the potential prostate-cancer tracer 18F-VE1-PQ-

PSMA. The RCC values over three repetitions are reported with the corresponding error associated to the measure. 

We subsequently explored if the substituted PQ derivatives perform equally well in this developed 

ultrafast click methodology, envisioning the embedding of PQ derivatives into targeting moieties of 

future tracers for reaction with the vinyl prosthetic groups. A carboxylic acid on the PQ moiety as a 

handle for further synthetic functionalization and linear 18F-VE1 was selected as the reaction partner 

in the photo-induced cyclization reaction. First, the effect of the amide substitution on PQ was 

assessed by performing the labelling of compound 18F-VE1-PQ-Amide. The expected product was 

formed in satisfactory radiochemical conversion (RCC, 49%) after only 60 s of irradiation in flow. To 

test the labelling of potential probes via a direct attachment using an amide linkage, a well-

established prostate specific membrane antigen (PSMA) binding motif was connected to the PQ core 

structure as a model substrate. PSMA is a biological marker of prostate cancer that is often targeted 

for diagnosis and radionuclide therapy in PET-imaging.17,46–48 Most of the PET-probes developed to 

target PSMA share the same lysine-urea-glutamate binding motif.17 
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Table 8.1 Reaction optimization for the labelling of PQ-tBu-PSMA and PQ-PSMA 

 

Entry 
Irradiation / 

residence time 

Amount of PQ-
tBuPSMA 

RCC 

(HPLC) 

 
Entry 

Irradiation / 

residence time 
Solvent 

RCC 

(HPLC) 

1 60 sec. 0.5 mg 20 %  1 Batch – 30 min. MeCN 12 % 

2 60 sec. (50°C) 0.5 mg 15 %  2 Flow – 60 sec. MeCN / PBS (1/1) 8 % 

3 180 sec. 0.5 mg 25 %  3 Flow – 60 sec. MeCN / PBS (1/2) 17 % 

4 60 sec. 0.1 mg 9 %  4 Flow – 60 sec. MeCN / PBS (9/1) 26 % 

5 60 sec. 1.5 mg 23 %  5 Flow – 60 sec. MeCN 19 % 

6 60 sec. 1.5 mg 56 %  6 Flow – 60 sec. MeCN 15 % 

7 60 sec. 1.5 mg 45 %  7 Flow – 60 sec. MeCN 19 % 

8 60 sec. 1.5 mg 54 %  8 Flow – 180 sec. MeCN 23 % 

 

By introducing this specific motif, we aimed to demonstrate the potential of our photoclick procedure 

in flow as a powerful tool to synthesize a clinically relevant 18F-PET radiopharmaceutical. First, 

radiolabelling of the tert-butyl protected tracer analogue was explored to give 18F-VE1-PQ-(tBu)-

PSMA (for optimization see table 8.1a). The conversion was similar to the one observed with the 

simpler 18F- VE1-PQ-Amide, and the desired product was obtained in 52 ± 6% RCC. To avoid an 

additional deprotection step of an already radio-labelled compound and test the possibility of the 

developed protocol to be used as the final-step radiolabelling method, we used a PQ derivative 

carrying the unprotected lysine-urea-glutamate binding motif. Also, for this readily applicable tracer, 

the photochemical labelling method reaction was successful, albeit with lower RCC (18 ± 2% for 18F-

VE1-PQ-PSMA). Increasing the residence time or further optimization did not significantly improve 

the conversion as shown in Table 8.1b. 

Scheme 8.2 Radiolabelling of 18F-VE-PQ-Vanco 

 

Driven by a clinical need to detect bacterial infections, non-invasively and with high sensitivity,49,50 

the labeling of the antibacterial agent vancomycin was undertaken (Scheme 8.2). Gratifyingly, this 
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large, highly functionnlized drug could be successfully radiolabeled after conjugation with the 

suitable PQ compound, in 60 s, under irradiation with 395 nm light, without the need of protecting 

groups. The synthesis of 18F-VE1-PQ-Vancomycin is the first report of a 18F-labeled vancomycin 

derivative and therefore can be greatly relevant for the selective detection of gram-positive bacterial 

infections by PET-imaging. 

8.4 Towards bifunctional probe for photoclick 

The phenantroquinone motif was envisonned as a valuable platform for the design of bivalent 

probes. Bivalent probes often have superior binding affinities to their target compared to their 

monovalent equivalent, which makes them particularly attractive for imaging.51 Here we envisonned 

the synthesis of a bivalent PSMA-targeting probe, starting from a di-substituted phenantroquinone 

di-Br-PQ. Using a symmetrical diketo-compound implies that a single product is formed during the 

photoclick reaction, as opposed to a mixture of two regioisomers obtained when unsymmetrical 

diketo-compounds are used.  

Scheme 8.3 Synthesis route towards a bivalent PSMA-targeting probe 

 
a) ethylene glycol, p-TSA, toluene, overnight, reflux with Dean-Stark b) n-BuLi, CO2 (g), -78 oC to rt. c) 9M H2SO4 aq. 

sol., reflux, 48 h. d) (tBu)PSMA, HATU, DIPEA, DMF, rt, 48 h. e) TFA, DCM, rt, 6h. 

Compound PQ-di-PSMA was synthesized according to the 5-step procedure presented in scheme 8.3. 

Starting from the di-brominated phenantroquinone, the diketo-compound had to be protected to 

perfom lithium-halogen exchange, followed by quenching of the in-situ formed di-lithiated species 

with CO2 to afford PQ-di-COOH. Deprotection of the diketone was achieved under acidic conditions, 

followed by the amide coupling of the di-carboxylic acid with the tert-butyl protected Lys-Urea-Glu 

moiety and subsequent deprotection, to afford the bivalent precursor PQ-di-PSMA, bearing two 

PSMA-targeting arms. Only small amounts of this compound were isolated and impurities remained 

in the collection fraction, hence the photoclick reaction was not performed. Altogether, we provide 

here a valuable synthesis route towards symmetrical, bifunctionnalized, diketo compunds which can 

facilitate the development of this photoclick strategy to bivalent probes for fluorescence and PET 

imaging. 
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8.5 Conclusion 

In summary, we successfully developed a novel, extremely fast photoclick reaction for the synthesis 

of short-lived 18F-PET tracers. The respective 18F-VE and PQ precursors are synthetically easily 

accessible probes and labels. By functionalizing the PQ moiety with various handles, such as the 

clinically relevant PSMA ligand and the antibacterial agent Vancomycin, the photoclick reaction led 

to the labelling of valuable 18F-PET-tracers. By using a flow photo-microreactor, the reaction time 

could be optimized to only 1 minute under visible (violet) light irradiation, representing a 

considerable improvement compared to most current methods. Our strategy enables the complete 

process from the stage of dried 18F-/K222 to the crude final product to be performed in less than 10 

minutes. From a practical point of view, the method holds tremendous potential as a novel 

radiolabelling procedure for synthesis of 18F-tracers. Moreover, exploiting the fluorescence 

properties of the photocycloadduct offers prospects towards the development of other (multimodal) 

imaging protocols. 

8.6 Author contributions 

Y. Fu performed the synthesis of the reference compounds and the fluorescence spectroscopy. H. 

Helbert performed the radiolabeling experiments and the synthesis of the PSMA precursors. N. A. 

Simeth performed HPLC purification of the reference compounds. S. Crespi performed the 

calculations. D. van der Born assisted to translate the labelling procedure into the flow system and 

provided the flow microreactor. Y. Fu, H. Helbert, N. A. Simeth and S. Crespi wrote the manuscript. 

G. Luurtsema, W. Szymanski, P. H. Elsinga and B. L. Feringa revised the manuscript and supervised 

the project. 

 

8.7 References 

1 F. Calabria, O. Schillaci, Eds., Radiopharmaceuticals A Guide to PET/CT and PET/MRI, Springer 
International Publishing, 2020 

2 S. Preshlock, M. Tredwell, V. Gouverneur, Chem. Rev. 2016, 116 (2), 719-766 

3 J. Rong, S. H. Liang. Aliphatic [18F]Fluorination Chemistry for Positron Emission Tomography.  In 
Fluorination, Springer Singapore, Singapore, 2020, 1-14 

4 M. G. Campbell, J. Mercier, C. Genicot, V. Gouverneur, J. M. Hooker, T. Ritter, Nat. Chem. 2016, 9 (1), 
1-3 

5 C. N. Neumann, J. M. Hooker, T. Ritter, Nature 2016, 534 (7607), 369-373 

6 J. Rickmeier, T. Ritter, Angew. Chem. Int. Ed. 2018, 57 (43), 14207-14211 

7 P. Xu, D. Zhao, F. Berger, A. Hamad, J. Rickmeier, R. Petzold, M. Kondratiuk, K. Bohdan, T. Ritter,  Angew. 
Chem. Int. Ed. 2020, 59 (5), 1956-1960 

8 C. Fersing, A. Bouhlel, C. Cantelli, P. Garrigue, V. Lisowski, B. Guillet, Molecules 2019, 24 (16), 2866 

9 V. Bernard-Gauthier, J. J. Bailey, Z. Liu, B. Wängler, C. Wängler, K. Jurkschat, D. M. Perrin, R. 
Schirrmacher, Bioconjug. Chem. 2016, 27 (2), 267-279 



Ultrafast photoclick reaction for 18F-PET tracer synthesis in flow 

 

128 

8 

10 R. Schirrmacher, G. Bradtmöller, E. Schirrmacher, O. Thews, J. Tillmanns, T. Siessmeier, H. G. Buchholz, 
P. Bartenstein, B. Wängler, C. M. Niemeyer, K. Jurkschat, Angew. Chem. Int. Ed. 2006, 45 (36), 6047-
6050 

11 Z. Liu, M. Pourghiasian, M. A. Radtke, J. Lau, J. Pan, G. M. Dias, D. Yapp, K.-S. Lin, F. Bénard, D. M. 
Perrin, Angew. Chem. Int. Ed. 2014, 53 (44), 11876-11880 

12 O. Jacobson, D. O. Kiesewetter, X. Chen, Bioconjug. Chem. 2015, 26 (1), 1-18 

13 H. S. Krishnan, L. Ma, N. Vasdev, S. H. Liang, Chem. Eur. J. 2017, 23 (62), 15553-15577 

14 S. Mushtaq, S.-J. Yun, J. Jeon, Molecules 2019, 24 (19), 3567 

15 J. Marik, J. L. Sutcliffe, Tetrahedron Lett. 2006, 47 (37), 6681-6684 

16 L. S. Campbell-Verduyn, L. Mirfeizi, R. A. Dierckx, P. H. Elsinga, B. L. Feringa, Chem. Commun. 2009, 16, 
2139 

17 V. I. Böhmer, W. Szymanski, K. Berg, C. Mulder, P. Kobauri, H. Helbert, D. Born, F. Reeβing, A. Huizing, 
M. Klopstra, D. F. Samplonius, I. F. Antunes, J. W. A. Sijbesma, G. Luurtsema, W. Helfrich, T. J. Visser, 
B. L. Feringa, P. H. Elsinga, Chem. Eur. J. 2020, 26 (47), 10871-10881 

18 L. S. Campbell-Verduyn, L. Mirfeizi, A. K. Schoonen, R. A. Dierckx, P. H. Elsinga, B. L. Feringa, Angew. 
Chem. Int. Ed. 2011, 50 (47), 11117-11120 

19 V. Bouvet, M. Wuest, F. Wuest, Org. Biomol. Chem. 2011, 9 (21), 7393 

20 K. Kettenbach, T. L. Ross, Medchemcomm 2016, 7 (4), 654-657 

21 H. L. Kim, K. Sachin, H. J. Jeong, W. Choi, H. S. Lee, D. W. Kim, ACS Med. Chem. Lett. 2015, 6 (4), 402-
407 

22 R. D. Carpenter, S. H. Hausner, J. L. Sutcliffe, ACS Med. Chem. Lett. 2011, 2 (12), 885-889 

23 R. Selvaraj, B. Giglio, S. Liu, H. Wang, M. Wang, H. Yuan, S. R. Chintala, L.-P. Yap, P. S. Conti, J. M. Fox, 
Z. Li, Bioconjug. Chem. 2015, 26 (3), 435-442 

24 T. Reiner, E. J. Keliher, S. Earley, B. Marinelli, R. Weissleder, Angew. Chem. Int. Ed. 2011, 50 (8), 1922-
1925 

25 Z. Li, H. Cai, M. Hassink, M. L. Blackman, R. C. D. Brown, P. S. Conti, J. M. Fox, Chem. Commun. 2010, 
46 (42), 8043 

26 M. Wang, D. Svatunek, K. Rohlfing, Y. Liu, H. Wang, B. Giglio, H. Yuan, Z. Wu, Z. Li, J. Fox,  Theranostics 
2016, 6 (6), 887-895 

27 C. Denk, D. Svatunek, T. Filip, T. Wanek, D. Lumpi, J. Fröhlich, C. Kuntner, H. Mikula, Angew. Chem. Int. 
Ed. 2014, 53 (36), 9655-9659 

28 F. Length, Int. J. Phys. Sci. 2007, 2 (5), 112-118 

29 L. Gaetke, Toxicology 2003, 189 (1-2), 147-163 

30 G. S. Kumar, Q. Lin, Light-Triggered Click Chemistry. Chemical Reviews. October 26, 2020, p 
acs.chemrev.0c00799. 

31 R. W. Pipal, K. T. Stout, P. Z. Musacchio, S. Ren, T. J. A. Graham, S. Verhoog, L. Gantert, T. G. Lohith, A. 
Schmitz, H. S. Lee, D. Hesk, E. D. Hostetler, I. W. Davies, D. W. C. MacMillan, Nature 2021, 589 (7843), 
542–547. 

32 A. Guillou, D. F. Earley, M. Patra, J. P. Holland, Nat. Protoc. 2020, 15 (11), 3579-3594 

33 A. Guillou, D. F. Earley, J. P. Holland, Chem. Eur. J. 2020, 26 (32), 7185-7189 

34 R. Fay, A. Linden, J. P. Holland, Org. Lett. 2020, 22 (9), 3499-3503 

35 R. Fay, J. P. Holland, Chem. Eur. J. 2021, 27, 4893-4897 



Chapter 8 

 

129 

8 

36 J. H. Choi, D. Oh, I. S. Kim, H.-S. Kim, M. Kim, E.-M. Kim, S. T. Lim, M.-H. Sohn, D. H. Kim, H.-J. Jeong, 
Contrast Media Mol. Imaging 2018, 2018, 1-10 

37 Z. Li, L. Qian, L. Li, J. C. Bernhammer, H. V. Huynh, J.-S. Lee, S. Q. Yao, Angew. Chem. Int. Ed. 2016, 55 
(6), 2002-2006 

38 S. Zhao, J. Dai, M. Hu, C. Liu, R. Meng, X. Liu, C. Wang, T. Luo, Chem. Commun. 2016, 52 (25), 4702-
4705 

39 D. I. Pattison, A. S. Rahmanto, M. J. Davies, Photochem. Photobiol. Sci. 2012, 11 (1), 38-53 

40 A. Schönberg, A. Mustafa, Nature 1944, 153 (3876), 195 

41 K. Maruyama, T. Iwai, Y. Naruta, T. Otsuki, Y. Miyagi, Bull. Chem. Soc. Jpn. 1978, 51 (7), 2052-2058 

42 J. Li, H. Kong, L. Huang, B. Cheng, K. Qin, M. Zheng, Z. Yan, Y. Zhang, J. Am. Chem. Soc. 2018, 140 (44), 
14542-14546 

43 G. Pfundt, G. O. Schenck, G. O. Cycloadditions to O-Quinones, 1,2-Diketones, and Some of Their 
Derivatives. In 1,4-Cycloaddition Reactions: The Diels-Alder Reaction in Heterocyclesynthesis; 
Academic Press Inc., 1967, 8, 345-417 

44 C. H. Krauch, S. Farid, G. O. Schenck, Chem. Ber. 1965, 98 (10), 3102-3117 

45 J. Schmaljohann, E. Schirrmacher, B. Wängler, C. Wängler, R. Schirrmacher, S. Guhlke, Nucl. Med. Biol. 
2011, 38 (2), 165-170 

46 A. Afshar-Oromieh, C. M. Zechmann, A. Malcher, M. Eder, M. Eisenhut, H. G. Linhart, T. Holland-Letz, 
B. A. Hadaschik, F. L. Giesel, J. Debus, U. Haberkorn, Eur. J. Nucl. Med. Mol. Imaging 2014, 41 (1), 11–
20 

47 W. P. Fendler, M. Eiber, M. Beheshti, J. Bomanji, F. Ceci, S. Cho, F. Giesel, U. Haberkorn, T. A. Hope, K. 
Kopka, B. J. Krause, F. M. Mottaghy, H. Schöder, J. Sunderland, S. Wan, H.-J. Wester, S. Fanti, K. 
Herrmann, Eur. J. Nucl. Med. Mol. Imaging 2017, 44 (6), 1014–1024. 

48 H. Jadvar, J. Nucl. Med. 2015, 56 (8), 1131–1132. 

49 M. M. Welling, A. W. Hensbergen, A. Bunschoten, A. H. Velders, M. Roestenberg, F. W. B. van Leeuwen, 
Clin. Transl. Imaging 2019, 7, 105–124. 

50 A. A. Ordonez, M. A. Sellmyer, G. Gowrishankar, C. A. Ruiz-Bedoya, E. W. Tucker, C. J. Palestro, D. A. 
Hammoud, S. K. Jain, Sci. Transl. Med. 2019, 11 (508), eaax8251 

51 V. I. Böhmer, W. Szymanski, B. L. Feringa, P. H. Elsinga, Trends Mol. Med. 2021, 27 (4), 379-393 

 

8.8 Experimental section 
 

phenanthrene-3-carboxylic acid: 

To a solution of 3-acetylphenanthrene (0.61 g, 2.77 mmol) in 1,4-dioxane (7 mL), a 

solution of NaOCl (12 mL, 13% in distilled water) and 8 mL of distilled water were 

added. The mixture was stirred at 120 °C for 24 h. After cooling to room temperature, 

the mixture was poured into 125 mL of distilled water. The aqueous layer was 

washed twice with 100 mL Et2O and then acidified to pH 2 with HCl (36%, aq. sol.). The white precipitated was 

filtered off, washed with Et2O, and dried under vacuum to obtain phenanthrene-3-carboxylic acid (0.60 g, 98% 

yield). The compound was used in the subsequent step without further purification. 1H NMR (400 MHz, DMSO-

d6) δ = 9.34 (s, 1H), 8.83 (d, J = 8.0 Hz, 1H), 8.13 (d, J = 8.3 Hz, 1H), 8.08 (d, J = 8.2 Hz, 1H), 8.02 (d, J = 7.9 Hz, 1H), 

7.98 (d, J = 9.1 Hz, 1H), 7.90 (d, J = 8.8 Hz, 1H), 7.71 (dt, J = 21.6, 7.2 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) δ = 

170.6, 137.4, 134.8, 132.9, 132.4, 132.2, 132.0, 131.9, 130.7, 130.5, 129.7, 129.4, 127.6, 125.9. The obtained 

data is in accordance with the literature.  
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9,10-dioxo-9,10-dihydrophenanthrene-3-carboxylic acid (PQ-COOH): 

A mixture of 18-crown-6 (0.29 g, 1.12 mmol) and CrO3 (0.33 g, 3.35 mmol) was 

dissolved in acetic acid (12 mL) and distilled water (1.7 mL). A solution of 2 (0.5 g, 

2.25 mmol) in 30 mL acetic acid was added to this solution and heated at 60 oC for 

10 h. After adding 10 mL distilled water to the mixture, the precipitated was filtered 

off and washed twice with water/acetic acid (1/1), twice with dichloromethane, and 

then dried under vacuum to give PQ-COOH as an orange solid (0.43 g, 75% yield). 1H NMR (400 MHz, DMSO-d6) 

δ = 8.67 (s, 1H), 8.31 (d, J = 8.0 Hz, 1H), 8.10 (d, J = 8.1 Hz, 1H), 8.01 (dd, J = 14.2, 7.7 Hz, 2H), 7.77 (t, J = 7.5 Hz, 

1H), 7.54 (t, J = 7.5 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) δ = 181.5, 181.5, 169.5, 139.3, 138.6, 138.5, 137.6, 

137.2, 134.6, 132.8, 132.6, 132.4, 132.3, 127.9, 127.6. The obtained data is in accordance with the literature.  

 

tert-butyl (2-(9,10-dioxo-9,10-dihydrophenanthrene-3-

carboxamido)ethyl)carbamate (PQ-Amide): 

PQ-NHS was dissolved in 100 mL THF, followed by the addition of tert-

butyl (2-aminoethyl) carbamate (152 mg, 0.95 mmol) and DIEPA (387 mg, 

3 mmol). The reaction mixture was stirred at room temperature for 5 h 

and monitored by TLC. After complete consumption of the starting 

material, the mixture was concentrated in vacuo to give the crude PQ-

Amide. Then, the crude product was purified by column chromatography 

on silica gel (dichloromethane/ethyl acetate = 2:1, v/v) to afford PQ-Amide was isolated as a yellow solid (150 

mg, 48% yield). 1H NMR (300 MHz, DMSO-d6) δ 8.85 (s, 1H), 8.62 (s, 1H), 8.36 (d, J = 8.1 Hz, 1H), 8.10 – 8.03 (m, 

2H), 7.92 (dd, J = 8.2, 1.4 Hz, 1H), 7.83 (t, J = 6.9 Hz, 1H), 7.59 – 7.53 (m, 1H), 7.00 – 6.94 (m, 1H), 3.34 (q, J = 6.1 

Hz, 2H), 3.15 (q, J = 6.1 Hz, 2H), 1.36 (s, 9H).  13C NMR (151 MHz, DMSO-d6) δ = 179.1, 179.0, 165.7, 156.3, 140.4, 

135.8, 135.7, 135.4, 133.3, 132.0, 130.1, 129.6, 129.6, 128.5, 125.0, 123.3, 78.2, 28.7. The obtained data is in 

accordance with the literature.  

 

 di-tert-butyl (((R)-1-(tert-butoxy)-6-(9,10-dioxo-9,10-

dihydrophenanthrene-3-carboxamido)-1-oxohexan-2-yl)carbamoyl)-D-

glutamate (PQ-tBu-PSMA): 

In a 20 mL vial was added PQ-COOH (100 mg; 0.40 mmol; 1.1 eq.) and HATU 

(163 mg; 0.43 mmol; 1.2 eq.) in 1 mL of DMF, DIPEA (125 μL; 0.72 mmol; 2.0 

eq.) was added and the reaction mixture was stirred at rt for 10 min. tBu-

PSMA (176 mg; 0.36 mmol; 1.0 eq.) was added as a 1 mL solution in DMF and 

the reaction mixture was stirred at rt for 48 h. After completion, water (50 

mL) was added and the reaction mixture was then extracted with EtOAc (3 x 

50 mL) and the combined organic layers were washed with water (3 x 50 mL), 

and dried over Na2SO4. The combined organic layers were concentrated in 

vacuo. The crude product was purified by column chromatography (eluent: 

Pentane/EtOAc, gradient from 50/50 to 30/70) to afford the product PQ-tBu-

PSMA as an orange solid (202 mg, 78% yield).  1H NMR (400 MHz, CDCl3) δ 8.66 (s, 1H), 8.23 – 8.11 (m, 3H), 8.03 

(dd, J = 8.1, 1.4 Hz, 1H), 7.79 (td, J = 7.7, 1.5 Hz, 1H), 7.47 (t, J = 7.6 Hz, 1H), 5.86 (s, 1H), 5.67 (s, 1H), 4.20 (dd, J 

= 9.5, 3.5 Hz, 1H), 3.94 (dd, J = 9.3, 4.6 Hz, 1H), 3.82 – 3.71 (m, 1H), 3.38 – 3.25 (m, 1H), 2.08 – 1.87 (m, 2H), 1.86 

– 1.46 (m, 7H), 1.43 (s, 9H), 1.37 (s, 9H), 1.29 (s, 9H). 13C NMR (151 MHz, CDCl3) δ 180.02, 179.99, 172.36, 172.07, 

166.06, 157.77, 141.09, 136.57, 135.89, 135.41, 132.31, 131.00, 130.54, 130.44, 129.91, 128.44, 124.85, 123.95, 

82.67, 81.65, 80.79, 54.13, 53.60, 40.32, 32.29, 31.59, 29.07, 28.03, 27.99, 27.86, 27.06, 24.29. HR-MS (ESI+), 

calculated for [M+H]+: 722.3647 ; found : 722.3640. 
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(((R)-1-carboxy-5-(9,10-dioxo-9,10-dihydrophenanthrene-3-

carboxamido)pentyl)carbamoyl)-D-glutamic acid (PQ-PSMA): 

PQ-tBu-PSMA (38 mg; 53 μmol; 1.0 eq.) was dissolved in 2 mL of DCM. 2 mL 

of TFA were added dropwise and the reaction mixture was stirred at rt for 3 

h. Solvents were evaporated in vacuo to afford PQ-PSMA as an orange solid 

(24 mg, 83% yield). 1H NMR (300 MHz, CD3OD) δ 8.61 (s, 1H), 8.31 (d, J = 8.1 

Hz, 1H), 8.23 – 8.13 (m, 2H), 7.96 – 7.77 (m, 2H), 7.55 (d, J = 7.7 Hz, 1H), 4.36 

– 4.22 (m, 2H), 3.52 – 3.38 (m, 2H), 2.44 – 2.33 (m, 2H), 2.19 – 2.04 (m, 1H), 

1.97 – 1.81 (m, 2H), 1.78 – 1.64 (m, 3H), 1.59 – 1.47 (m, 2H). 13C NMR (151 

MHz, CD3OD) δ 180.87, 180.83, 176.44, 176.41, 175.83, 168.64, 160.15, 

142.12, 137.56, 137.22, 136.73, 134.06, 132.60, 130.96, 130.94, 128.89, 

125.80, 124.50, 53.95, 53.50, 41.02, 40.43, 33.25, 31.07, 29.85, 28.88, 24.07. 

HR-MS (ESI+), calculated for [M+H]+: 554.1769 ; found : 554.1762. 

 

6,11-dibromo-2,3-dihydro-4a,12b-(epoxyethanooxy)phenanthro[9,10-

b][1,4]dioxine: 

di-Br-PQ (1.3 g, 3.5 mmol, 1.0 eq) was dissolved in 150 mL of Toluene. p-

Toluenesulfonic acid (0.30 g, 1.6 mmol, 0.45 eq) and ethylene glycol (20 mL, 

350 mmol, 100 eq) were added and the reaction mixture was refluxed 

overnight equipped with a Dean-Stark apparatus. At the end of the reaction 

the solvent were evaporated, 100 mL of H2O added to the crude reaction mixture and the precipitate was 

filtered, washed with 3 x 50 mL of H2O followed by 3 x 10 mL of cold MeCN to afford the title compound as a 

white solid (34% yield, 0.54 g). 1H NMR (600 MHz, CDCl3) δ 7.88 (d, J = 2.2 Hz, 2H), 7.71 (d, J = 8.5 Hz, 2H), 7.59 

(dd, J = 8.4, 2.2 Hz, 2H), 4.22 (bs, 4H), 3.67 (bs, 4H). 13C NMR (151 MHz, CDCl3) δ 134.97, 133.26, 131.32, 129.63, 

125.62, 123.31, 92.18, 61.67. 

 

2,3-dihydro-4a,12b-(epoxyethanooxy)phenanthro[9,10-

b][1,4]dioxine-6,11-dicarboxylic acid: 

In a dry Schlenck flask was dissolved 6,11-dibromo-2,3-dihydro-

4a,12b-(epoxyethanooxy)phenanthro[9,10-b][1,4]dioxine (0.54 g, 1.1 

mmol, 1.0 eq) in 15 mL of dry THF. n-BuLi (5.7 mL, 9.1 mmol, 8.0 eq) 

was added dropwise at -78 oC and the reaction mixture was stirred 

for 1 h at -78 oC. CO2 (g) was bubbled through overnight while the reaction mixture was allowed to warm up to 

rt. The precipitate was filtered, washed with 2 x 0 mL of pentane followed by 2 x 10 mL of Et2O, the white solid 

was collected and dried under vaccum to afford the title compound a white solid (90 % yield, 0.39 g). 1H NMR 

(400 MHz, DMSO-d6) δ 8.22 (d, J = 8.3 Hz, 2H), 8.18 (d, J = 1.9 Hz, 2H), 8.05 (dd, J = 8.2, 1.9 Hz, 2H), 4.12 (m, 4H), 

3.50 (m, 4H). 13C NMR (151 MHz, DMSO) δ 167.07, 136.09, 134.27, 132.01, 131.21, 127.73, 125.62, 92.06, 61.28. 

 

9,10-dioxo-9,10-dihydrophenanthrene-2,7-dicarboxylic acid (PQ-di-

COOH): 

2,3-dihydro-4a,12b-(epoxyethanooxy)phenanthro[9,10-

b][1,4]dioxine-6,11-dicarboxylic acid (100 mg) was suspended in 9M 

aq. sol. H2SO4 and refluxed for 48 h. After cooling down to rt the 

reaction mixture was filtered and the precipitate was washed subsequently with H2O, pentane and Et2O (2 x 20 

mL) to afford PQ-di-COOH as a black solid (91% yield, 70 mg). 1H NMR (300 MHz, DMSO-d6) δ 8.52 (d, J = 2.0 Hz, 

2H), 8.47 (d, J = 8.5 Hz, 2H), 8.25 (dd, J = 8.2, 2.0 Hz, 2H). 13C NMR (151 MHz, DMSO-d6) δ 178.16, 166.61, 138.21, 

135.39, 132.57, 132.42, 129.95, 126.08. 
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PQ-di-(tBu)PSMA: 

PQ-di-COOH (30 mg, 0.10 mmol, 1.0 eq) was dissolved in 

1 mL of DMF, HATU (91 mg, 0.24 mmol, 2.4 eq) and DIPEA 

(70 μL, 0.40 mmol, 4.0 eq) were added before a solution 

of (tBu)PSMA (97 mg, 0.20 mmol, 2.0 eq) in 0.5 mL of DMF 

was added and the reaction mixture was stirred at rt for 48 h. After completion, water (50 mL) was added and 

the reaction mixture was then extracted with EtOAc (3 x 50 mL) and the combined organic layers were washed 

with water (3 x 50 mL), and dried over Na2SO4. The combined organic layers were concentrated in vacuo. The 

crude product was purified by column chromatography (eluent: Pentane/EtOAc, gradient from 30/70 to 10/90) 

to afford the product PQ-di-(tBu)PSMA as a yellow solid (56% yield, 69 mg). HR-MS (ESI+), calculated for [M+H]+: 

1235.6697 ; found : 1235.6745.  

 

PQ-di-PSMA: 

PQ-di-(tBu)PSMA (58 mg) was dissolved in 4 ml of DCM/TFA mixture 

(1/1) and stirred at rt for 6 h. All volatiles were evaporated in vacuo 

to afford PQ-di-PSMA as a yellow solid (). 

 

 

General radiolabelling procedure  

Note: MeCN and H2O were purged with N2 to remove the oxygen. Similarly, tubing and syringes used for the 

photoclick reaction were purged with N2 to exclude O2. 

A QMA-cartridge was preconditioned by passing through 10 mL of 1.4% aq. sol. of NaHCO3, followed by 15 mL 

of water to reach pH = 7. The QMA-cartridge was dried with argon. [18F]Fluoride in [18O]H2O was trapped on the 

QMA-cartridge and eluted in a 4 mL conical vial with a 1 mL solution containing 15 mg of Kryptofix K222 in 0.8 mL 

of MeCN and 1 mg of K2CO3 in 0.2 mL of H2O. Solvent was evaporated at 110 oC under argon flow and the 

[18F]fluoride was azeotropically dried at 110 °C with MeCN (3 x 0.5 mL). Once dried, a solution of the 

corresponding tosylate (3 mg) in 0.5 mL of dry MeCN was added to the reaction vial and stirred for 3 min at 110 

°C. Then, the product was distilled at 110 °C into a second vial, containing to 1.4 to 2.7 μmol of the corresponding 

1,2-diketone dissolved in 0.5 mL of MeCN at 0 °C, by applying a flow of argon (20 mL/min). After 2 min, the 

distillation was finished, and the distilling apparatus was removed. When performed in batch, the reaction 

mixture was stirred at rt, under irradiation by a hand lamp (395 nm, 88 mW cm-2, touching the vial) for 5 min. 

When performed using the Future Chemistry module, the reaction mixture was pumped through the flow photo-

microreactor and irradiated by 395 nm LEDs (395 nm, 88 mW cm-2) for the indicated residence time. At the end 

of the reaction, the reaction mixture was diluted with 0.5 mL of H2O and injected on HPLC. 

 2-(2-[18F]ethoxy)-2,3-dihydrophenanthro[9,10-b][1,4]dioxine (18F-VE1-PQ): 

The 18F-VE1 synthesized according to the general 

procedure and distilled into a vial containing 0.3 mg (1.4 

μmol) of PQ-COOH. At the end of the reaction performed 

either in batch or using the Future Chemistry flow 

photoreactor, the reaction mixture was diluted with 0.5 

mL of H2O and injected in HPLC (Column: XBridge BEH 

Shield; Solvent: H2O / MeCN (gradient); Flow: 5 mL/min; 

tR = 18.5 min). 

 

HPLC gradient 

Time 

(min) 
% H2O % MeCN 

0 60 40 

7 60 40 

15 25 75 

40 15 85 



Chapter 8 

 

133 

8 

18F-VE1-PQ-Amide: 

The 18F-VE1 synthesized according to the general 

procedure and distilled into a vial containing 0.8 

mg (2.0 μmol) of PQ-Amide. At the end of the 

reaction performed either in batch or using the 

Future Chemistry flow photoreactor, the 

reaction mixture was diluted with 0.5 mL of H2O 

and injected in HPLC (Column: XBridge BEH 

Shield; Solvent: H2O / MeCN (gradient); Flow: 5 

mL/min; tR = 16 min). 

 
18F-VE1-PQ-(tBu)3PSMA: 

The 18F-VE1 synthesized according to the 

general procedure and distilled into a vial 

containing 0.1 - 1.5 mg (0.2 - 2.3 μmol) of the 

PQ-(tBu)3PSMA. At the end of the reaction 

performed either in batch or using the Future 

Chemistry flow photoreactor, the reaction 

mixture was diluted with 0.5 mL of H2O and 

injected in HPLC (Column: XBridge BEH Shield; 

Solvent: H2O / MeCN (gradient); Flow: 5 mL/min; tR = 11.2 min). 

 
18F-VE1-PQ-PSMA: 

The 18F-VE1 synthesized according to the general 

procedure and distilled into a vial containing 1.5 

mg (2.7 μmol) of the PQ-PSMA. At the end of the 

reaction performed either in batch or using the 

Future Chemistry flow photoreactor, the reaction 

mixture was diluted with 0.5 mL of H2O and 

injected in HPLC (Column: XBridge BEH Shield; 

Solvent: H2O containing 0.1% TFA / MeCN 

(gradient); Flow: 5 mL/min; tR = 15.5 min). 

 
18F-VE1-PQ-Vancomycin: 

The 18F-VE1 synthesized according to the general 

procedure and distilled into a vial containing 3.0 mg (1.8 

μmol) of the PQ-Vanco dissolved in 0.5 mL of a 

H2O/MeCN mixture (6/4). At the end of the reaction 

performed using the Future Chemistry flow 

photoreactor, the reaction mixture was diluted with 0.5 

mL of H2O and injected in HPLC (Column: XBridge BEH 

Shield; Solvent: H2O containing 0.1% TFA / MeCN (using 

the same gradient as for the purification of 18F-VE1-PQ-

PSMA); Flow: 5 mL/min; tR = 13.2 – 13.5 min). 

 

  

HPLC gradient 

Time 

(min) 
% H2O % MeCN 

0 60 40 

7 60 40 

15 25 75 

40 15 85 

HPLC gradient 

Time 

(min) 
% H2O % MeCN 

0 40 60 

12 20 80 

20 15 85 

40 15 85 

HPLC gradient 

Time 

(min) 

% H2O 

(0.1% TFA) 
% MeCN 

0 80 20 

5 80 20 

10 60 40 

30 15 85 
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Chapter  9  

9 A versatile pretargeting PET imaging platform combining 

bispecific antibodies with a fluorescein-based 18F-PET tracer 

 
A versatile pretargeting platform for PET imaging, which combines bispecific antibodies and a 

fluorescein-based 18F-tracer, is presented. It is shown to selectively target EpCAM-expressing cells in 

vitro and its further evaluation with different bispecific antibodies demonstrates the versatility of the 

approach. 
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9.1 Introduction 

Driven by the established broad clinical applicability of 18F-FDG scans,1 positron emission tomography 

(PET) has become a leading technique for imaging of aberrant metabolic processes in the human 

body.2 Diagnostic PET imaging aims to visualize disease-specific processes and/or markers using an 

appropriate selective radiotracer.3 Typically, a PET radiotracer is a small target-seeking molecule 

equipped with a short-lived β+-emitting radioisotope. Amongst the suitable isotopes for PET imaging, 
18F is routinely used due of its convenient half-life (109.8 min) and low positron energy, which ensures 

high image resolution.4 Considering the half-life of radionuclides, PET-tracers carrying them are 

required to possess compatible pharmacokinetics properties, i.e. fast biodistribution and 

accumulation in the tissue of interest, to enable optimal selective imaging after minutes up to few 

hours post-injection. Therefore, large target-seeking molecules, such as antibodies, constitute far 

from ideal candidates for the construction of PET tracers. Typically, antibodies, while offering 

selective, efficient, rapid, and sustained target binding, have impractically long circulation times of 

up to days, which limits their use in immuno-PET tumour imaging, particularly with respect to 

difficult-to-penetrate solid tumours. While the long half-life of 89Zr (78.4 h) has been successfully used 

for direct labelling of antibodies,5 this strategy suffers from major impediments related to the long 

circulating time of the 89Zr-PET probe, notably the high irradiation dose received by healthy tissues.6 

To overcome the limitations of using conventional tumour-selective antibodies for immuno-PET 

imaging, promising pretargeting approaches have been developed (Figure 8.1).7 Typically, a 

pretargeting approach involves the injection into the circulation of the patient of an unlabelled, 

tumour-seeking, bi-functional antibody, which is allowed to reach its optimal target binding at 

acceptable off-target background levels over time. Subsequently, a low molecular weight tracer, 

labelled with a positron-emitting radioligand for PET imaging, is injected that is equipped with an 

inert binding tag (hapten) that can be efficiently captured by bifunctional antibodies that have 

accumulated at the site(s) of the tumour(s), whereas any unbound tracer rapidly clears from the 

circulation.  

A seminal example of pretargeting involves the exploitation of the remarkable high binding affinity 

between streptavidin and biotin (KD = 10-15 M).8 However, the abundance of endogenous biotin (also 

known as vitamin H or B8) in the human body and the strong immunogenicity of streptavidin largely 

precluded the clinical translation of this approach.9 To overcome these limitations, alternative 

methods have been developed, notably by employing oligonucleotide-modified tumour-seeking 

antibodies, followed by injection of a radiotracer conjugated to the complementary antisense 

oligonucleotide sequence.10 More recently, in vivo biorthogonal ligation reactions were used for 

pretargeting approaches.11 Herein, the inverse electron demand Diels–Alder (IEDDA) reaction-

initiated ligation between tetrazine and trans-cyclooctene was exploited to achieve in vivo click 

conjugation of a cancer-seeking antibody with a PET tracer.12  
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Figure 9.1 Antibody-based pretargeting approach for PET tumour imaging 

 

a) Pretargeting approach using streptavidin-modified antibody and a labelled biotin; b) Pretargeting approach using 

TCO-modified antibody and a labelled tetrazine; c) Pretargeting approach combining a bispecific antibody and a 

labelled hapten tracer; d) This work, presenting a pretargeting approach combining a bispecific antibody (containing 

two different scFv antibody fragments) and a labelled fluorescein-based PET-tracer. 

Alternatively, pretargeting may effectively be achieved in vivo using so-called bispecific antibodies 

(bsAbs).13 BsAbs represent a unique class of rapidly emerging therapeutics that combine two target 

functionalities into one recombinant antibody-based molecule. In this respect, bsAbs have been 

engineered in which the primary binding domains are directed towards a preselected cancer-

associated cell membrane marker and the secondary binding domains towards an inert small 

molecule (e.g. hapten). Upon selective binding and accumulation of the bsAb at the tumour site(s), 

the secondary binding domains are available for capturing a haptenylated compound of choice. 

Previously, pretargeted approaches have been described in which the tumour-directed bsAbs 

showed second specificity towards a chelator incorporated with a radiometal,14 or a histamine-

succinyl-glycine (HSG)-labelled tracer.15, 16  

9.2 Design of the pretargeting approach  

Here, we describe a novel pretargeting approach based on bispecific antibody (bsAb) used in 

combination with a fluorescein-based PET tracer. We selected fluorescein as a particularly suitable 

hapten for our approach since it is an established, non-toxic, FDA-approved agent that is routinely 

used in angiography and that is of confirmed low immunogenicity.17 To construct a versatile platform 

for fluorescein-based pretargeted immuno-PET, we equipped bsAb with affinity-maturated scFv 

antibody fragments (KD = 1.8 x 10-10 M) that potently bind to fluorescein and several derivatives 
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thereof, including carboxy-fluorescein, fluorescein isothiocyanate (FITC), and Oregon green, and 

retain the binding potency even when these are conjugated to other compounds.18  

For the design of the fluorescein-based, 18F-bearing tracer, an alkyne moiety was introduced to the 

fluorescein molecule, enabling rapid labelling using copper(I) azide alkyne cycloaddition (CuAAc) 

reaction,19 to link the modified fluorescein with a 18F-fluorinated polyethylene glycol (PEG) chain as 

shown in Scheme 9.1.20 The reference compound, triazole-pegylated-fluorescein (TPF), was prepared 

first (for details of the synthesis and characterization, see experimental section). 

Scheme 9.1 Synthesis of the TPF reference compound, employing CuAAC as the key ligation step 

 

a) 4-pentynoic acid, oxalyl chloride, DMAP, NEt3, DCM, rt, overnight (62%); b) NaOH in MeOH, rt, 2 h (82%) c) 1-azido-

2-(2-(2-fluoroethoxy)ethoxy)ethane (3), CuSO4.5H2O, sodium ascorbate, TBTA, DMSO, 75 oC, 1 h (64%). 

9.3 Fluorescence quenching assay 

Preliminary binding studies were performed between the non-radiolabelled TPF and the bsAb 

EpCAMxFITC that was engineered to have dual high-affinity binding activity for the pan-carcinoma 

cell surface marker EpCAM and fluorescein. Upon capture by bsAb EpCAMxFITC, the fluorescence of 

TPF is quenched, enabling to monitor binding in real-time.21 Titration of a TPF solution (0.2 μg/mL) 

using 10 μg of bsAb EpCAMxFITC resulted in a significant reduction of the fluorescence signal by 70%, 

suggesting an efficient binding of TPF towards EpCAMxFITC. In addition, varying the concentration of 

EpCAMxFITC bsAb used for titration (1 - 25 μg) also led to convincing dose-dependent fluorescence 

quenching of a TPF solution. The capacity of bsAb EpCAMxFITC to quench fluorescence activity of TPF 

was retained (20% quenching observed) when it was first bound to EpCAM-expressing OVCAR3 

cancer cells (Figure 9.2), indicating that TPF binds to bsAb EpCAMxFITC even at lower concentrations 

of bsAbs, relevant in pretargeting approaches, in this case limited by EpCAM expression. The selective 

binding of bsAb EpCAMxFITC to the cell surface of EpCAM-expressing OVCAR3 cancer cells was 

confirmed by flow cytometry.  
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Figure 9.2 Assessment of TPF binding with EpCAMxFITC through fluorescence quenching. 

   

9.4 Radiolabelling of [18F]TPF 

Next, the radiosynthesis of [18F]TPF was developed to allow for a rapid and efficient labelling 

procedure (Scheme 9.2). This involved the 18F-fluorination of precursor 4 by nucleophilic substitution 

of the tosylate. Using HPLC purification, the labelled azide [18F]3 was isolated in 56 ± 8% 

radiochemical yield (RCY, n = 7), concentrated using a hydrophilic-lipophilic balance (HLB) cartridge, 

and further reacted with the fluorescein alkyne 2. The CuAAC allowed for the synthesis of [18F]TPF in 

high yields (78 ± 7% RCY, n = 8) with a molar activity of Am = 27.6 ± 0.8 TBq/mmol (n = 3), and high 

radiochemical purity (>99%). The in vitro stability of [18F]TPF was evaluated indicating no measurable 

degradation after incubation in human plasma at 37 °C for 2 h. 

Scheme 9.2 Radiosynthesis of [18F]TPF by radiolabelling of precursor 4 towards prosthetic group [18F]3 and its subsequent 
CuAAC reaction with alkyne 2. 

 

9.5 Binding assays with [18F]TPF 

The radiotracer [18F]TPF was used in a radio-assay to confirm binding to bsAb EpCAMxFITC. 

Immobilizing of bsAb EpCAMxFITC on protein A agarose beads and comparing the uptake of [18F]TPF 

with a similarly constructed bsAb EpCAMxMock enabled the evaluation of binding specificity. A nine-

fold increase in binding was observed for the bsAb EpCAMxFITC compared with EpCAM-binding bsAb 

with an irrelevant second binding specificity (bsAb EpCAMxMock). Next, a pretargeting experiment 

was executed using EpCAM-expressing OVCAR3 cancer cells pretargeted (or not) with bsAb 

Bound TPF 
no Fluorescence 

Free TPF 
Fluorescence 
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EpCAMxFITC, washed to remove any unbound antibody and then incubated with [18F]TPF. After a 

final washing step to remove any unbound [18F]TPF the radiotracer uptake was evaluated. To 

demonstrate EpCAM-selectivity of this approach, control experiments were performed using 

OVCAR3 cancer cells in which EpCAM expression was knocked out using CRISPR-Cas9 gene editing 

technology. Visualisation and quantification of bsAb-mediated uptake of [18F]TPF was performed by 

autoradiography of the cancer cells (figure 9.3). The low, and similar, [18F]TPF uptake observed for 

both EpCAMneg and EpCAMpos cells that where not incubated with bsAb, confirms that [18F]TPF does 

not bind directly to the EpCAM receptor and is not subject to unspecific uptake by cells, an important 

criteria for a suitable PET-tracer. The selectivity of the EpCAMxFITC bsAb for the EpCAM receptor and 

the efficiency of the washing procedure is demonstrated by the low [18F]TPF uptake observed for 

EpCAMneg cells incubated with bsAb that did not show a significant difference compared with the 

uptake observed for EpCAMneg cells not incubated with bsAb. Finally, the results of the 

autoradiography indicated enhanced uptake of [18F]TPF by EpCAM-positive OVCAR3 cancer cells, 

when these cells were pretargeted with bsAb EpCAMxFITC, compared to all three control groups (n 

= 12, P < 0.001). This result suggests that [18F]TPF retains its high affinity for the EpCAMxFITC bsAb, 

even when the bsAb is already engaged in binding with its EpCAM cancer target, an essential 

indication that this approach is suitable for pretargeting. Altogether, these results suggest that 

EpCAM-selective PET tumour imaging may be achieved in a two-step pretargeting approach using 

bsAb EpCAMxFITC and [18F]TPF. 

Figure 9.3 Autoradiographic image and quantification of [18F]TPF uptake on OVCAR3 cells, which do (EpCAMpos) or do not 
(EpCAMneg) express EpCAM, pretargeted with bsAb EpCAMxFITC or with medium only. 

 

To demonstrate the versatility of our bsAb-based pretargeted immune-PET platform, we extended 

our study with additional FITC-binding bsAbs, each directed at clinically relevant cancer-associated 

target molecules, including melanoma marker MCSP (aka CSPG4), epidermal growth factor 

receptor (EGFR) and immune checkpoint PD-L1. In particular, bsAb MCSPxFITC was engineered to 

have high affinity binding capacity for the melanoma-associated cell surface molecule MCSP, a 

promising target for malignant melanoma.22 Analogously, bsAb EGFRxFITC was engineered to have 

high affinity binding capacity for EGFR, an established cancer-associated oncogenic cell surface 

molecule that is selectively overexpressed on various difficult-to-treat carcinomas and glioma.23 

Finally, we evaluated the applicability of our pretargeting strategy using bsAb PD-L1xFITC that was 

engineered to have high-affinity blocking capacity for the inhibitory immune checkpoint molecule 
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PD-L1, which is frequently overexpressed in various cancer types. Imaging of PD-L1-expressing 

tumours may be of therapeutic value to identify cancer patients who may profit from cancer 

immunotherapy based on PD-L1 immune checkpoint blockade.24 Gratifyingly, target antigen-

selective binding was observed for all the studied bsAbs. Specifically, incubation of each of these 

bead-immobilized bsAbs with the [18F]TPF radiotracer resulted in an up to four-fold increase in 

binding of [18F]TPF by the corresponding bsAb compared with control bsAb EpCAMxMock, which was 

not equipped with the scFv fragment responsible for [18F]TPF binding (figure 9.4). Noticing no 

significant difference in [18F]TPF uptake between the bsAb EpCAMxMock and the protein A agarose 

beads only, we can confidently exclude binding of the [18F]TPF outside of the scFv fragment. 

Importantly, there was no significant difference in [18F]TPF uptake for all bsAbs containing the scFv 

fragment, suggesting that modifying the bsAb to direct it towards different biomarkers does not 

influence [18F]TPF binding to the scFv fragment. These results indicate the versatility of our bsAb-

based two-step PET imaging approach for various tumour types using one and the same [18F]TPF 

tracer.  

Figure 9.4 Capture of [18F]TPF by bsAbs immobilized on Protein A agarose beads. 

 

9.6 Conclusion 

In conclusion, we established a novel pretargeted immuno-PET platform based on a combination of 

bispecific antibodies and a 18F-fluorescein-based PET-probe. Exploiting copper-catalysed click 

chemistry, a fluorine-18 labelled PET-probe, designated [18F]TPF, that shows affinity for FITC bsAb, 

was efficiently radiolabelled. Autoradiographic assay confirmed the specific uptake of [18F]TPF in 

EpCAM-expressing OVCAR3 cells pretargeted with EpCAMxFITC bsAb, showing promises for further 

developments of [18F]TPF for ovarian cancer imaging through in vivo studies. Lastly, the versatility of 

the pretargeting approach was demonstrated by [18F]TPF capture by a series of cancer-selective 
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bsAbs, targeting MSCP, PD-L1 or EGFR biomarkers. We envision that this novel and versatile bsAb-

based approach may provide a tool to broaden the clinical efficacy of immuno-PET tumour imaging. 
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9.9 Experimental section 

General methods 

Column chromatography: Grace-Reveleris purification system with Büchi silica cartridges. TLC: Merck silica gel 

(60, 0.25 mm). Compounds were detected on TLC using UV light (254 nm, 365 nm) and visualized by potassium 

permanganate staining. Mass spectra were recorded on a LTQ Orbitrap XL (ESI+). 1H- and 13C-NMR were recorded 

on a Bruker 600 (at 600 and 151 MHz), a Varian AMX400 (at 400 and 100.59 MHz) and at 300 MHz (300, 75 MHz) 

for 1H- and 13C-NMR, using appropriate solvents (CDCl3, DMSO-d6, MeOD-d4. Chemical shift values are reported 

in ppm with the solvent resonance as the internal standard. Data are reported as follows: chemical shifts, 

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling constants (Hz), and 

integration. Fluorine-18 (18F) was produced by the nuclear reaction 18O(p,n)18F using an IBA Cyclone 18/18 

cyclotron. High-performance liquid chromatography (HPLC) chromatograms were acquired on a Waters system 

using a 1525 binary HPLC pump, a 2489 UV/visible detector, and a Berthold Technologies Flowstar LB 513 radio 

flow detector. Ultra-high performance liquid chromatography (UPLC) spectra were acquired using a Waters 

Acquity UPLC integrated system coupled to a Berthold Technologies Flowstar LB 513 radio flow detector. HPLC 

and UPLC data were processed with Waters Empower 3 software. Radio-TLC’s and the cells-on-glass-slides used 

for autoradiography were scanned using a GE Amersham Typhoon 5 Biomolecular Imager by GE Healthcare Life 

Sciences, and the acquired data ware analysed with OptiQuant 3.0 software or ImageQuant TL software. 

Radioactivity of samples was counted for 15 s using a WIZARD® Automatic Gamma Counter 2470, PerkinElmer. 

Data were analysed for statistical significance by t-test student test using SigmaPlot 14 software. 

 

Experimental procedures for the synthesis of TPF 

 

1: 5-Amino-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthene]-3',6'-diyl 

bis(2,2-dimethylpro-panoate): A mixture of 5-aminofluorescein (710 mg, 

2.05 mmol, 1.0 eq), pivalic anhydride (1.33 mL, 6.55 mmol, 3.2 eq) and 

potassium carbonate (0.86 g, 6.34 mmol, 3.1 eq) in DMF (12 mL) was stirred 

at rt for 3 h. The reaction mixture was diluted with ethyl acetate (60 mL) 

and washed with brine (4 x 50 mL). The organic phase was dried over MgSO4 

and filtered. The volatiles were evaporated and the product was purified by 

column chromatography (pentane/Et2O, gradient from 1/1 to pure Et2O) to give a white powder (850 mg, 80 %).  

Rf = 0.77 (Et2O); Mp. 140-142 °C; 1H NMR (400 MHz, CDCl3):  1.35 (s, 18H, PivH), 4.07 (s, 2H, NH2), 6.76 (dd, 3J = 

8.8 Hz, 4J = 2.4 Hz, 2H, ArH), 6.87 (d, 3J = 8.8 Hz, 2H, ArH), 6.90 (d, 3J = 8.4 Hz, 1H, ArH), 6.94 (dd, 3J = 8.4 Hz, 4J = 

2.0 Hz, 1H, ArH), 7.02 (d, 4J = 2.4 Hz, 2H, ArH), 7.19 (d, 4J = 2.0 Hz, 1H, ArH); 13C NMR (100 MHz, CDCl3):  27.1, 

39.2, 81.7, 108.6, 110.1, 116.9, 117.5, 122.4, 124.7, 127.7, 129.0, 142.8, 148.3, 151.7, 152.4, 169.5, 

176.5 HRMS (ESI+) calc. for [M+H]+ (C30H30NO7): 516.2017, found: 516.2013. Spectral data are in accordance 

with the literature.1 

 

S2: 3-Oxo-5-(pent-4-ynamido)-3H-spiro[isobenzofuran-1,9'-xanthene]-

3',6'-diyl bis(2,2-dimethylpropanoate): A solution of pentynoic acid (0.90 

mmol, 88 mg), oxalyl chloride (2 mmol, 172 µL) and DMF (1 drop) in DCM (5 

mL) was stirred at rt for 1 h. The volatiles were evaporated, and the residue 

was dissolved in DCM (2 mL). This solution was added dropwise to a solution 

of compound 1 (0.50 mmol, 257 mg), triethylamine (1.00 mmol, 138 µL) and 

DMAP (10 mg) in DCM (8 mL). The resulting reaction mixture was stirred at 

rt overnight. The volatiles were evaporated, and the product was purified 

by column chromatography (pentane/AcOEt, 4/1) to give a white powder (187 mg, 62 %). Mp = 197-199 °C. Rf  = 

                                                                 
1 K. Hishikawa, H. Nakagawa, T. Furuta, K. Fukuhara, H. Tsumoto, et al. J. Am. Chem. Soc. 2009, 131, 7488–7489 
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0.80 (pentane/AcOEt, 1/1); 1H NMR (400 MHz, CDCl3):  1.35 (s, 18H, PivH), 2.02 (t, 4J = 2.4 Hz, 1H, CCH), 2.55-

2.65 (m, 4H, CH2CH2), 6.76 (dd, 3J = 8.8 Hz, 4J = 2.4 Hz, 2H, ArH), 6.82 (d, 3J = 8.4 Hz, 2H, ArH), 7.04 (d, 4J = 2.4 Hz, 

2H, ArH), 7.11 (d, 3J = 8.4 Hz, 1H, ArH), 8.02 (dd, 3J = 8.4 Hz, 4J = 2.0 Hz, 1H, ArH), 8.19 (d, 4J = 2.0 Hz, 1H, ArH), 

8.35 (s, 1H, NH); 13C NMR (100 MHz, CDCl3):  14.6, 27.0, 36.1, 39.2, 69.8, 82.2, 82.6, 110.3, 115.3, 116.1, 117.7, 

124.6, 127.1, 127.1, 128.9, 140.1, 147.8, 151.7, 152.6, 169.1, 169.9, 176.6. HRMS (ESI+) calc. for [M+H]+ 

(C35H34NO8): 596.2279, found: 596.2278. 

 

2: N-(3',6'-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthen]-5-yl)pent-

4-ynamide: A solution of NaOH (21 mg, 0.53 mmol, 2.2 eq) in 4 mL of MeOH 

was added dropwise to compound S2 (140 mg, 0.24 mmol, 1.0 eq) dissolved in 

2 mL of MeOH, and the resulting solution was stirred at rt until TLC showed 

complete conversion (2 – 3 h). The reaction was quenched by addition of 2.0 

M HCl sol. in Et2O (0.30 mL, 0.60 mmol, 2.5 eq). The volatiles were evaporated, 

and the product was purified by column chromatography (DCM/MeOH, 

gradient from 97/3 to 90/10) to give a yellow powder (84 mg, 82 %).  Mp = 160 

°C (dec). 1H NMR (400 MHz, DMSO-d6):   2.45-2.53 (m, 2H, CH2CCH) 2.57 (t, 2H, 3J = 6.4 Hz, CH2CO), 2.82 (t, 4J = 

2.4 Hz, 1H, CCH), 6.53 (dd, 3J = 8.8 Hz, 4J = 2.0 Hz, 2H, ArH), 6.59 (d, 3J = 8.4 Hz, 2H, ArH), 6.66 (d, 4J = 2.0 Hz, 2H, 

ArH), 7.20 (d, 3J = 8.4 Hz, 1H, ArH), 7.81 (dd, 3J = 8.4 Hz, 4J = 2.4 Hz, 1H, ArH), 8.20 (d, 4J = 2.4 Hz, 1H, ArH), 10.09 

(s, 2H, OH), 10.44 (s, 1H, NH); 13C NMR (100 MHz, DMSO-d6):  14.5, 35.8, 72.0, 83.5, 83.9, 102.7, 110.2, 113.0, 

113.8, 124.9, 126.7, 127.4, 129.5, 141.1, 147.2, 152.3, 159.9, 169.1, 170.5. HRMS (ESI+) calc. for [M+H]+ 

(C25H18NO6): 428.1129, found: 428.1128. 

 

TPF: N-(3',6'-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-

xanthen]-5-yl)-3-(1-(2-(2-(2-fluoroethoxy)ethoxy)ethyl)-1H-

1,2,3-triazol-4-yl)propanamide.  

Cu2SO4
.5H2O (9.2 mg, 37 µmol, 0.25 eq) and sodium ascorbate 

(36 mg, 0.18 mmol, 1.25 eq) were pre-mixed in water (0.4 mL) 

for 10 min. Tris(benzyltriazolylmethyl)amine (TBTA, 9.2 mg, 0.44 

mmol, 0.3 eq) was added in one portion and the solution was 

stirred for 5 min and then added to a solution of compound 2 (63 

mg, 0.15 mmol, 1.00 eq) and 1-azido-2-(2-(2-fluoroethoxy)ethoxy)ethane (3) (41 mg, 0.18 mmol, 1.20 eq, 

prepared according to a published procedure2) in DMSO (1.5 mL). The reaction mixture was stirred at 75 °C for 

1 h, after which it was diluted with AcOEt (50 mL) and washed with 1N HCl (4 x 30 mL). The organic phase was 

dried over MgSO4 and filtered. The volatiles were evaporated, and the product was purified by column 

chromatography (DCM/MeOH, gradient from 95/5 to 80/20) to give a crude solid product. The solid was further 

triturated in pentane, the precipitate collected by filtration, and then washed with Et2O to afford an orange solid 

powder (57 mg, 64 %). Mp ~120 °C (Dec.). 1H NMR (400 MHz, CD3OD):   2.86 (t, 3J = 7.2 Hz, 2H, CH2CO), 3.13 (t, 
3J = 7.2 Hz, 2H, CH2CH2CO), 3.58-3.62 (m, 4H, OCH2CH2O), 3.66 (dt, JHF = 30.4 Hz, JHH = 4.0, 2H, CH2CH2F), 3.88 (t, 
3J = 5.2 Hz, 2H, CH2CH2triazole), 4.49 (dt, JHF = 48.4 Hz, JHH = 4.0, 2H, CH2F), 4.57 (t, 3J = 5.2 Hz, 2H, CH2triazole), 

6.91 (d, 3J = 8.0 Hz, 2H, ArH), 7.06 (s, 2H, ArH), 7.15 (d, 3J = 8.8 Hz, 2H, ArH), 7.28 (d, 3J = 8.4 Hz, 1H, ArH), 7.93 

(s, 1H, triazoleH), 7.99 (d, 3J = 8.4 Hz, 1H, ArH), 8.49 (s, 1H, ArH); 13C NMR (100 MHz, CDCl3):  20.4, 26.5, 35.6, 

50.2, 68.9, 70.0, 70.0, 70.1, 70.2, 81.9, 83.5, 102.0, 114.0, 116.4, 118.7, 124.5, 127.8, 129.8, 131.1, 141.0, 156.5, 

166.2, 167.8; 19F NMR (376 MHz, CDCl3): -224.5 (m); HRMS (ESI+) calc. for [M+H]+ (C31H30FN4O10): 605.2042, 

found: 605.2037. 

 

Cell lines   

                                                                 
2 J. Rokka, A. Snellman, C. Zona, B. La Ferla, F. Nicotra, et al. Bioorg. Med. Chem. 2014, 22, 2753-2762. 
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The EpCAM-expressing ovarian cancer cell line OVCAR-3 was obtained from the American Type Culture 

Collection (ATCC) and cultured in DMEM (Lonza), supplemented with 10% fetal calf serum (FCS, Thermo 

Scientific) at 37 °C in a humidified 5% CO2 atmosphere. 

OVCAR-3.EpCAM-KO cells were generated by transfection of parental OVCAR-3 cells with plasmid pSpCas9 BB-

2A-GFP (PX458) containing the EpCAM CRISPR-cas9 targeting gRNA sequence TAATGTTATCACTATTGATC after 

which OVCAR-3.EpCAM-KO cells were single cell sorted by flow cytometry. 

 

Construction of bsAb EpCAMxFITC 

DNA fragments encoding antibody fragments scFvEpCAM and scFvFITC were generated by commercial gene 

synthesis service (Genscript), based on the published VH and VL sequence data of the anti-EpCAM antibody 4D5 

MOC-B3 and the anti-fluorescein antibody 4-4-20,4 respectively. For construction and production of bsAb 

EpCAMxFITC, we used a home-made eukaryotic expression plasmid pbsAb which contains 3 consecutive multiple 

cloning sites (MCS). MCS#1 and MCS#2 are interspersed by a 22 amino acid flexible linker derived from a CH1 

IgG domain. MCS#1, MCS#2 and MCS#3 were used for directional and in-frame insertion of DNA fragments 

encoding scFvEpCAM, scFvFITC, and human IgG1 Fc domain, respectively, yielding plasmid pbsAb EpCAMxFITC. 

Of note, this expression plasmid is equipped with a strong CMV promoter and a murine kappa light-chain leader 

peptide for high level expression of bsAb EpCAMxFITC through the ER and Golgi complex of Expi293 production 

cells, ensuring excretion of correctly folded and biological active recombinant bsAb with authentic port-

translational modifications. Control bsAb EpCAMxMock was constructed and produced analogously replacing 

scFvFITC from bsAb EpCAMxFITC with a Mock scFv with irrelevant specificity directed to human CD20.  

 

Eukaryotic production of bsAb EpCAMxFITC 

BsAb EpCAMxFITC was produced using the Expi293 expression system (ThermoFisher). Briefly, Expi293 cells 

were transfected with plasmid pbsAb EpCAMxFITC and cultured on a shaker platform (125 rpm) at 37 °C, 8% 

CO2, for 7 days. Culture supernatant was harvested and cleared by centrifugation (3000 x g, 30 min), after which 

bsAb EpCAMxFITC was purified using an HiTrap protein A HP column connected to an ÄKTA Start 

chromatography system (GE Healthcare Life Sciences). 

 

Assessment dual binding capacity of bsAb EpCAMxFITC for EpCAM and fluorescein 

EpCAM-selective binding capacity of bsAb EpCAMxFITC to cell surface-expressed EpCAM was confirmed by flow 

cytometry using parental OVCAR-3 vs. OVCAR-3.EpCAM-KO cells. Briefly, 105 OVCAR-3 or OVCAR-3.EpCAM-KO 

cells were incubated (or not) with bsAb EpCAMxFITC (5 µg/ml) at 4°C for 40 min. Next, the cells were washed 

and incubated with AF647-labelled goat-antihuman IgG at 4°C for 40 min. After washing the cells were analysed 

by flow cytometry (Merck, Guava Easycyte) (Figure A).  

Next, the ability of OVCAR-3 cell surface-bound bsAb EpCAMxFITC to capture FITC-labelled AnnexinV was 

assessed by flow cytometry. Briefly, 105 OVCAR-3 cells were incubated with AnnexinV-FITC (5 µg/ml) in the 

presence (or absence) of bsAb EpCAMxFITC (5 µg/ml) at 4°C for 40 min. After washing cells were analysed by 

flow cytometer. Of note, incubations with AnnexinV-FITC were performed in the absence of Ca2+ thereby 

reducing background binding of AnnexinV to phosphatidyl serine that may be exposed on the membrane of 

OVCAR-3 cells (Figure B). 

                                                                 
3 J. Willuda, A. Honegger, R. Waibel, P. A. Schubiger, R. Stahel et al. Cancer Res. 1999, 59 (22), 5758-5767. 
4 S. Jung, A. Honegger, A. Plückthun, J. Mol. Biol. 1999, 294 (1), 163-180. 
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Assessment fluorescence quenching capacity of bsAb EpCAMxFITC  

The capacity of cancer cell-bound bsAb EpCAMxFITC to capture TPF and quench its fluorescent activity was 

tested as follows. In short, EpCAM-expressing OVCAR-3 cancer cells (~106 cells/eppendorf tube) were washed 

three times with PBS and then incubated (or not) with 10 μg bsAb EpCAMxFITC for 40 min, after which the 

unbound bsAb was removed by washing two times with PBS. Subsequently, cell pellets were resuspended in PBS 

in a final volume of 20 μL and then incubated (or not) with 100 μL TPF (0.2 μg/mL in PBS) at rt for 30 min. Next, 

cells were pelleted by centrifugation and 60 µl supernatant of each sample was transferred to a separate well of 

a 96 wells plate which was then scanned for remaining fluorescent activity. 

Of note: Essentially the same experiment was performed in the absence of bsAb, the fluorescence intensity 

obtained from the experiment without bsAb was set as the 100% fluorescence and used to calculate the relative 

fluorescence intensity.  

 

Radiolabelling of [18F]TPF 

A QMA cartridge was pre-conditioned by passing 10 mL of 1.4% aq. sol. NaHCO3 followed by 15 mL of deionized 

H2O to reach pH = 7. The cartridge was then dried under argon flow. The [18F]F- in enriched [18O]H2O obtained 

from the cyclotron (typically 3 - 5 GBq in 1,2 mL) was passed through the dried cartridge, followed by 5 mL of air 

to elute most of the H2O. The [18F]F- remaining on the QMA was eluted, into a 4 mL conical vial, with a 1 mL 

solution containing 15 mg of Kryptofix K222 in 800 μL of MeCN and 1 mg of K2CO3 in 200 μL H2O. Solvents were 

removed at 115 °C under magnetic stirring and argon flow, 1 mL of anhydrous MeCN was added and evaporated 

to dryness. This process was repeated 3 times with 0,5 mL of anhydrous MeCN. To the azeotropically dried [18F]F-

/K222 mixture was added 3 mg (9 μmol) of 2-(2-(2-azidoethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (4) in 0.5 

mL of anhydrous MeCN. (NB.: The tosylate 4 was previously azeotropically dried at 100 °C by repeated addition 

of anhydrous MeCN and evaporation (3 x 0.5 mL)). The reaction mixture was then stirred at 110 °C for 10 min 

and, at the end of the reaction, was diluted with 0.5 mL of H2O. The reaction mixture was then injected on HPLC 

(see below for detailed HPLC conditions) and the product ([18F]-3) was collected (tR = 8.2 min., 56 ± 8% RCY from 

dry [18F]F-). The collected fraction was diluted with 80 mL of H2O and concentrated in an Oasis PRiME HLB Plus 

Short cartridge, which was pre-conditioned with 10 mL of H2O. In the meantime, a catalytic mixture was 

prepared for the CuAAC reaction. First, 4 mg (20 μmol) of sodium ascorbate in 200 μL of H2O were added to 2.5 

mg (10 μmol) Cu2SO4
.5H2O dissolved in 100 μL of H2O. The resulting solution was pre-mixed for 5 min to obtain 

a dark brown solution. 5.6 mg (10.5 μmol) of TBTA in 200 μL of DMSO was added and mixed to afford a light 

orange solution, from which 200 μL was taken and added to a 4 mL conical vial containing 1.5 mL of fluorescein 

alkyne (2). [18F]3 was eluted from the HLB cartridge into the same 4 mL conical vial by passing 1.2 mL of DMSO 

through the HLB cartridge. The reaction mixture was stirred at 80 °C for 20 min. At the end of the reaction, 0.8 

mL of H2O (containing 0.1% of formic acid) was added and the solution was purified by HPLC (Column: XBridge  

BEH Shield RP18, OBD Prep Column, 130Å, 5 μm, 10 mm x 250 mm, Eluent: MeOH / H2O with 0.1% of formic 

acid, gradient; Flow: 3 mL/min) and the [18F]TPF product was collected (tR = 23 min, 78 ± 7% RCY from eluted  



Chapter 9 

 

147 

9 

 [18F]3). The collected fraction was diluted with 70 mL of H2O and concentrated 

in a pre-conditioned (10 mL of EtOH followed by 20 mL of H2O) Waters Sep-Pak 

Plus Light C18 cartridge. [18F]TPF was eluted from cartridge with 1 mL of EtOH 

and diluted with 9 mL of PBS affording typically 300 – 700 MBq of product. A 

sample was taken and submitted to UPLC measurement for QC to assess the 

purity and molar activity of the product.

  

HPLC gradient 

Time 

(min) 

% H2O 

(0.1% FA) 
% MeCN 

0 40 60 

4 40 60 

15 60 40 

35 90 10 
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10.1 The role of cross-coupling for radiolabelling 

The potential of cross-coupling reactions for the introduction of carbon-11 has been identified in 

chapter 1 and is expected to have a growing role amongst various labelling methods available. In this 

thesis, we explored in depth the cross-coupling of [11C]methyllithium with aryl bromides and 

successfully labelled different families of clinically-relevant PET tracers. By adapting the method to 

afford aldehydes, we expanded the scope of the reaction beyond the structures traditionally 

accessible via organolithium cross-coupling. While this work strongly supports that the cross-coupling 

of [11C]methyllithium is a suitable route to access 11C-labelled PET tracers, limitations regarding the 

scope of the reaction and it feasibility in very small scale (below 0.1 mmol) became apparent. Indeed, 

the very reactive nature of organolithium reagents with water became a problem when downscaling 

the radiolabelling protocol by automation, where the moisture in the air was sufficient to completely 

quench the organolithium reagent. Generalization of strictly inert environment for radiolabelling or 

the use of specific material, tubing, and valves, inert to such reactive compounds, would help in 

further downscaling this reaction. Alternatively, advances in organolithium cross-coupling are aimed 

towards increasing the feasibility of such reactions in aqueous media,1 or report greatly enhanced 

functional group tolerance combined with short reaction times when the reaction is performed in 

flow system.2 Building on these fundamental principles, we envision that the current drawbacks of 

organolithium cross-coupling for 11C-labelling will become less limiting as the field develops towards 

faster and more robust reactions and that the ultrafast reactivity of methyllithium as a coupling 

partner will be exploited to its full potential. Concurrently with our work, a novel protocol based on 

the Negishi reaction employed [11C]MeZnI as coupling agent was developed for the synthesis of 

[11C]thymidine, thereby already illustrating the functional group tolerance and potential general 

applicability of this labelling protocol.3 Similarly to our work, this demonstrates that highly reactive 

organometallic compounds can be valuable intermediates in 11C-radiochemistry. Moreover, 11C-

organometallic intermediates are directly reacted with an aryl bromide precursor at low 

temperatures, offering an interesting alternative to the more established Suzuki-Miyaura and Stille 

coupling reactions that require the synthesis of the organoboron and organotin precursors 

respectively and often proceed at elevated reaction temperatures. Suzuki and Stille coupling 

reactions are routinely performed over long reaction times as they use precursors of low reactivity 

that are not optimal for labelling purposes. Building on recent studies on the kinetics of the Suzuki 

reaction should greatly improve the efficiency of this reaction as a labelling procedure.4 For example, 

using neopentylboronic esters in combination with potassium trimethylsilanolate as a base instead 

of the traditional, sterically hindered, pinacol ester precursors allows to perform Suzuki cross-

coupling reactions at ambient temperature within minutes. Altogether, there is a great opportunity 

for cross-coupling methodologies, particularly Suzuki and Negishi cross-couplings, to develop further 
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in the coming years, gaining in practicality and generality for the labelling of 11C-PET tracers, thereby 

progressing as clinically relevant approaches.  

10.2 Advances in organolithium chemistry for synthetic purposes 

In this thesis, we also investigated various ways of harnessing the high reactivity of organolithium 

compound for synthetic purposes, developing methodologies to access various functionalized 

structures via one-pot procedures in short reaction times. Describing the cross-coupling of lithium 

acetylenes as an alternative to the Sonogashira reaction further illustrates the synthetic advantages 

of organolithium reagents over less reactive compounds, by reducing reaction time and allowing 

transformation to proceed at room temperature in many cases. Although there might be more 

suitable methods for the late-stage functionalization of complex molecules, we have demonstrated 

that the scope of accessible structures via organolithium chemistry can include electrophilic centers 

by bearing functionalities such as epoxides, esters, amides, nitriles or aldehydes. 

 

10.3 Orthogonal reactions for 18F-PET probe synthesis and applications 

Translating a photochemical reaction into a viable radiolabelling procedure for the synthesis of 18F-

PET tracers, we added a valuable synthesis path to the toolbox of biorthogonal indirect labelling 

methodologies. This was proven to be a particularly powerful synthesis method as it became key to 

the development of a vancomycin-based 18F-PET probe, a tracer of clinical relevance for the imaging 

of bacterial infections. This transformation will be further studied to find optimal substitution 

patterns enabling to perform the photoclick reaction in even shorter reaction times and under 

irradiation with longer wavelengths, certainly increasing reaction efficiency and reducing potential 

degradation of biomolecules. For example, extending the conjugation on the diketone compound 

would result in a red-shift in the absorption spectra of the diketone, allowing its excitation by longer 

wavelengths, and should be tried in the future. Next, an important step towards the generalization 

of this method would be the automation of the complete labelling procedure, including the vinyl 

ether synthesis and purification. Comparing this method with existing bioortoghonal reactions used 

in labelling, it has the advantages of metal free and additive free methods. Moreover, this reaction 

employs stable, cheap, and accessible building blocks, being easily radiolabelled and conjugated with 

various drugs, a notable advantage when compared with the tetrazine trans-cyclooctene system. The 

labelling method relies on principles of photochemistry in a flow microreactor, concepts that already 

had a positive impact on radiolabelling opportunities and is expected to play an even greater role in 

the future. The rapid development of photochemistry and particularly photoredox reactions are 

broadening the scope of what can be achieved by simple light irradiation.5 Moreover, these reactions 

often perform well in small scale, under diluted reaction conditions, are selective, and are enhanced 

by their translation from batch to flow setups as the irradiation of the reaction mixture becomes 

more efficient in microfluidic systems. All these characteristics makes photochemical transformations 

particularly attractive in radiochemistry and from an automation point of view. 
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10.4 ImmunoPET and pretargeting strategies for imaging 

ImmunoPET emerged in the field of PET imaging to harness the high targeting specificity of 

antibodies. Currently, ImmunoPET-probes that successfully reach the clinical stage are largely 

dominated by 89Zr-labelled monoclonal antibodies. While 89Zr-mAbs undeniably represent a major 

advance in the field, concerns about radiations doses received by healthy tissues as the result of a 

long circulating time of the radioactive probe remain a key limitation for their implementation. The 

high radiation dose is also a major restriction for the evaluation of novel 89Zr-mAbs in healthy 

volunteers. To tackle this problem, pretargeting strategies are particularly attractive as they allow 

the antibody to reach is target before the injection of the small-molecule, radionuclide-containing 

PET probe, thereby limiting the circulation of radioactive material in the body. In this thesis, we 

explored such approach by combining bispecific antibodies with a 18F-fluorescein probe. Ultimately, 

we were pleased to observe the specificity and versatility of the method, enabling to target various 

specific cancer biomarkers depending on the antibody fragment chosen in combination with the scFv-

fragment used for 18F-fluorescein binding. We focused on using this approach for imaging, but there 

is also great potential for such strategy to be used in theranostics and radioimmunotherapy, where 

limiting the exposure of healthy tissue to radiations is crucial.6 In addition to the use of bispecific 

antibodies, several pretargeting strategies are developing rapidly and can be expected to have a 

prominent role in the future of PET-imaging and radioimmunotherapy. Among these approaches, the 

advances in the IEDDA reaction using trans-cyclooctenes and tetrazine derivatives are particularly 

impressive and reached kinetic rates compatible for pretargeting in a human body.7 
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11 Summary 

Humankind has always been seeking to understand biological processes within our body to diagnose 

and treat diseases. For a long time, surgery was the only way to see what was going on inside a human 

body. That changed about a century ago with the emergence of molecular imaging, allowing us to 

observe processes at a molecular level, without the need for invasive procedures. Positron emission 

tomography (PET) is one of these techniques, which uses small molecules called tracers that are 

injected into the body and can be directed towards disease-specific markers. These tracers also 

contain a radioactive element; this is essential as the radioactive decay of this element will emit a 

signal that travels through the human body and will be detected by a scanner. From the signal 

received by the scanner, it is possible to locate and quantify the amount of tracer present in the body 

and detect any abnormalities, which may possibly be indicative of a disease. Because these 

radioactive elements are unstable and rapidly degrade towards stable, non-radioactive elements, 

tracers cannot be bought or produced in advance, but instead they require on-site production. 

Carbon-11 and fluor-18 are two radioactive elements discussed in this thesis that can be used to 

make PET tracers. However, they degrade fast – within minutes to a few hours – and therefore they 

need to be incorporated into tracer molecules with ultrafast methods. 

The focus of this thesis was to discover new methodologies to incorporate the radioactive elements 

carbon-11 and fluor-18 into PET tracer molecules. These ultrafast reactions are not typically common 

in traditional synthetic chemistry, and if methods have been successfully translated to incorporate 

radioactive elements, the tracer molecules accessible are still restricted, creating a necessity for 

additional reactions. 

In chapter 1 we looked at the state-of-the-art of current methodologies to introduce carbon-11 and 

fluor-18. Noticing the prominence of a single type of reactivity used in the synthesis of carbon-11 PET 

tracers, we identified the need to explore different transformations for the incorporation of carbon-

11. Looking at the advances in fluor-18 chemistry, we found interest in reactions able to be performed 

on complex molecules with mild conditions. 

In chapter 2 we established a so-called cross-coupling reaction to incorporate carbon-11 using a very 

reactive, single carbon-containing reagent: [11C]methyllithium; prepared from an available carbon-11 

source: [11C]methane. From this reagent we were able to synthesize PET tracers for the diagnosis of 

several diseases, from neurodegenerative diseases to breast cancers, depending on the molecule 

reacting with [11C]methyllithium. Developing such reactions is challenging not only because the 

reaction has to be fast (5 minutes in our case), but also because the amount of the initial Carbon-11 

source, [11C]methane, is very limited. Therefore, any impurities or water traces can be a problem 

when employing highly reactive [11C]methyllithium. 
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In chapter 3 we applied this same methodology to synthesize a series of compounds with application 

in the imaging of neurodegenerative diseases. These compounds were evaluated in biological assays, 

identifying a promising PET-tracer candidate that we labelled with carbon-11. 

In chapter 4 we established a protocol to yield compounds that are renowned to be incompatible 

with methyllithium in cross-coupling reactions. We achieved it by having a metallic intermediate 

acting as a shield, covering the final product, until the cross-coupling reaction with an organolithium 

reagent or the radioactive [11C]methyllithium is completed. 

In chapter 5 we look at creating complexity in a molecule in a single reaction pot, using once again 

the very reactive organolithium reagents. We were able to develop an atom efficient protocol, 

producing non-toxic waste products, yielding compounds of interest for medicinal chemistry. 

In chapter 6 we introduced alkyne functionalities into the range of what can be obtained from the 

cross-coupling of organolithium reagents. This functionality is of particular interest as it is a common 

intermediate in organic synthesis, and it also has direct application in optoelectronic materials, for 

example. We were pleased to find that our protocol could be performed in 45 minutes at ambient 

temperature while the standard conditions for such reaction typically requires several hours of 

heating. Moreover, the scope of molecules that could be successfully employed under these 

conditions was particularly large, including compounds that are usually incompatible with typical 

organolithium reagents. 

In chapter 7 we explored potential synthesis routes towards the labelling with carbon-11 of a moiety 

present in corticosteroids and related drugs. These drugs are associated with long terms side effects 

that are yet to be fully understood, and labelling them with carbon-11 can provide crucial information 

about their behaviour in our body. In addition, this can reveal specific patterns in different patients, 

potentially helping the clinician choose an adequate treatment. Unfortunately we were not able to 

find a suitable method, but we drew important conclusions paving the way for future investigations. 

In chapter 8 we use light to label molecules with fluor-18. As opposed to similar labelling methods 

using toxic metals or reagents that have to be removed at the end of the reaction, our labelling 

reaction required only irradiation of our two key reagents by LEDs for 60 seconds in a flow system. 

By applying this method, we labelled several molecules with fluor-18. Most notably, we labelled a 

potential tracer for the detection of bacterial infection, the first fluor-18 labelled tracer based on one 

of the most used antibacterial agent: Vancomycin. 

In chapter 9 we looked at the synthesis of a fluor-18 labelled PET tracer that would not directly 

recognize a disease-specific marker, but instead would recognize an engineered antibody. The 

engineered antibodies are composed of two heads, recognizing our fluor-18 tracer on one head and 

the disease-specific marker on the other. Due to this we can perform so-called pretargeting protocols 
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by first injecting the antibody that reaches the disease-specific biomarker, followed by the radioactive 

tracer which co-localize with the antibody. The main advantage of this strategy is to reduce the 

radiation dose for the patient, and it has great potential in PET imaging as well as for radiotherapy 

treatments.
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12 Samenvatting 
 

De mensheid heeft sinds het begin der tijden de biologische processen in het menselijk lichaam 

proberen te begrijpen, met als doel diagnose en genezing. Lange tijd waren medische ingrepen de 

enige manier om kennis te vergaren over de werking van het menselijk lichaam. Dit alles veranderde 

een eeuw geleden met de komst van moleculaire beeldvorming, waarmee zonder operatieve 

behandeling tot op moleculair niveau in het menselijk lichaam gekeken kan worden. Positron emissie 

tomografie (PET) is éen van deze technieken, en maakt gebruik van kleine moleculen, ook wel tracers 

genoemd, die na injectie naar een specifieke marker gestuurd kunnen worden. Deze tracers bevatten 

een essentieel radioactief isotoop die door middel van radioactief verval een signaal verstuurt dat tot 

buiten het lichaam te meten is met een scanner. Deze scanner maakt het mogelijk om de bron te 

lokaliseren, de tracer te kwantificeren, en afwijkingen of ziektes te detecteren. Omdat deze 

radioactieve elementen instabiel zijn en snel vervallen tot stabiele, niet radioactieve elementen, 

kunnen deze tracers niet worden gekocht of ver van te voren worden geproduceerd, en moet 

productie hiervan op locatie gebeuren.  In dit proefschrift worden twee radioactieve isotopen, 

namelijk koolstof-11 en fluor-18, besproken die beide gebruikt kunnen worden in de productie van 

PET tracers. Deze isotopen vervallen snel, met halveringstijden in de orde van minuten tot uren, dus 

inbouw van deze isotopen vereist ultrasnelle methoden.  

De focus in dit proefschrift ligt op het vinden van nieuwe methodes voor inbouw van koolstof-11 en 

fluor-18 in PET-tracer moleculen. Deze ultrasnelle reacties zijn ongewoon in organische synthetische 

chemie, en bestaande succesvolle methoden voor het inbouwen van radioactieve elementen zijn 

vaak beperkt inzetbaar en werken voor een kleine groep substraten. Er is behoefte aan nieuwe 

reacties.  

In hoofdstuk 1 hebben we gekeken naar de huidige status van methoden voor introductie van 

koolstof-11 en fluor-18.  Opvallend was de eenzijdige methode van koolstof-11 introductie in de 

productie van PET tracer en we zagen hier het belang van het onderzoeken van nieuwe methoden 

die leiden tot de inbouw van koolstof-11. Kijkende naar ontwikkelingen in fluor-18 chemie vonden 

we behoefte aan reacties op complexe moleculen onder milde reactieomstandigheden.     

In hoofdstuk 2 hebben we een zogeheten kruis-koppelingsreactie bewerkstelligd ter introductie van 

koolstof-11 met behulp van een zeer reactief, éen koolstof atoom tellend reagens, 

[11C]methyllithium, vanuit een beschikbare koostof-11 bron: [11C]methaan. Met behulp van dit 

reagens hebben we PET-tracers gesynthetiseerd voor diagnose van verschillende ziektes; van 

neurodegeneratieve aandoeningen tot borstkanker. Niet alleen vanwege de korte reactietijden (5 

minuten in ons geval) is de ontwikkeling van dergelijke reacties een uitdaging. Omdat er met zeer 

kleine hoeveelheden [11C]methaan wordt gewerkt, en [11C]methyllithium erg reactief is, kunnen de 

kleinste sporen van water of andere verontreiniging een probleem veroorzaken. 
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In hoofdstuk 3 hebben we dezelfde methodologie toegepast voor de synthese van een reeks 

verbindingen met toepassing in de beeldvorming van neurodegeneratieve aandoeningen. Deze 

koolstof-11 gelabelde verbindingen zijn geëvalueerd met biologische assays met als uitkomst een 

veelbelovende PET-tracer kandidaat. 

In hoofdstuk 4 hebben we een protocol opgesteld dat ons de mogelijkheid gaf verbindingen te 

synthetiseren die normaal gesproken incompatibel zijn met methyllithium in kruis-

koppelingsreacties. Dit hebben we bereikt door ons eindproduct te beschermen met een metallisch 

intermediair, totdat de kruis-koppelingsreactie voltooid was.  

In hoofdstuk 5 hebben we gekeken naar het creëren van complexiteit in een molecuul in een 

enkelpots synthese, met behulp van het zeer reactieve organolithium reagens.  Het is ons gelukt een 

protocol te ontwikkelen waarmee, met hoge atoom efficiëntie en zonder giftige bijproducten, 

interessante verbindingen worden gevormd voor de medicinale chemie.    

In hoofdstuk 6 introduceerden we een nieuwe functionaliteit, namelijk alkynen, die met 

organolithium gebaseerde kruis-koppelingsreacties kunnen worden geproduceerd. Deze 

functionaliteit is in het bijzonder interessant omdat alkynen veel voorkomende tussenproducten zijn 

in organische synthese en directe toepassing hebben in bijvoorbeeld optoelektrische materialen. Tot 

ons genoegen zagen we dat ons protocol uitgevoerd kon worden in 45 minuten bij 

kamertemperatuur, terwijl dit type reactie normaliter meerdere uren verwarming vereist. Daarnaast 

kon deze reactie worden toegepast op een brede selectie substraten, waaronder verbindingen die 

normaal gesproken niet samengaan met organolithium reagentia.  

In hoofdstuk 7 hebben we mogelijke syntheseroutes onderzocht die zouden leiden tot koolstof-11 

gelabelde functionaliteit die vaak aanwezig is in corticosteroïden en andere verwante farmaceutica. 

Het gebruik van dergelijke middelen gaat vaak gepaard met langdurende bijwerkingen. Door deze 

verbindingen te labelen met koolstof-11 kan er cruciale informatie worden gewonnen over het 

gedrag van deze verbindingen, en patronen hierin, per patiënt, waarmee clinici betere zorg kunnen 

leveren. Helaas is het niet gelukt om hiervoor een passende methode te ontwikkelen, maar we 

hebben wél een aantal belangrijke conclusies kunnen trekken waarop toekomstig onderzoek kan 

worden voortgezet.  

In hoofdstuk 8 hebben we verbindingen met fluor-18 gelabeld door middel van licht. In tegenstelling 

tot vergelijkbare methoden, die gebruik maken van giftige metalen of reagentia, is het ons gelukt dit 

te doen énkel met de benodigde grondstoffen en 60 seconden bestraling met LED-licht. Met behulp 

van deze methode is het gelukt om een van de meest bekende antibiotica, namelijk Vancomycine, te 

labelen met fluor-18 en hiermee bacteriële infectie te detecteren. 
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In hoofdstuk 9 hebben we gekeken naar de synthese van een fluor-18 gelabelde PET-tracer die niet 

gericht is op een ziekte specifieke marker, maar op een speciaal ontworpen antilichaam. Dit 

antilichaam bevat twee koppen; éen herkent het tracer molecuul en de ander een ziekte specifieke 

marker. Met behulp van dit antilichaam is het mogelijk een zogeheten pretargeting-protocol uit te 

voeren. Na het antilichaam geïnjecteerd te hebben en te wachten tot deze de ziekte specifieke 

marker heeft bereikt, wordt de radioactieve tracer toegediend, die op deze manier co-lokaliseert met 

het antilichaam. Het doel hiervan is om de stralingsdosis van de patiënt te verminderen, als mede te 

dienen als potentiële techniek voor radiotherapie.
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