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Chapter 1. Introduction 
 
1.1 Short review on the use and preparation of PET-labelled amino acids. 
Importance for PET using new αααα-substituted amino acids 
 

1.1.1 Positron emission tomography in oncology 
Tomography is the technique of analysing data as contiguous slices through a part of subject’s 
body.  The data are reconstructed to give a steady three dimensional image and, in some cases, 
time-resolved images.  Positron emission tomography (PET) utilises positron emitting 
radiopharmaceuticals in the study of metabolic and physiological processes.  The production of 
the positron emitting radionuclide by a cyclotron followed by its incorporation into a molecule 
of a physiologically active compound using the appropriate radiochemical techniques is the 
starting point for any PET study.  After the injection of the labelled tracer, the space- and time-
resolved image of positron annihilations is detected externally using rings of coincidence 
detectors placed around the subject (a PET scanner).  

PET investigations using 2-[18F]fluoro-2-deoxy-D-glucose (FDG) become available in a large 
number of hospitals worldwide (Figures 1.1, 1.2).  FDG-PET is a useful technique for tumour 
detection, diagnosis of tumour recurrence.    However, FDG has disadvantages. It is not only 
taken up by tumours, but also in the heart and the brain. This phenomenon hampers detection 
of tumours in these tissues.  High physiological FDG uptake can be seen in muscle tissue, 
macrophages and other cells in inflammatory processes or activated after chemotherapy or 
radiation therapy causing false positive results. Decreased uptake can cause false negative 
results in patients with hyperglycaemia. More specific tracers are therefore being developed. 
An overview is given in Table 1.  Of these tracers, amino acids have been extensively studied 
both clinically and pre-clinically.  The incorporation of labelled amino acids into brain tumours 
and into some other organ with high physiological consumption of glucose is the superior 
diagnostic method for its much higher selectivity compared to FDG. In Figure 1, a typical 
example is given showing a comparison of [18F]FDG and [1-11C]-L-tyrosine in the same 
patient.  High physiological uptake of [18F]FDG  is observed, but in the tumour region the 
uptake is lower.  [1-11C]-L-Tyrosine uptake correctly visualizes this tumour.   
[11C]Amino acids with exception of [11C]methionine are not yet available for routine 
diagnostics, while fluorine-18 labelled FET and FDOPA are routinely available (Table 1.1). 
 
Tracer Uptake Mechanism Refs. 
[18F]-FDG, [11C]-glucose Glucose consumption [1, 2] 
[11C]-Tyrosine Protein synthesis [3] 
[18F]-Fluoroethyltyrosine, 
[11C]-methionine 

Amino acid transport [4, 5] 

[18F]-Annexin Apoptosis [6] 
[11C]-Thymidine,  
[18F]-fluorouracil,  
[18F]-fluorothymidine 

DNA-synthesis [7-9] 

[11C]-Choline,  
[18F]-fluoromethylcholine 

Membrane synthesis [10, 11] 

[18F]-Fluoroazomycine Hypoxia [12] 
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arabinoside 
[18F]-Octreotide,  
[18F]-fluoroestradiol,  
[18F]-neuropeptides 

Receptor density [13-15] 

[18F]-Phosphonium salts Membrane potential [16] 
[18F]-FluoroDOPA,  
β-[11C]-5-Hydroxy-
tryptophan,  
β-[11C]-DOPA,  
α-[11C ]Methyltryptophan 

Excretion of 
neurotransmitters 

[17, 18] 

 
Table 1.1 Tracers and uptake mechanisms. 
 

 
 
Figure 1.1 Full-color in appendix. Imaging of a human brain with [18F]FDG versus [1-11C]-L-
Tyrosine.  Courtesy of Dr Jan Pruim, University Medical Center Groningen. 
 
New tomographs allow simultaneously recording of both CT or MRI and PET providing both 
anatomical information from CT (or MRI) and functionality from PET (Figure 1.2). 
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Figure 1.2  Full-color in appendix. Left  – CT image, middle – PET image, right – 
superposition in artificial rcolours.  Courtesy of Dr Nicholas Gillings, Copenhagen University 
Hospital. 
 
The PET scan clearly shows neck metastases of Hodgkin lymphoma.   
  

1.1.2 Potential benefits of using AAs for PET    
 Additionally to the applications in oncologic diagnostics (protein synthesis rate, amino acids 
uptake), the aromatic amino acids tyrosine, 3,4-dihydroxyphenylalanine (DOPA), tryptophan, 
5-hydroxytryptophan and their analogues are potential tools for neurological research since 
they are precursors for the biosynthesis of neurotransmitters dopamine and serotonin in the 
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brain following the amine precursor uptake and decarboxylation (APUD) principle (Table 1.1).  
Cognitive processes and neurological and psychiatric diseases are related to these 
neurosystems and their possible malfunction.   
Nowadays two applications of labelled amino acids for visualisation of tumours attract the 
main attention: [11C] or [18F]amino acids as substrates of specific membrane transport systems 
or in vivo measurement of protein synthesis rate. Recently we disclosed different mode of 
interaction of fluorine-containing compounds with biological structures originated in a 
hydrogen bond H…F formation. (Chapter 2.5)  Van-der-Waals interactions between fluorine 
atoms and aromatic systems are also possible. This argument against non-critical use of 
[18F]amino acids is more solid for neurological application where pharmacokinetic modelling 
of biosynthesis and catabolism of neurotransmitters is of crucial importance, but in oncological 
diagnostics such unnatural interactions should be also avoided if possible.  From a clinical 
point of view, fluorine-labelled amino acids such as (S)-3-(4-(2-
[18F]fluoroethoxy)phenyl)alanine (FET) or (S)-3-(6-[18F]fluoro-3,4-dimethoxyphenyl)alanine 
(FDOPA) are very useful for detection of tumour lesions nowadays.   
Metabolic behaviour of [11C]methionine and four large aromatic 11C-labelled amino acids (Tyr, 
(S)-3-(3,4-dimethoxyphenyl)alanine (DOPA) and Trp or (S)-5-hydroxytryptophan (5-HT)) has 
been intensively studied [19, 20]: 
 
• largest amount of [11C]methionine in blood plasma is incorporated into plasma proteins.  A 

minor part of the tracer is metabolised to 11C-labelled serine and 11C-methyl 4-
methylsulphanyl-2-oxobutyrate; important is transmethylation through S-adenosyl-
methionine (Scheme 1.1).  

 

 
Scheme 1.1 Metabolism of [11C]methionine 

 
• β-11C-labelled L-5-hydroxytryptophan is decarboxylated into β-labelled serotonin by L-

aromatic amino acid decarboxylase (EC 4.1.1.28) and desaminated into 5-
hydroxyindoleacetic acid by monoaminoxidase (EC 1.4.3.4).  In the rat brain the 
distribution of other metabolites such as N-acetylserotonin, melatonin, 5-O-
methylserotonin and 5-O-methoxytryptophan is restricted to the pineal gland (Scheme 1.2) 
[21-23]; 

• metabolism of β-labelled L-DOPA is similar – decarboxylation to dopamine and 
desamination to 3,4-dihydroxyphenylacetic acid (Scheme 1.2).  Both L-DOPA and 3,4-
dihydroxyphenylacetic acid are methylated by catechol-O-methyltransferase giving  3-O-
methyl-L-DOPA and homovanillinic acid, respectively; 

• L-tyrosine is meta-hydroxylated in vivo giving L-DOPA.  Tyr and Leu are found to have 
the highest incorporation rates into mouse brain proteins [24] thus being the most suitable 
amino acids for measuring protein synthesis rates in brain tumours [20, 25, 26]. 
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Scheme 1.2 Metabolism of β-11C-labelled L-5-hydroxytryptophan and L-DOPA 
 
1.1.3 Overview of approaches to 11C amino acids 
 
A short overview of developed methods of synthesis of [11C]aminoacids has been published 
[27]. 
Most of optically pure 11C-labelled amino acids (except [11C]methionine) have been prepared 
via low-yield non-reliable synthetic procedures.  Low availability hampers their evaluation as 
biological probes.  Enantioselective synthesis of large aromatic α-[11C]methyl-α-amino acids 
by α-radiomethylation of amino acids derivatives is an especially challenging goal due to 
relatively low steric volume of the methylation agent (methyliodide or methyltriflate).  On the 
other hand, availability of both 11СH3I and 11СH3OSO3CF3 as starting materials makes the 
synthesis and disclosure of α-[11C]methylaminoacids diagnostic impact especially attractive 
for future routine application in PET diagnostics.   The possible applications of these amino 
acids are discussed in more detail in Chapter 1.1.4 “Importance for PET using new α-
substituted amino acids” 
Early asymmetric syntheses of amino acids based on previously developed syntheses of 11C-
labelled racemic amino acids, or separation of enantiomers was used. Historically, the first 
synthesis of a [11C]amino acid precursor - lactic acid - was described as early as in 1941 [28]. 
At that time no application for both lactic acid and racemic [11C]alanine, which might be easily 
prepared from lactic acid nitrile, was known.  The first synthesis of an [11C]amino acid was 
published in 1973 [29].  Subsequently preparation of racemic phenylglycine, phenylalanine, 
DOPA and tyrosine labelled in carboxylic position via isocyanides was reported followed by 
development of preparative separation procedure for isolation of enantiomerically pure L-
tyrosine (Scheme 1.3) [30-33]. 
 

H3CO CH2CH2N=C HO CH2CHNH2

1. BuLi
2. 11CO2

3. aq HCl
4. HI/P

11COOH   
Scheme 1.3  Synthesis of 11C-labelled racemic tyrosine 
 
The preparation of L-tyrosine via the isocyanide has been automated for routine production 
using the robotic devices Anatech® RB-86 [34] and Zymark® with integrated preparative 
chiral HPLC. 
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According to PET data, this amino acid penetrates the blood-brain barrier and is accumulated 
in occipital cortex, limbic cortex and the thalamus.  Loss of radioactivity during 
decarboxylation of the amino acid to tyramine limits longevity of this radiotracer [35-37]. Loss 
of carbon-11 carbon dioxide is beneficial, because PET-images will not be affected by 11C-
metabolites.  11C-Carboxyl labelled L-tyrosine has been also prepared by Strecker synthesis 
using basic hydrolysis followed by separation of enantiomers on CHIRALPAK WH.  The 
enzymatic approach to 11C-labelled tyrosine is described in Chapter 1.1.3.3 “Enzymatic 
catalysis” 
For the synthesis of racemic [11C]alanine an original multi-step synthetic approach was 
developed (Scheme 1.4) [38]. 
 

EtMgBr + 11CO2
H+/H2O

11COOH PBr3/Br2

Br

11COOH

H2O

NH3/(NH4)2CO3

NH2

11COOH

 
Scheme 1.4 Synthesis of 11C-labelled racemic alanine 
 
In the four-step synthetic sequence, radioactivity was introduced in the first step.  This makes 
the procedure less attractive for routine applications.  In most cases, the Strecker reaction was 
used for production of carboxyl-labelled amino acids.  In this synthesis [11C]cyanide is reacted 
with the bisulfite adduct of an aldehyde and ammonium carbonate, followed by basic or acidic 
[39] hydrolysis of the resulting hydantoin.  During physiologic decarboxylation of such amino 
acids (e.g. to neurotransmitters) carbon-11 carbon dioxide is exhaled and does not stay in the 
body. The first racemic [11C]amino acids prepared by this method were valine, tryptophan and 
the first [11C]amino acids with a quarternary α-carbon were 1-aminocyclopentanecaboxylic 
acid (ACPC), 1-aminocyclobutanecarboxylic acid, 1-aminocyclohexanecarboxylic acid 
(Scheme 1.5) [40].     
 

1. 11CN-, (NH4)2CO3

2. OH-

R

R1

O

R

R1

11COOH

NH2  
Scheme 1.5 Preparation of 11C-labelled amino acids with a quarternary α-carbon 
 
Racemic [11C]amino acids have been separated to enantiomers by means of chromatography on 
a chiral stationary phase [38] or enzymes [41, 42].  Now chiral chromatography is a standard 
laboratory tool due to advent of industrially produced chiral stationary phases. Two 
disadvantages of this approach are:  
 
• extra chromatography step and loss of half of the prepared labelled amino acid; 
• sensitivity of the stationary phase to metals cations which irreversibly complex crown-ether 

residues of the most common stationary phases.  This limit makes impossible direct 
separation of reaction mixtures of metal-catalysed reactions as well as reactions used 
metallocomplex synthons using such columns.  In all cases, crude reaction mixtures need a 
C18 purification before application onto the chiral column. 

 
Early examples of asymmetric synthesis of [11C]amino acids demonstrated only moderate 
enantiomeric excess, up to 82% [43-46].  The first asymmetric synthesis of [11C]alanine [44] 
was based on the known isocyanoacetate methylation reaction; 8-phenylmenthyl ester was used 
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in order to induce preferrable formation of one diastereomer.  As expected, alkylation of a 
chiral acyclic precursor results in only moderate asymmetric induction, 48 % e.e.    
For the preparation of carboxy-11C-labelled amino acids 4-phenylsubstituted oxazolidin-2-ones 
were also used.  Their N-(α-tributylstannylalkyl) derivatives were transmetallated with n-
butyllithium followed by trapping of labelled carbon dioxide and deprotection.  In the case of 
labelled methionine, radiochemical yield was 15-25%.  Extention of this procedure to synthesis 
of other amino acids was not very successful.  Overall yields of model reactions with non-
labelled carbon dioxide varied from 1 to 33%, and for phenylalanine synthesis 3.6% overall 
yield was reported (Scheme 1.6) [47].  
 

 
Scheme 1.6 Asymmetric synthesis of carboxy-11C-labelled amino acids 
 

1.1.3.1 Oppolzer's synthon and Seebach’s BMI and BDI 
 
Commercially available Oppolzer's synthon [48, 49] provides higher asymmetric induction 
then Schölkopf's bis-lactim ethers [50].  In the synthesis of unlabelled alanine 96.4% e.e. has 
been reported [48].  Different conditions of [11C]alanine radiosynthesis led to 94% e.e. 
(Scheme 1.7) [51].  
 

 
Scheme 1.7 Oppolzer’s approach 
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Several [11C]amino acids were prepared using 2-tert-butyl-3-methyl-1, 3-imidazolidin-4-one 
(BMI, Scheme 1.8) [52]: L-β-[11C]-β-para-chlorophenylalanine (>97% e.e.) and L-β-[11C]-α-
methyl-β-para-chlorophenylalanine (>97% e.e.) [53], L-β-[11C]alanine (98% e.e.), L-β-
[11C]phenylalanine (98% e.e.), L-ω-[11C]-2-aminoadipic acid (98% e.e.), and L-ω-[11C]lysin 
(96% e.e.) [54] 
 

 
Scheme 1.8 PET radiochemical application of BMI 
 

 
Scheme 1.9 Preparation and use of BDI 
 
The new compound 2-tert-butyl-4-methoxy-2,5-dihydroimidazol-1-carboxylate (BDI) 
demonstrates even higher asymmetric induction in amino acids synthesis [55].   Hydrolysis of 
alkylated BDI takes place in milder conditions then hydrolysis of BMI (Scheme 1.9). 
All asymmetric routes described above have the same disadvantage - they require application 
of very small amounts of lithium compounds to generate intermediate carbanions at low 
temperatures.   
 

1.1.3.2 Catalytic alkylation of an achiral glycine synthon  
Alkylation of the Schiff base of benzophenone and tert-butyl ester of glycine by various 11С-
labelled alkyl iodides followed by hydrolysis and depletion of D-amino acids by co-
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immobilised catalase (EC 1.11.1.6) and D-amino acid oxidase (EC 1.4.3.3), led to 
enantiomerically pure amino acids 11С-labelled in the β-position of the side chain. 
A similar synthesis of the labelled racemic phenylalanine starting from the ethyl ester of 
glycine instead of the tert-butyl ester led to 23-31% radiochemical yield [56].  Comparison of 
both 11СH3I [57] and 11СH3OSO3CF3 [58] as alkylating agents for the Schiff base of 
benzophenone and tert-butyl ester of glycine confirmed that the second one is much more 
active.  It should be useful to combine the catalyst with the most efficient methylation agent.  
Recently a catalyst for stereospecific alkylation of the Schiff base of benzophenone and t-butyl 
ester of alanine was suggested [59, 60].  The authors claimed stereospecific methylation due to 
‘locking’ of the intermediate carbanion configuration by the lithium bridge between the imine 
nitrogen and the originally carboxylic oxygen [61, 62].  It has been reported [63], that similar 
non-catalytic [11C]methylation of the Schiff base of benzophenone and methyl ester of 
tryptophan [62] is not reproducible.  [14C]Methylation of the racemic Schiff base of 
benzaldehyde and methyl ester of O-methyltyrosine carbanion followed by acidic hydrolysis 
and chiral HPLC of the enantiomers led to enantiomerically pure L- and D-α-
[14C]methyltyrosin [64].  The authors were working on generalisation of this approach for the 
preparation of α-[11C]methylated and α-[3H]methylated tyrosin, but the corresponding 
procedures have never been published. An auxiliary chiral catalyst was used for efficient 
asymmetric synthesis of [18F]amino acids [65].  
 

1.1.3.3 Enzymatic catalysis 
Enzymes have been used in a number of syntheses of 13N- and 11C-labelled amio acids.  Apart 
from the resolution of racemates by the conversion of one of the enantiomers to another 
compound [41, 42], enzymes can also be used as enantioselective catalysts in the formation of 
the radiotracer.  L-Glutamic acid has been labelled with 11C in both carboxylic positions using 
multi-enzymatic procedures [66], and L-[4-11C]aspartic acid has been obtained from 
[11C]carbon dioxide by the use of immobilised phosphoenolpyruvate carboxylase (DTP, EC 
4.1.1.32) and glutamic-oxaloacetic transaminase (GOT, EC 2.6.1.1) [67].  Immobilised GOT 
has also been used for the conversion of chemically-produced [3-11C]phenylpyruvic acid to L-
[3-11C]phenylalanine [68].  L-[3-11C]Serine has been prepared from [11C]methanol using a 
combination of immobilised alcoholoxidase (EC 1.1.3.13), catalase (EC 1.11.1.6) and serine-
hydroxymethyl transferase (EC 2.1.2.1) [69].  11C-Labelled pyruvic acid as a precursor of 
aromatic amino acids has been prepared from racemic alanine using D-amino acid 
oxidase/catalase (EC 1.4.3.3) and glutamic-pyruvic transaminase (EC 2.6.1.2) in a one-pot 
system [70].  Application of carbon-carbon lyases (EC 4.1) led to production of both carboxy- 
and β-11C-labelled aromatic amino acids including tyrosine [18, 71-75].  The only published 
synthesis of 11C-methyl labelled α-metyltyrosine has been done using a very original combined 
chemical and enzymatic approach [76].  The amino acid core was built by malonic esters 
chemistry; dimethyl 2-(4-methoxybenzyl)malonate was methylated with  [11C]methyliodide.  
Hydrolysis of the prochiral diester using pig liver esterase (EC 3.1.1.1) led to the 
enantiomerically enriched monoester.  After transformation of the free carboxylic group into an 
amino group via isocyanate and deprotection, the labelled α-methyltyrosine was obtained in 62 
% e.e. (Scheme 1.10).  The decay-corrected radiochemical yield was 12-20% in a synthesis 
time of 45-50 min.  However, low enantiomeric excess and long synthesis does not allow the 
use of this approach for routine clinical production of the amino acid.  Application of the same 
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reaction sequence for preparation of 11C-methyl labelled α-methylphenylalanine gave racemic 
amino acid.  
 

H3CO

O

OH3CO

OCH3 H3CO

O

OH3CO

OCH3
11CH311CH3I EC 3.1.1.1 H3CO

O

OH3CO

OH11CH3

Ph2P(O)N3
H3CO

O

NCO

H3CO

11CH3 1. Me3SiCl/NaI

2. conc. HCl

H3CO

O

NH2

H3CO

11CH3

 
Scheme 1.10 Enzymatic approach to α-[11C]metyltyrosine 

 

Despite the high selectivity and versatility of enzymes and the mild reaction conditions used, 
there are some disadvantages to their use: 

 
• α-methyl amino acids require application of uncommon enzymes, which are not readily 

available from commercial sources or are difficult to isolate; 
• the enzymes are often unstable under laboratory conditions, neither application of 

immobilised enzymes is reliable. 
 

1.1.3.4 Biotechnologic approach 
A very specific and simple approach was described for production of L-[11C]phenylalanine 
using a mutant strain of a cyanobacterium (Synechocystis PCC 6803).  Labelled carbon dioxide 
was trapped by phosphate buffer solution which was introduced into the cyanobacterium 
culture.  Synechocystis rapidly absorbed the carbonate and secreted uniformly labelled L-
[11C]phenylalanine into the culture medium.  The medium was filtered, and the filtrate was 
purified by HPLC, giving the enantiomerically pure amino acid in up to 6% radiochemical 
yield [77].  This approach is a good candidate for further adaptation for biotechnologic 
preparation of other amino acids.  However, extensive work must to be done in order to select 
effective strains of cyanobacterium.  
    

1.1.3.5 Catalytic hydrogenation 
Another approach is based on modification of labelled precursors by catalytic hydrogenation 
[78-81].  This approach has two disadvantages:  
 
• necessity to prepare quickly an [11C]precursor and use it in a next reaction step; 
• α-methyl amino acids may not be prepared by hydrogenation of α, β-unsaturated 

precursors.   
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Radiochemical yields are low, up to 15%; enantiomeric excesses are moderate, up to 80%.  
 

1.1.3.6 Side-chain modification 
A limited number of [11C]amino acids, including the widely used [11C]methionine, were 
prepared by introduction of carbon-11 into a side-chain of an amino acid-derived precursor 
[43, 82].  In this case, an asymmetric centre was not created during the radiosynthesis.   
 

1.1.3.7 αααα-[11C]Methyltryptophan 
Based on an original approach initially developed for industrial production of optically pure α-
methyltryptophan [83, 84], a specialised asymmetric synthesis of α-[11C]methyltryptophan has 
been developed (Scheme 1.11) [85]: 
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Scheme 1.11 Asymmetric synthesis of α-[11C]methyltryptophan 
 
Up to date this is the only α-[11C]methyl-α-amino acid which has been prepared in 
enantiomerically pure form.  Complicated synthetic setup and use of micromolar amount of 
LDA and sensitivity of the intermediate carbanion to traces of oxygen limits routine 
preparation of this tracer to two PET centres in the world – Montreal and Detroit. 
 
1.1.4 Importance for PET using new αααα-substituted amino acids  
While clinical applications of α-[11C]methyltryptophan  are well developed due to its 
usefulness in diagnostics of neurological, psychiatric and oncologic diseases and availability of 
the labelled amino acid in two North American PET Centres, evaluation of potential 
application of other large aromatic 11C-labelled α-methyl amino acid is limited by the lack of 
reliable preparative approaches to these compounds.  Each large aromatic α-[11C]methyl amino 
acid has specific (potential) advantage based on its metabolic behaviour.  In vivo, α-
[11C]methyltryptophan is converted to the corresponding 5-hydroxyderivative followed by 
decarboxylation to α-[11C]methylserotonin [86-93].  For this reason it is very useful for 
quantitative measurement of serotonin biosynthesis.  Unlabelled α-methyltyrosine (α-MeTyr) 
is routinely used for pre-surgery treatment of pacients with pheochromocytomas due to its high 
accumulation in this tumour followed by competitive suppression of uptake of tyrosine leading 
to lower biosynthesis of catecholamines [94-96].  Thus α-[11C]MeTyr could be useful for 
diagnostics of pheochromocytomas, similar to application of fluorine-18 labelled α-MeTyr [97, 
98] and the SPECT radiotracer 123I-IMT ((S)-enantiomer of α-MeTyr labelled with iodine-123 
in position 3 of the aromatic ring) [99-101].  This compound is not decarboxylated in vivo thus 
being a promising radiodiagnostic drug candidate for measurement of LAT expression in 
tumour cell membranes [102-104].  Similarly to widely used FDOPA [105-107] and β-



 26

[11C]DOPA [108], (S)-3-(3,4-dimethoxyphenyl)-2-methylalanine (α-[11C]MeDOPA) may be 
applied for diagnostics of other neuroendocrine tumours [17, 109-113] and visualisation and 
possibly quantification of dopamine metabolism in the brain [114, 115].  It is a substrate for 
enzymes involved in catecholamine biosynthesis and metabolism (Scheme 1.12).        
 

 
Scheme 1.12 Metabolism of α-methylDOPA  
  
As a non-fluorinated radioligand, α-[11C]MeDOPA should be a good tool for measuring of 
dopamine metabolism in the brain using pharmacokinetic modelling (see Chapter 2.5). At the 
same time, pharmacokinetics of α-MeDOPA is not well understood in spite of worldwide use 
of this compound as a hypertensive drug since 1960 [116, 117].  Similar [18F]fluorinated α-
MeDOPA was prepared in 1995, but has never been biologically evaluated [118]. 
Up to date the development of synthetic approaches to non-labelled α-methyl amino acids did 
not result in any procedure which could be used in asymmetric α-[11C]methyl amino acids 
preparation. Even the most efficient approaches suffer from long reaction times and application 
of air- and moisture-sensitive reagents [60, 119-125].  The current work describes synthetic 
approaches aimed to overcome these shortcomings by stereoselective alkylation of chiral 
nickel complexes (Scheme 1.13).  
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Scheme 1.13 Supposed application of chiral nickel complexes for stereoselective preparation 
of α-[11C]methyl-α-amino acids 
 
For broadening the scope of available tools for carbon-11 labelling it is important to develop 
new approaches for the creation of a quaternary asymmetric centre via alkylation of tertiary 
carbanions by 11CH3I or 11CH3OTf. In the future such synthetic methods can be used for other 
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synthetic targets as well.  This is especially important because nowadays the mainstream 
research in organic chemistry of carbon-11 lies in methylation of highly nucleophilic 
heteroatoms or development of carbonylation reactions.  
   
1.2 General aspects on nickel complexes and synthesis of αααα-amino acids 

1.2.1 Early development of chiral nickel complexes 
Chiral α-amino acid synthons are often the optimal choice for preparation of small batches of 
new α-amino acids [48, 52, 55, 84, 126-132] and for special application like preparation of 
radiolabelled α-amino acids [27, 133].   
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preparation of α-amino acids 
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While efficient catalytic approaches have been suggested for a large number of α-amino acids 
[60, 134, 135], development of such catalytic syntheses often requires time-consuming 
screening for an optimal catalyst, precursor and reaction conditions.  Application of nickel(II) 
complexes of Schiff bases of (S)-N-(2-benzoylphenyl)-1-benzylpyrrolidine-2-carboxamide 
(BPB) and α-amino acids for asymmetric synthesis of α-amino acids becomes a popular 
synthetic method (Scheme 1.14, Figure 1.3) due to cheap starting compounds, easy 
chromatographic detection (λ=330 nm) of starting and alkylated complexes and re-usage of 
BPB without loss of enantiomeric purity of its stereogenic centre after several turnovers [136, 
137].  The complexes provide easy generation of an intermediate carbanion due to high acidity 
of α-hydrogen of an amino acid fragment (pKa ≈ 19) [138].  

 

Figure 1.3 Full-color in appendix. Nickel(II) complex of the Schiff base of BPB and glycine. 
Numbering scheme 

 

Two decades of worldwide research dealing with this chemistry led to a number of synthetic 
applications [139-164].  The core structure (nickel(II) complex of the Schiff base of BPB and 
glycine (GK), Figure 1.3) was suggested by a Moscow group led by Professor Belokon. Main 
synthetic applications were also developed by this group.  They include reaction of glycine 
synthon with: 
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• aldehydes leading to α-amino-β-hydroxy  acids [155];   

• α,β-unsaturated esters leading to β- or γ-substituted glutamic acids (Scheme 1.15) 
[156];  

• α,β-unsaturated aldehydes and ketones leading to β-, γ- or δ-substituted prolines 
(Scheme 1.15) [157]. 

 

Alkylation of glycine or alanine synthons with alkyl-, benzyl- or allylhalogenides leads to 
analogues of aromatic α-amino acids or α-amino acids with aliphatic side chains [158].  
Original procedures were further developed by a group led by Professor Soloshonok.  They 
prepared a number of fluoro-substituted analogues of phenylalanine [159] and some phosphor-
containing α-amino acids [160, 161].  This group suggested a procedure for gentle control of 
stereochemistry of both asymmetric centres of α-amino-β-hydroxy acids [162].  Application of 
the second chiral auxiliary attached to α,β-unsaturated electrophile allowed them to improve 
significantly control of stereochemistry of β- and γ-carbons of resulting pyroglutamic acids 
(they did not suggest a procedure for preparation of similarly substituted glutamic acids, 
Scheme 1.16) [163].  A group led by Professor Danion [164] suggested an original one-pot 
formation of a cyclic core of a quaternary amino acid containing two stereogenic centres.  This 
approach was further developed by the Moscow group [165].  

The most common application of nickel complexes as chiral amino acids synthons for 
preparation of analogues of aromatic α-amino acids or α-amino acids with aliphatic side chains 
consists of several standard steps (Scheme 1.14):  

 

1. Template preparation of the starting complex 2 from glycine, nickel salt and re-
usable chiral auxiliary BPB.  

2. Alkylation of complex 2 with an electrophile in an aprotic solvent resulting in 
relatively low ratio of diastereomers.  

3. Epimerisation of the reaction mixture in MeONa/MeOH [158].  

4. Separation of diastereomers of the alkylated complex 3 and 5, starting complex 2 
and a minor amount of a product of bis-alkylation 4.  

5. Optional epimerisation of the undesired diastereomer 5 in MeONa/MeOH.  

6. Selective acid hydrolysis of diastereomerically pure complex 3, isolation of the 
amino acid and regeneration of BPB. 

 

Less attention has been paid to physical-chemical investigation of the complexes. Due to 
former lack of analytical equipment, scientists had to use simple mechanistic ideas on the 
improvement of stereodiscriminative properties of the complexes; the early attempts to prepare 
better synthons met with a little success [166].  This is why in 1993 we started to study 
conformations of the complexes in solutions and in the solid state.   
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Scheme 1.15 Asymmetric syntheses of substituted glutamic acids and prolines.   
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Scheme 1.16 Approach to enantiomerically pure substituted pyroglutamic acids. 
 
Ni(II) complex of BPB and glycine [136, 140, 155] was one of the first glycine synthons used 
for asymmetric synthesis of [11C]alanine, [11C]phenylalanine and [11C]tyrosine [167].  An 
optimised one-pot procedure included alkylation of the chiral complex with [11C]methyl- or 
[11C]benzyliodide followed by epimerisation of the alkylated complex.  Asymmetric induction 
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of 80% d.e. for alanine and 90% d.e. for the other amino acids was achieved (Scheme 1.14).  
Others applied the same approach for preparation of [β-11C]DOPA [168, 169] and improved 
conditions for the complexes’ epimerization in alanine synthesis (92-99% d.e. after 
epimerization) by applying KOBu-t/MeCN instead of NaOH/aceton [170].   
Two attempts to further increase the asymmetric induction achieved with the complexes were   
published.  First, authors hypothesised that introduction of an electron-acceptor substituent into 
the benzyl group of a similar complex would result in formation of a charge-transfer complex, 
thus resulting in additional stabilisation of the (S,S)-diastereomer of the complex.  In the (S,R)-
diastereomer steric repulsion of bulky isopropyl- and trimethylamino-groups should disable 
this kind of stabilisation (Scheme 1.17).   
Experimental evidence did not support this hypothesis.  The complex with the electron-
withdrawing substituent demonstrated lower asymmetric induction, than did a similar complex 
with the electron-donor substituents (R=H 76% e.e.; R=+NMe3 78% e.e.;  R=NMe2 84% e.e., 
Scheme 1.17) [171].    
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Scheme 1.17 Supposed intramolecular interactions in a complex bearing bulky substituent in 
para-position of the benzyl group 
 

A second hypothesis was suggested; stabilisation of the (S,S)-diastereomer of the complex 
might be achieved by replacement of the benzyl group by a coordinating picolyl group.  
Introduction of the picolyl group in many cases decreased the observed asymmetric induction 
[141]. The authors have also prepared and tested a polymer-bound form of the Ni(II) complex 
of Schiff base of BPB and (R,S)-phenylalanine.  Epimerisation and hydrolysis of this 
immobilised complex led to the amino acid with e.e. 61 %.  Non-immobilised complex gave 
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the amino acid with e.e. 96 %.  Regeneration of the polymer-bond reagent was not practically 
useful due to even lower optical purity of the amino acid obtained with regenerated complex – 
only e.e. 43 %.  

For successful application of chiral nickel complexes in PET radiochemistry one needs to 
improve the stereochemical outcome of the alkylation reactions and evaluate their applicability 
for preparation of carbon-11 labelled α-methyl amino acids. 

For progress of methodology of PET radiochemistry it is important to develop new approaches 
to creation of quaternary asymmetric centre via alkylation of a chiral tertiary carbanion by 
11CH3I or 11CH3OTf. In the future such synthetic methods can be used for other synthetic 
targets, not only for α-[11C]methyl-α-amino acids [172]. This is especially important because 
nowadays the mainstream research in organic chemistry of carbon-11 lies in methylation of 
heteroatom-based nucleophiles or development of carbonylation reaction.    
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