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Foreword 

The Subcommittee on Nuclear and Radiochemistry (SNR) is associated with the Committee on 
Chemical Sciences of the Commission on Physical Sciences, Mathematics. and Resources of the 
National Research Councii.''A principal purpose of the'•NR is to maintain awareness of the 
chemical aspects of basic and applied nuclear science, to stimulate scientific and technical prog­
ress, and to identify national problems and needs in nuclear and radioctMJn:listry. The member­
ship of the �ommittee is drawn from academic, industrial, and government laboratories and 
covers a broad spectrum of knowledge and experience iQ the nuclear and chemical sciences. 

A major interest of the Subcommittee is the publication of monographs in areas of nuclear 
and radiochemistry. More than 60 titles have already been published in two series, one on 
radiochemistry separations of the elements and another on radiochemical techniques. This mono­

graph is the first of a new series designed to review and describe the procedures and tech­
niques of radionuclides in nuclear medicine. The purpose is identical with that of the monographs 
in the other series, namely to provide information of practical value to the laboratory scientist. 

iii 

Gregory R. Choppln. ChsirlfJIIIJ 

Subcommittee on Nuclear and Radiochemistry 
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Preface 

This monograph is the first in a series of selected topics in the Nuclear 

Medicine Series. A number of reviews, many of thea recent, have appeared on 

various aspects of llc, 18F and 13N-labeled radiotracers. This monograph is 

intended to treat the topic principally from the standpoint of synthetic 

organic chemistry while keeping in perspective the necessity of integrating 

the organic chemistry with the design and ultimate application of the 

radiotracer. Many of the constraints within which the synthetic organic 

chemist must operate when designing and implementing a synthetic strategy for 

a short-lived radiotracer, do not exist or are unimportant in the broader 

discipline of synthetic organic chemistry. However, the reactions used, the 

principles used to adapt these reactions to labeling with short-lived 

radionuclides, and the concepts of chemical reactivity are all part of the 

field of organic chemistry and form the framework upon which synthetic 

strategies for short-lived radiotracers are developed. Where possible, recent 

examples from the literature of organic synthesis will be introduced to 

suggest potentially new routes which may be applied to problema in labeling 

organic molecules with the short-lived positron emitters, carbon-11, 

fluorine-18, and nitrogen-13. 

The Table of Contents provides an overview of the material covered in 

this monograph. We feel that the literature survey of carbon-11, fluorine-18 

and nitrogen-13 labeled compounds (Tables 2,3,4,5 and 6) will be of particular 

value to scientists working in this field. Since the preparation of such a 

compilation is subject to unintentional omission and errors, we would be 
grateful if any omissions in this compilation of short-lived radiotracers be 

brought to our attention. Two appendices are included to provide 

supplementary general references. A subject index concludes this volume. 

The authors are grateful to Alan Gelbard, Roy Tilbury, Kenneth Krohn, 

Ronald Finn and Michael Welch for providing preprints of their work. We also 

thank Michael Welch, Karen HcElvaney and Dominique Comar for providing 

material for illustration and Adrienne Farrell for preparing a number of the 

figures. We are particularly grateful to David Christman for preparing the 

section on radioactivity assay, to Karin Karlstrom and Robert MacGregor for 

organizational efforts associated with preparing this manuscript, and to 

Nancy Sautkulis, Lois Caligiuri and Michele Henderson for their patience, 

expertise and long hours spent in typing this manuscript. 
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Introduction 

The successful application of organic .olecules labeled with the 

short-lived positron emitting nuclides to the study of physiological processes 

in the living huaan body has generated intense interest in the biomedical 

co.-unity (1-6). For example, it has recently been possible to correlate 

regional brain metabolism with functional activity in humans during ooraal 

circumstances (7-9), under conditions of somatosensory stimulation (lo-13) and 

in psychiatric conditions (14-17) through the use of positron emitting 

radiotracers. This characterization of the metabolic activity of the 

functioning human brain and other organa such as the heart (18) depends on the 

use of positron emission tranaaxial tomography (PETT) a method of detection 

which gives an image of the distribution of the labeled tracer in a transverse 

section of the body (4,19-22). This mode of detection makes it possible to 

image the internal structure of an organ without interference from overlying 

structures. Thus by applying the appropriate labeled tracers, mathematical 

models (3) and instrumentation to problema in the biomedical sciences it has 

been possible for the first time to obtain regional metabolic information in 

the living human body at little or no risk. This has resulted in the birth of 

a new interdisciplinary endeavor. 

The monograph will deal with the problema encountered in one of the key 

areas on which the aucceaa of these studies depends, namely, the various 

aapecta of labeling organic molecules with the short-lived nuclides carbon-11, 

fluorine-18 and nitrogen-13. This ia an area in which synthetic organic 

chemistry playa a key role. Before considering the development of synthetic 

approaches for llc, 18p and 13M-labeled radiotracera, two general topics, the 

decay characteristics of the positron emitters and radiotracer design will be 

diacuaaed. 

Decay Characteristics of the Positron Emitters (llc, 18p, 13N) 

The use of tracer molecules to study the biochemical proceaaea occurring 

in living organiaaa relies heavily on carbon-14 and tritium labels since these 

nuclides can be substituted for stable carbon and hydrogen in organic 

molecules without changing the biological properties of the molecule. An 

iamenae amount of information has been obtained through the use of carbon-14 

and tritium labeled tracers even though their long half-lives and abort-range 

decay characteristics largely preclude their use in humans. However, studies 

involving carbon-14 and tritium labeled tracers can provide guidance on both 

the design and synthesis of positron emitting tracers. 

1 
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By comparison, the nuclides carbon-11, nitrogen-13 and, to a great 

extent, fluorine-18 can also be used to label organic molecules without 

appreciably altering their biological properties. These nuclides which are 

produced by a cyclotron or other charged particle accelerator decay by 

positron emission resulting in the production of tvo 511 KeV photons which, 

unlike carbon-14 and tritium, can be detected external to the body barrier. 

The short half-life and body penetrating radiation .akes molecules labeled 

with the positron emitting nuclides suitable for safely tracing metabolic 

processes in the living human body. Furthermore, the much higher specific 

activities attainable with the short-lived nuclides makes it possible to use 

them as labels for toxic molecules where the resulting trac�rs show no 

measurable physiological effects. Indeed organic molecules labeled with the 

positron emitters have provided the means of extending aany of the elegant 

tracer methods developed with carbon-14 and tritium to studies in humans 

(7, 23) . The physical properties of tritium, carbon-14, carbon-11, nitrogen-13 

and fluorine-18 are summarized in Table 1. 

Table 1. Physical Properties of Tritium, Carbon-14, Carbon-11, Nitrogen-13 
and Fluorine-18 

Most Maximum 
Maximum Probable Range8 Specific 

Decay Energy Energy DD ). Activity 
Nuclide Half-life Mode (MeV) (MeV) (H20) m-1 (Ci/11ol) 

Tritium 12.35y s-(100%) 0.0186 0. 0072 l.07xto-7 2.90xlo4 

Carbon-14 5730y s-clooz> 0.155 0.359 2.30xlo-lO 62. 4 
Carbon-11 20.4m s+C99+Z> 0.96 0.326 4.108 3. 40xlo-2 9. 22x109 

Nitrogen-13 9.96m s+(lOO%) 1.19 0.432 5.39 6.96xlo-2 1.89xtolo 

Fluorine-18 109.7m s+(97%) 0.635 0. 202 2.39 6.32xto-3 1. 7lx109 

EC (3%) 

a Maximum. 

On exa11ination of the physical properties of the positron emitters the 

following three properties, in addition to their ready substitution for the 

natural elements of organic molecules, make them exquisitely suitable as 

tracers which can be used in humans: 

(1) Short half-life 

(2) Decay by body penetrating radiation 

(3) Potentially high specific activity 

These three properties are also responsible for the unique problems which must 

be overco11e in the development of a practical synthetic route to a tracer 

molecule labeled with the carbon-11, fluorine-18 or nitrogen-13. 

2 
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RADIOTRACER IES IGN 

General Considerations 

The expenditure of time and resources in developing a synthetic route to 

a short-lived radiotracer is usually sufficiently great to warrant a careful 

choice of the molecular structure itself. The process of choosing a molecular 

structure for probing a particular physiological process thereby setting 

priorities for synthesis is referred to as radiotracer design. It involves 

the consideration of many aspects of the interaction of chemicals with living 

systems and can include the consideration of such factors as tissue 

biochemistry. molecular requirements for substrate transport into a tiaaue1 

intracellular pH. and unique functions. to name a few. In this phase of the 

development of a new radiotracer. a familiarity with the literature as well as 

the input of both physicians and other scientists with expertise in the 

biological sciences is necessary. Since pharmaceutical research and 

radiopharmaceutical research share some common problema and goals (24)1 the 

literature of this field is a valuable resource and should also be used in 

selecting priorities for synthesis. 

The design of organ imaging radiopharmaceutical& has been reviewed 

(25-27). More recently1 radiotracera have been classified according to their 

mechanism of concentration in the target organ (281 29). This mechanistic 

approach to radiotracer design is receiving increasing attention (30). Along 

this line. the determination of structure-activity relationships. which allow 

one to correlate and predict the biodiatribution patterns of molecules in the 

body baaed on chemical structure. provides an extremely valuable foundation 

for the development of new radiotracera (31-34). 

In the application of radiotracera and emission tomography to the study 

of biological processes in humans. the following two realities define the 

biodiatribution characteristics which the labeled tracer must exhibit. 

(1) For reasons of radiation safety and minimizing human 

radiation doae1 the amount of radioactivity which can 

be injected has an upper limit. 

(2) The detection of the radioactivity which is injected 

is limited by the sensitivity of the available instrumentation. 

While the instrumentation continues to improve. the first factor. namely 

the amount of radiotracer which can be safely administered is limited. 

Therefore. the design of tracers which have a high uptake in the organ of 

interest is critically important because the higher the uptake in the area of 

interest. the lower will be the dose of the radioactivity required to provide 

a statistically significant count rate for imaging. In this regard. one must 

3 
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consider not only whether the tracer has a desired interaction with a 

particular functional component of the organ which is being studied (for 

example. a neurotransmitter receptor. an enzyme or a carrier protein) but also 

whether ita behavior in the whole body and ita transport into the tissue of 

interest favors a sufficient uptake for study. 

Since the literature can provide considerable information on the 

relationship of chemical structure to uptake of substances in tissues or 

cellular components the following selected references are provided as a guide: 

Binding to Plasma Proteins (35-39) 

Uptake by Lung (40-43) 

Uptake by Liver (31. 44. 45) 

Uptake by Muscle (46) 

Receptor Binding (47-52) 

Brain Uptake and Blood-Brain-barrier (53-62) 

Blood: Tiaaue pH Gradients (63-67) 

Lipophilicity and Partition Coefficients (31. 33. 53. 65. 68) 

Molecular Size and Polarity (31) 

The site specific delivery or targeting of radiotracera which probe 

particular aspects of the metabolism and function of a target organ or tissue 

is a particularly challenging aspect of radiotracer development. It has been 

approached in a nuaber of ways including the use of enzyme inhibitors (69-70). 

receptor-ligand interactions (47-48. 50-52. 71). metabolic trapping (72-73). and 

lipoaome formation (67. 74-76). Another tactic. frequently used in 

pharmaceutical research is to form "prodruga" to aid the site-specific 

delivery of parent molecules (77-78). Prodruga are derivatives of the parent 

molecule and are designed to release the active molecule � vivo. This 

approach may also prove to be useful in radiotracer design. 

At this point. it is important to emphasize the value of determining 

localization mechanisms for radiotracera which have high organ specificities. 

This information. along with various studies on the relationship of chemical 

structure to biodiatribution patterns. is a valuable resource for developing 

new radiotracera. 

Choice and Position of the Label 

After the choice of a chemical structure for a given biomedical 

application has been aade0 then the choice and position of the radioactive 

nuclide within the tracer molecule becomes a consideration. The time course 

of the biological process which is being traced is a factor which influences 

4 
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the choice of nuclide since the half-life ,  ideally, should be sufficiently 

long to obtain the desired uniform but not so long as to contribute 

unnecessarily to the body radiat ion burden . In some eases , studies of the 

dynamics of distribution of a tracer in animals using tritium or earbon-14 as 

labels can provide information on the time seale of the biological process and 

therefore serve as a guide in the choice of positron eaitting nuclides . 

5 

The position as well as the choice of the label often is dictated by the 

structure of the molecule and the limited number of routes possible for 

introducing the radionuelide . In many eases , however , there are al ternatives 

which must be considered . In the ease of isotopic substitution there will be 

no perceptible al teration in the biological behavior of the molecule in most 

eases . However ,  if a foreign radioelement ( for example , fluorine-18) is used 

to label the molecule , then the choice for the position of the label must be 

made so that the resulting radiotraeer maintains the desired characteristics 

of the parent molecule . For example , the design of a positron emitting tracer 

which could be used to extend the 14c-2-deoxyglueose method ( 23)  to humans 

using PETT required the consideration of a number of fac tors and lead to the 

choice of 18F-labeled 2-deoxy-2-fluoro-D-glueose ( FOG) as a molecular 

structure . Fluorine-18 vas initially the nucl ide of choice because the 

relatively long ( 1 10  minute) half life vas required for the transport of the 

tracer from Brookhaven National Laboratory where it was synthesized to the 

University of Pennsylvania where the first imaging studies were done . In 

addition, the half-life of fluorine-1 8 ,  is compatible with the time required 

for clearance of free 18FDG from the brain and for the plasma to be cleared of 

tracer thus minimizing errors in quantitation . The choice of position 2 for 

the fluorine-18 label vas aade because it vas well known that this is the only 

position which could be al tered without seriously reducing the ability of this 

molecule to serve as a substrate for hexokinase and that the absence of a 

hydroxyl group at C-2 is  essential for metabolic trapping ( 79-81 ) . ( Figure 1 )  

Another factor which must be considered whether the labeling involves 

isotopic substitution or the use of a foreign radioelement is the metabolism 

of the molecule .  It i s  important that t he  label be sufficiently stable in 

vivo to provide the information required from a particular study . Along this 

line , the choice of the position of the label may be judiciously made to 

influence its excretion rate and lover the radiation dosimetry . 
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RADIOTRACER REQUIREMENTS 

1. Radiotr1eer must be a substrate 
for hexokiauc (:. only C2 CUI 
be modif'acd). 

2. Radiotracer must undcrJo carrier 
mediated transport into the brain 
(.'.only C2 can be modified). 

S. RadiotriCer must be metabolically 
trapped (:. c2 hydroxyl must be 
absent). 

4. Nuclide t� must be compatible 
with free triCcr clearance and 

lhippinr time. 

11 F-2-DEOXY -2-FLUORO-D-GLUCOSE 

Figure 1 . Radiotracer requirements for extending the 
14c-2-deoxy-D-glucose method to humans using PETT. 
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IADIOTRACER SYNTBES IS 

After the various factors which impact on the design of a particular 

radiotracer have been considered and a aolecular structure which appears to 

satisfy the requirements  of a particular bioaedical application has bee� 

chosen , the primary challenge is the design of an appropriate synthetic 

approach to this radiotracer . In general 1 the synthetic strategy must be 

coapatible with the following conditions : 

1 .  The radioactivity must be introduced in the fora of a readily 

accessible labeled precursor aolecule which is obtained directly 

from the target or is readily synthesized from the molecular 

species produced in the target . In some cases the synthesis 

may necessitate the development of a new route to the labeled 

precursor .  

2 . The reaction steps including and subsequent to the introduction 

of radioactivity must be suff iciently rapid to be compatible 

with the half  life of the nuclide . This al so applies to 

purification procedures which are required in the synthesis . 

3 .  The synthetic sequence must be chosen with a consideration 

of the mechanism of the reaction and of the specific activity 

of the product which is required . This will impact on the 

stoichiometry of various steps of the synthesis . 

4 .  When the synthesis involving high levels of radioactivity 

is carried out on a routine or semi-routine basis 1 technical 

aspects of the experimental setup such as the design of the 

laboratory shielding , remote operations , elimination of  

non-essential manipulations , and radiation monitoring require 

attention . 

On this basis , the general topics of availability of labeled precursors , 

the synthetic strategy , optimization of reaction rates , specific activity and 

stoichiometry,  biosynthetic tac tics and rapid purification will be discussed 

followed by sect ions devoted to the synthesis of carbon-1 1 ,  fluorine-18 and 

nitrogen-13  labeled tracers . A section on experimental methods and related 

technology will conclude this monograph . 

Availability of Labeled Precursors 

The fac tor which has the greatest impact on development of a practical 

synthetic strategy is the availability of the radioisotope and labeled 

precursor molecules . The nuclear reaction which is used and the yield of 

nuclide which can be obtained from a particular reaction is highly dependent 

7 
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on cyclotron/accelerator characteristics . The chemical fora of the nuclide 

which is produced after boabardaent is deterained by a nuaber of factors , the 

moat important being energy deposition in the target and cheaical composition 

of the target .  Because of the importance of precursor availability to the 

synthetic strategy the reader is referred to a nuaber of articles on this  

topic ( 1 , 82-86)  aa  well as  the references in Table 2 . In addition , 

consultation with individuals who have experience with targetry , precursor 

preparation and delivery ayateaa is reco .. ended . 

8 

The ideal radiotracer synthesis ia one which the nucl ide is introduced 

from a labeled precursor molecule which ls available directly froa the target 

or where the species available from the target is directly converted without 

handling ( i . e .  "on line " )  to a synthetically useful precursor . In addition , 

the incorporation of the radionucl ide should proceed in high yield with a 

ainimua nuaber of steps and time being required after the introduct ion of the 

label thus ainimizing the hazards of handling large quantities of 

radioactivity . Table 2 provides a list of co .. only used precursor foraa of 
l lc ,  18p and llN .  Those which are available directly from the target or 

"on-line" are , of course ,  the moat attractive in teras of the simplicity of 

the overall synthetic strategy . Others involve conversion of the labelled 

species exiting the target to a useful chemical form as ia indicated in the 

table . Although a large nuaber of precursor molecules are listed , some have 

been used to a far greater extent than others as can be seen by examining the 

listings of llc ,  1 8p and llN labeled compounds ( Tables 3 ,  4 ,  5 ,  6 ) . The 

development of new labeled precursors or the improvement and simpli ficat ion of 

existing methods , including automat ion ia an important area of research since 

it  greatly increases the diversity of the structures of labeled radiotracera 

which can be synthesized . 
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Table 2 .  Labeled Precursors of l lc ,  1 8p and 1 3N 

Carbon-11 Labeled Precursors 

Direct or On-Line Availability 
l lco 
l lco2 
alleN 

products froa solid �Cl target 
( 1 1c-organic halides , aethylamine , 
formamide ,  cyanamide , guanidine) 

He-guanidine 
l lc&3 I 

Synthesis Required 
l lca3 I 

al lcao 
l lca3Li 

( 1 1c )cyanate 
l lcoc12 
a11cc& 

Fluorine-18 Labeled Precuraors 

Direct or On-Line Availability 

a18p ( aqueous) 

a18p (anhydrous) 

[ 18r ) F2 
B18p3( anhydrous)  

M18p ( anhydrous) where M • R4�. cs+, t+ and other cations 
or ion exchange resin . ( See Table 4 for exaaples) 

Ne/ 1 8p ( species not identified ) 

o2t18p ( species not identified) 

N018p 

c118p 

clo31 Sp 

ca3co218p 

Synthesis Required 

a18p ( anhydrous )  froa 820 target 

a18p ( anhydrous) froa KBP2 target 

M18p ( anhydrous ) froa H20 target 

[ 18F ) CF30F 
1 8F-diethylaminosul fur trifluoride ( 18r-DAST) 

[ 18r )XeF2 

Re ferences 

87-89 

88-89 

89-92 

93 

94-95 

96 

97-99 

98 , 10Q-101 

102 

103 

104-109 

1 10-115  

1 16-120 

121-129 

125 , 13Q-132 

1 33-1 34 

135 

120 , 133 , 136 

137  

1 18 , 125 

125 

138 

1 39 

( See Table 4 )  

140 

( See Table 4 )  

141-142 

128 

143-144 

9 
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Table 2 .  Labeled Precursors of 1 1c ,  1 8p and 1 3N ( continuation) . 

Nitrogen-13 Labeled Precursors 

Direct or On-Line Availability 
1 3No3-

13NB3 
Synthesis Required 
1 3NB3 ( from &2o target)  

&13No2 • 13No2-· 1 3No , 1 3N02 
13N20 
1�2 

General Re ferences ( see Appendix 2 ) 

Carbon-1 1 : 86 , 164 , 170 

Fluorine-18 : 132 , 165-167 , 1 70 

Nitrogen-1 3 :  168-169 

145-149 

1 5Q-1 52 

146 , 149 , 153-157 

149 , 158-161 

1 1 3 , 162 

1 1 3 , 149 , 163 

10 
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Table 3 .  Carbon-1 1  Labeled Compounds .  

Compound Labeled Labelling References 
Precursor Reagent 

[ lle ) AIIino Acids 
.. ""W 

[ carboxyl-lle ) a-phenylglycine 

[carboxyl-lle ] a-phenylglycine 

[ carboxyl-lle ] a-phenylalanine 

[carboxyl-lle ] -a-phenylalanine 

D- [carboxyl-lle ) phenylalanine* 

L- ( carboxyl-lle ) phenylalanine* 

[ carboxyl-lle ] DOPA 

D,L- [ 1-lle ] alanine 

D, L- [ 1-lle ) alanine 

L- [ t-lle ) alanine* 

[ 3-lle ] alanine { partially resolved) 

D,L- [ 3-lle ) alanine 

L-(methyl-lle ]methionine 

8- [3-lle ) alanine 

lle� 
alleN 
lleo2 
alleN 

1-aainocyclopentane [ lle ] carboxylic acid " 

1-aminocyclobutane [ lle ] carboxylic acid 

1-aainocyclohexane [ lle ] carboxylic acid 

D ,L-valine { not labeled )  none 

D,L- [1-lle )valine alleN 

L- [ 1 -lle ]valine 

D,L- [ carboxyl-lle ] tryptophan 

L- [carboxyl-lle ] tryptophan 

D, L- [4-lle )aspartic acid 

L- [4-lle ) aspartic acid* 

� [ lle ] cyanophenylalanine 

[ lle ] -L-glutamic acid 

[ lle ) -L-a-aainoisobutyric acid 

[ lle) Carboxylic Acids and Derivatives 

D, L- [ 1-lle ) lactic acid 

D, L- [ 1 -lle ) lactic acid 

D, L- [ 1-lle ] lactic acid 

D,L- [ 3-lle ) lactic acid 

lleo2 
alleN 
lleo2 
alleN 

1 71-1 74 

175 

1 72-1 74 

175 

1 76 

176 

1 77 

115 , 1 78-179 

180 

181-182 

178 

183 

97 , 184-186 

172 , 187-188 

1 75, 189 , 1 91 

175 , 1 90 , 192 

1 7 5 , 1 90 , 1 93 

194 

1 75 , 1 90 , 1 94a 

195 

1 75 , 1 90 , 1 96-1 97 

198 

1 87 

199-200 

187 

201 

202 

lll 

203 

lll , 204 

lll , 204 
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Table 3 .  Carbon-11  Labeled Coapounds ( continuation) . 

Coapound 

L- [3-1 1c ) lactic acid* 

L- [ 1-11c ] lactic acid* 

[ carbonyl-1 1c ] nicotinaaide 

[carboxyl-1lc ] nicotinic acid 

[ l-1 1c ] palaitic acid 

( 1-1 1c ] oleic acid 

8-aethyl [ 1 -1 1c ] heptadecanoic acid 

[ 1 1c ] acrylic acid 

[ 1 1c ] citric acid* 

[ 1-1lc ] octanoic acid 

[ 1-llc ] acetate 

[ 1-11c ] propionic acid 

[ 1-1 1c ] pyruvic acid* 

( carboxyl-1 1c ] aliphat ic carboxylatea8 

( 1-1 1c ) acetoacetic acid 

[ carboxyl-1 1c ] aalicylic acid 

[ carboxyl-1 1c ] anthranilic acid 

[ carboxyl-1 1c ) benzoic acid 

r carboxyl-1
b
1c ] benzoic acid 

aerivatlves 

[ 1 1c ]hippuric acid* 

[ 1 1c ] acetyl phosphate* 

Labeled 

Precursor 

[ 1 1c ]acetyl carnitine* 

( carboxyl-1 1c ] carboxylateac 

[ carboxyl-1 1c ]aandelic acid and eaters a1 1CN 

[ 14-1 1c ] auccinic acid 

[ 14-1 1c ] fuaaric acid 
1 1c-oxalacetate* 1 1co2 

N- [ 1 1c ] Metbyl 30 Aainea and [ 1 1c ]  

Methyl-Quaternary �niua Sal ta 

(N-aetbyl-1 1c ] aorphine and heroin 

(N-aethyl-11c )aorphine 

0-aethyl [ 1 1c ] bufotenine 

Labelling References 

Reagent 

183 

181 , 182 , 205 

1 1 5 , 206 

115 , 207 

115 , 208-211  

212  

213  

214 

2 15 

41 , 216 

216-218 

219  

181-182 , 205 

216 

220 

115 , 216  

1 15  

115 , 21 6 , 221 

216 

221 

222 

223 

216 

224 

225 

225 

200 , 215  

226 

227 

228 

12 

Copyright © National Academy of Sciences. All rights reserved.

Synthesis of Carbon-11, Fluorine-18, and Nitrogen-13 Labeled Radiotracers for Biomedical Applications
http://www.nap.edu/catalog.php?record_id=19636

http://www.nap.edu/catalog.php?record_id=19636


Table 3 .  Carbon-11 Labeled eo..,ouDds ( continuation) . 

CollpOUDd 

M-J 1 1c )aeth{lputrescioe , speraine 
ana speraid ne 

[ &-.ethyl-1 1c ) imipraaioe 

( N-aethyl-11c ] cloaipraaine 

( &-aethyl-1 1c ] chlorpro.azioe 

[ R-aethyl-1 1c ] etorphine 

( R-methyl-1 1c ] nicotioe 

[ R-aethyl-11c ] thioproperazine 

( llC ) ephedrioe 

[ 1 1c ]aetbylephedrine 
M-[ 1 1c )methyl albumin and fibrinogen 

M-[ 11c ]methyl ovioe luteniz ing horaone 

Gly- ( 1lc-.ethyl ] Met-Gly 

[ R-aethyl-1 1c ] diazepaa 

( R-aethyl-1 1c ) caffeine 

[ H-aethyl-11c ] flunitrazepam 

[ R-methyl-1 1c ] hexaaethoniua 

[ 1 1c ] -erythromycin A lactobionate 

1 1 ' -I1 1cl•ethil-4 4 ' -
dlpyr din ua d iodlde 

Labeled 

Precursor 

ch1orpro .. zioe- [ 1 1c )methiodide 

quinuclidinyl beozi late [ 1 1c ] -aethiodide " 

J 1-1 1c ] Pri .. ry Amine� and Derivat ives 

[ 1-1 1c ] dopamine •HC1 

[ 1-1 1c ] oorepioephrioe •BC1 

( 1-1 1c ] 5-hydroxytryptamioe•BC1 

( 1-1 1c ] al iphatic amines( C4-c8 • C1o> 

(l-1 1c )branch chain aliphat ic aminea 

[ 1 1c ] aliphatic diaaines ( C4 - C9) 

( 1-1 1c )dimethoxyphenethylaaine 

( 1-11c ] phenetbylamine 

Labellina References 

Reagent 

229 

185 , 23o-231 

232-233 

185 , 234 

235 

185 , 231 , 236 

231 

237 

237 

238 

239 

240 

231 , 24 1  

231 , 237 

241 , 242 

243, 244 

244a 

245 

246 

247-249 

25o-252 

253 

254 

41 , 255 

256 

257 

258 

259 , 260 

13 
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Table 3 .  Carbon-11  Labeled Coapounda ( continuation) . � 

Coapound Labeled Labell ina References � 
Precursor Reagent 

� 
[ 1-1 1c}-6-1ododopaaine 261 

[ 1 1c}-N-alkyl-�-1odobenzenesulfonamides " 262 

[3-1 1c}6 , 7-dihydroxy-1 , 2 , 3 , 4- 252 ,. 

tetrahydroisoquinoline 

[ a-aethylene-1 1c}salsolinol 252 .. 

[ llc )  Al.cohola t 
; 

[ 1 1c ]aethyl alcohol llco2 llco2 263 
I [ 1-1 1c ] ethyl alcohol 212 , 263-265 

[ 1-1 1c}hexadecanol 187 � 
[ 2-1 1c ] 2-propanol 263 • 
[ u-1 1c}aannitol* 266 � 
[ u-11c ] glycerol* 266 l 
[ 1-llC}octanol 41 ' 

& 
[ llc} Sugars .. 

[ u-llc ]glucose* llco2 llco2 
• 

267-270 • 
[ u-llc}glucoae* allco3 271 

! 1 1c-ga1actose* llco2 266 

3- [ 1 1c ] -aethyl-D-glucoae llca3 I 27la , 272 ' [ 1-1 1c ) -2-deoxy-D-glucose alleN alleN 273-277 

[ 1-llc ) -glucose 278 
! [ 1-llc ] -aannoae 278 

' 
[ cyano-1 1c}Nitriles I 

. t 
lacto [ 1 1c}n1trile alleN alleN 203 ' 
octane [ 1 1c ] nitrile 41 � 
2-phenylethylaminoalkane [ 1 1c}- 279 
nitrile •acl \ 
aandelo [ 1 1c}n1trile 224 � 
a-�1odoan111nophenylaceto [ 1 1c ] nitrile 280 • 
a-N-alkylaainophenylaceto [ 1 1c ] nitrilea 281 • 

a-N-arylaminopheny1aceto [ 1 1c}n1trilea 281 � 
• 

� 
• 
• 
'Ill Copyright © National Academy of Sciences. All rights reserved.

Synthesis of Carbon-11, Fluorine-18, and Nitrogen-13 Labeled Radiotracers for Biomedical Applications
http://www.nap.edu/catalog.php?record_id=19636

http://www.nap.edu/catalog.php?record_id=19636


Table 3 .  Carbon-11  Labeled Compounds ( continuation) . 

Co11pound Labeled 

Precursor 

[ llc )  Hydantoin& 
"""'" 

Labelling References 

Reagent 

[ llc )dialkylhydantoina 

[ llc ) diarylhydantoina 

[ llc ) apirohydantoina 

[ llc ] alkylarylhydantoina 

[ llc )alkylarylhydantoina llcoc12 

282-283 

105 , 282-287 

283 

282-283 , 286 

286 

Steroids 

17-a- ( llc )aethyleatradiol llco2 
17-a- [ llc)aethylteatoaterone 

17-a- [ llc )aethyleatradiol 3-aethyl ether " 

17-a- [ llc ] ethynyl estrad iol 

[ llC ]mozeat rol 

Miscellaneous llc-Labeled Coapounda 

[ 1-llC ]octanal 

[carbonyl-llc ) benzaldehyde 

(carbonyl-llc ] piaozide 

( llc ] ethylchloroforaate 

[ llc )diethylcarbonate 

( llc ] diphenylurea 

[ llc ) 5 , 5-diethylbarbiturate 

( llc ] 5 , 5-ethylphenylbarbiturate 

[ 1-llc ]hezobarbi tal 

( llc ) hydrozyurea/iaohydroxyurea 

[ llC ] urea 

Benzyl- [ llc )aethyl ether 

(methylene-llc ) benzyl methyl ether 

Butyl ( llc)aethyl ether 

[ llc-.ethylene )diethyl ether 
llc-labeled aliphat ic and aro .. tic 
hydrocarbonad 

( llc ) benzeae , toluene , xylene 

[2-llC ] -acetoue 

llco2 
alleN 
nco 
llco2 

nco 

Ucoc12 

288-289 

288 , 290 

288 

112 

289 

291 

291-292 

293 

105 , 109 

105 , 109 

105 , 109 

105 , 286 

105 , 286 
llCB3I 294-295 
llc-cyanate 103 
llcoc12 2 96 
llco2 297 

297 

297 

297 
llca3 I 298 

299 

300 

15 
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Table 3 .  Carbon-11  Labeled Coapounds ( continuation) . 

Compound 

[aethyl-llc ] thyaidine and thyaidylate* 

(aethyl-llc ) thyaidine 
llc-1-.ethoxy-3-nitrobenzene 

[ llc ] - 5 , 6-benzouracil 

( benzoyl carbonyl-llc ) spiroperidol 

2-amino [2-llc) pyriaidines 

[ llc ] iodoantipyrine 

*Biosynthesis . 

Labeled Labelling 

Precursor Reagent 

References 

100 , 301 

lOla 

302 

106 

303 , 304 

[ llc ] guanidine [ llc ] guanidine 94 , 95' 

llco2 llculi 305 

a .  acetate ,  propionate , acrylate , butyrate ,  isobutyrate , triaethylacetate , 

pentanoate , hexanoate , heptanoate , cyclohexanecarboxylate , octanoate . 

b .  �chlorobenzoate , 3 , 4-diaethoxybenzoate , p-hydroxybenzoate , salicylate , 

�trifluoroaethylbenzoate ,  .,e-phenoxybenzoa te . 

c .  phenylacetate , 2-thiophenecarboxylate , 3-caaphorcarboxylate , 1-naphthoate , 

5-acenaphthenecarboxylate , 9-anthracenecarboxylate , 9-phenanthrene­

carboxylate .  

d .  [ 1-llc ) pentane , nonane , undecane ; 2- [ llc ]aethyl-naphthalene , 

[ llc ]aethyl-benzene. 

16 
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Table 4 .  Pluorine-18 Labelled Coapounds . 
,... Labelled 
.-1 Coa2ound Precursor 

[ 18 ]Aryl Fluorides 

� ·  �· and � [ lSp ] fluorophenylalanine Lial8r4 
�and � [ 18p ] fluorophenylalanine Ne/18pa 

L-� [ 18p] fluorophenylalanine* 

L-a- [ 1S, ] fluorophenylalanine* 

3- [ 18p] f1uorotyrosine 

L-3-[ 18p ] fluorotyrosine* 

5 and 6- [ 18p ] fluorotryptophan LiB18p4 or 18r 

L-5 and 6-[ 18p ] fluorotryptophan* Ne/18pa 

� [ 18p ] fluorobenzoic: acid 

p- [ 18p ] fluorobenzoic: acid 18p-

3 , 5- [ 18r )difluoro-L-tyrosine 18p-( aq) 

5- [ 18p] fluoro-DOPA 18r-( aq) 

5 [ 1 8p ] fluoro-DOPA 1fe/18pa 

L-6- [ 18r ) fluoro-DOPA 1S,-( aq) 

6- [ 18r ) fluorodopaaine 

�- [ 18p ] fluorohippuric: acid x18r 

[ 18r ) haloperidol lS,-( aq) 

[ 18p ] -8-( 4-fluorobenzoyl) propionic: acid 

Labellina 
lleasent 

Lial8p4 
Ne/18pa 

LiB18p 4 or 18r 

Ne/18pa 

o18r4 
x18p-c&3C02R 

18r-( aq) 

lfe/18pa 

Bu4Nl8p, XeP2 

18p-( aq) 
x18r 
18p-( aq) 

Labellina 
Reaction Reference 

Sc:hieaann 306 

136 

307 , 308 

308 

1 36 

308 

309 

136 , 308 

136 , 1 33 

Sc:hie.ann 310 

nucleophilic: 3 1 1  
substitut ion 

312-314 

308 

elec:trophilic: 315-316 
fluorination 

Sc:hieaann 317 

ezc:hanse 318 

Sc:hieaann 319 

320 
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CIO � 

Table 4 .  Fluorine-18 Labelled Compounds ( continuation) . 
Label led 

C01DJ!!!Und Precursor 

[ 18r ] haloperidol yl8p 

[ 18r ] spiroperidol 

(18p ] fluorobenzene 

4 ' - [ 18p ] fluoroaotipyrine 18r-( aq)  

( 18r ] -arylfluoridesb 

[ 18r)-fluorobenzene [ 18r ] r2 

[ 18r ] -�fluoronitrobenzene 

( 18p ] -�-fluorobenzonitrile 

[ 18r ] Fluorocarboxylic Ac ids and Derivat ives 

( iiFJfluoroacetic acid 

[ 18p] fluoroacetaaide 

2- [ 18p ] fluorohexanoic acid 

2- [ 18r ] fluorotetradecanoate 

2- [ 18p ] fluoroacetic acid ,  ethyl eater 

2- [ 18p] fluoroacetic acid ,  ethyl ester 

2- [ 18r ] fluorovaleric acid , methyl ester 

2- [ 18p ] fluoropropanoic acid ,  methyl ester 

16- [ 18p ] fluorohexadecanoic acid 

1 7- [ 18r ] fluoroheptadecanoic acid 

2- [ 18p] fluorostearic acid 

9 , 10- [ lBp ] fluorostearic acid 

7- [ 18r ] fluoropalait ic acid 

18r( aq) 

Ne/18pa or o2tl8pa 
18r-( aq) 

yl8p (anhyd) 

Labelling 
Reasent 

cs l8p 

18r-( aq)  
HB18p4 
[ 1 8r)r2 

Rbl8p 

Dowex 1x4 c 18r-> 

Kl 8p 

Do-x lx4 ( 18p-) 

Kl8p ( anhyd) 

Kl8p (molten acetamide) 

csl 8r 

Labelling 
Reaction Reference 

triazene 321-322 
decomposi tion 

323 

324 

Schiemann 325 

310 

elec trophi lie 326 , 327 
substi tution 

328 

328 

exchaqe 329-330 

329 

329 

329 , 330 

331 

exchange 137 

331 

nucleophilic 331 
substitution 

exchanse 332-333 

332-333 

1 1 5 , 332-333 

332-333 

nucleophilic 334 
substitut ion 
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Table 4 .  nuorine-18 labelled Coapounds ( continuation) . 
0\ labelled labe1Una Labe1lina 
.... CoaJ!2Und Precursor Reaaent Reaction Reference 

Fluorosteroids 

2 , 4- [lBp ]difluoroestrone 18p-( aq) K1 8p-ca3co2a nucleophilic 311  
substi tution 

4- [ 18p ] f1uorotestosterone 31 1  

21- [ 18p ] fluoroprogesterone K18p [ 18-crown-6 ) nuc1eoph1 lic 
substitution 335-338 

21-[ 18p ] f1uoropregnenolone-3-acetate 339 

3- [ 1S.,] fluorocholestene 18p o .Aal8p nucleophi lic 133 
substitution 

4- [ 18p ] fluoroestrone and 
Ne/ 18pa Ne/1 8pa 4- [ 1 8p ] fluoroestradiol Sehieaann 340-341 

3-acetoxy-5-hydroxy-6-[ 18p ] f1uorocholestane 1S.,· a18p3 a18p addition 133 , 1 34 

3-acetoxy-5- [ 1S., ] fluoro-6-hydroxycholestane " 134 

cholesteryl [ 18p ] fluoride 134 

[ 18F) Fluorosugars 

6-deoxy-6- [ 18p ] fluoro-a-D-galactopyranose 1S.,-( aq)  Et4N18p nucleophilic 342 
substitution 

S-D-glucosyl- [ 18p ] fluoride .Aa18p 343 

2-deoxy-2- [ 18p ] fluoro-D-glucose 18p [P2 ) 18p [F2 ) electrophilic 72-73 , 344-349 
addition 276 

2-deoxy-2- [ 18p ] fluoro-D-mannose 344 

3-deoxy-3- [ 18p ] fluoro-D-glucose a18p ( anhyd) cs1S., nucleophi lic 124 ,  3 5o-352 
substi tution 
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Table 4 .  Pluorine-18 Labelled Coapouncls ( continuation) . 

0 Labelled Labell ina Labellina 
N Coa�und Precursor Reaaent Reaction Reference 

[ 18r ] Pluoropyriaidines 
s- (

18p ] fluorouracil 18r [P2 J 18r [r2J electrophi Uc 353-354 
add ition 

5- [ lSp ] fluoro-2 ' -deoxyuridine 355-356 

5- [ 18p] fluorouridine 357 
s- ( 18r ] trifluoroaethyluracil 18r-( aq)  K18r [ l8-crown-6 ] exchanae 358 

2 '-fluoro-2 ' -deoxyuridine 18po Aa18p nucleophil ic 359 
substi tution 

Miscellaneous 18p-Labeled Compounds 

acetyl (l8p ] fluoride 18r-(aq)  18r-resin nucleophi lic 360-361 
diaplace11ent 

l- [ 18p ] fluorohexane 360-361 

benzoyl ( 18p] fluoride 36Q-361 

benzyl (18p ] fluoride Et4N18p 360-361 

�toluenesulfonyl ( 18p] fluoride K18p 360 

( 18r ] trifluoroaethylbenzene and derivatives " K18p [ 18-crown-6 ] exchanae 358 

2- [ 18r ] trifluoroaethylbenzothiazole 358 

2- [ 18r ] trifluoroaethylphenothiazine 358 

3- [ 18p] fluoro-�-aenthane KlBp nucleophil ic 362 
substi tution 

diethylaaino sulfur( 18r ] trifluoride a18p or 18r [ P2 ] y18p or 18r [ P2 ] exchanae 128 

3- [ 18r ] fluoropropanol 18r-( aq)  K18p 362 

2- [ 18p] fluoroethanol KlBp 362 

2- [ lS, ] fluoroethanol Dowex 1 x4 ( 1 8p-) exchanae 329 
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.... N 

Table 4 .  Pluorine-18 Labelled Coapounds ( continuation) . 
Label led Labelling 

Coa�und Precursor lleasent 

2- [ 18r ] fluoroethanol al8p ( anhyd) 18r-DAST 

2- [ 18p] fluoroethanol ee lS, 

aethyl [ l8r)fluoride 18r-DAST 

ethyl (l8p] fluoride 

[ 18p] fluoroalkanesC 18r-( aq) Et4Nl8p 

[ 18r ] oxytocin 18r-( aq) Kl8r-ca3co2a 

[ 1 8p ] fluorotrichloroaethane Aal8p 

dichloro (l8r ]difluoroaethane Aal8p2 
4- [ 18p ] fluoroantipyrine 18r [r2 ] [ 18r ] r2 

[ 18r ] fluoronitriles 18r-( aq) Dovex lx4 c l8r-> 

6- [ 1 8p ] fluoro-9-benzylpurine 18po Aal8p 

* Biosynthesis . 

a .  18p species no t  ident ified . 

b . 18r-labeled fluorobenzene , fluorobiphenyl ,  2-fluoronaphthalene , 1 , 3-chlorofluorobenzene , 

�-fluoroanisole , �-fluoroacetanilide , �fluorobenzoic acid , �-fluoronitrobenzene , 

1-fluoro-2 , 3 , 5-tribroaobenzene . 

c .  RP (R • CB3 , C2H5 • n-C3H7 0 i-c3B7 ) .  

Labelling 
Reaction Reference 

substitution 128 

nucleophilic 363 
substitution 

substitution 128 

128 

nucleophilic 364 
substitution 

nucleophilic 311  
substitution 

365 

365 

electrophilic 366-367 
addition 

exchanse 330 

nucleophilic 133 
substitution 
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N 

Table 5. Enzymatic Syntheses of 13N-L-Amino Acids. 

13N-Source Substrate 

13NB2 
I 

R-c&C02H 
a-ketoslutaric acid 
pyruvic acid 
a-ketoisocaproic acid 
a-ketoisovaleric acid 
a-ketobutyric acid 
a-keto-y-.ethiol-

butyric acid 

13NH2 0 13NH2 I a I B.  H02CCH2CH2CH2CH-C02H + RCC02H � RCHC02H 
13N-alutamic acid pyruvic acid 

oxalacetlc acid 
p-hydroxyphenyl­

pyruvic acid 
phenylpyruvic acid 

a. slutalllic acid dehydrosenase 
b. slutamate-pyruvate transaminase 
c. slutamate-oxaloacetate transalllinase 
d. slutamine synthetase 
e. asparasine synthetase 

Enzyme 13N-L-Amino Acid 

slutalllic acid 
alanine 
leucine 
valine 
a-alllinobutyric acid 
L-.ethionine 

alanine 
aspartic acid 
tyrosine 

phenylalanine 

[aaide-13N)slutaaine 
(alllide-13N)asparasine 

References 

152.154.368-375 
152.373-374.376-377 
152.373 
152.373 
373 
373 

369 
370.374 
378 

378 

152.154.368.370.374.379 
380-381 
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Table 6. Nitrosen-13 Labeled Coapounds Prepared by Direct Chemical Synthesis. 

1-(2-chloroethyl)-3-cyclohexyl-1- [13s]nitroaourea 

1,3-bia(2-chloroethyl)-1- [13s]nitrosourea 
[13s]atreptozotocin 

[13N]nitroaocarbaryl 
[l3N]urea 

[13N]aaparagiue 
[13s]octylaaine 

[ 13s] &JIPhetaaine 

Labelling 

Reagent 

Reference 

158,161 

159,161 
382 

382 

383 

384 
385 

386 
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The Synthetic Strategy 

In developins a practical synthetic approach leadins to a new short-lived 

radiotracer, the advantage of being acquainted with the general methode and 

new developaenta in synthetic organic chemistry cannot be overemphasized. 

This is especially true considering the difficulties in synthesizing 

relatively coaplex molecules froa a limited number of precursor molecules 

within the restricted time period imposed by the half-life of the nuclide. As 
ie the ease in approachins any problem in synthetic organic chemistry, the 

first step should be a detailed search of the relevant chemical literature. A 
search of the unlabeled compound itself or model compounds may 8U88eat routes 

which can be modified to be compatible with the half-life and precursor 

restrictions. In eoae cases, synthetic strategies involved in related 

syntheses of short-lived tracers or carbon-14 labeling can serve ae a guide. 

Tables 3, 4, 5 and 6 provide liatinsa of llc, 18p and 13N labeled compounds 

along with the labeled precursor from which they were synthesized. In 

general, the followins two factors influence the potential adaptation of a 

given synthetic approach to high specific activity labeling with abort-lived 

nuclides. 

1. The reaction should proceed in high radiochemical yield. 
2. The reaction should be one in which the radioisotope undergoes 

low or no dilution with carrier. 

The initial literature search and the plannins of the synthetic approach 

is usually followed by a more detailed investigation of reagents, protecting 

groups etc. A brief guide to location of useful inforaation on the use of the 

literature in organic synthesis appears in Appendix 1. A selected list of 

review articles on the general topics of organic synthesis with positron 

emitting nuclides is included in Appendix 2. "Non-synthetic" techniques (164) 

includins recoil labeling, radiation labeling, and excitation labelins to 

produce radiotracera will not be covered here, although aome of the simple 

labeled precursors listed in Table 2 are produced uains these methods. 

Optimization of Reaction Rates 

In contrast to moat problems in synthetic organic chemistry where the 

rate of a chemical reaction is not a great concern if it is within a 

reasonable time scale, the problem of reaction rates as well as the time scale 

of experimental manipulations is a primary concern to labelins with 

abort-lived positron emitters. Both classical chemical synthesis and 

biosynthesis have been used in the incorporation of poaitron-emittins nuclides 

into radiotracera. The optimal yield and reaction time can be derived from 

rate equations ineludins the radioactive decay constant. This baa been 
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validated using a .adel reaction (i.e. the synthesis of 

1- [llc]-aethoxy-3-nitrobenzene startins with [llc]aethyliodide) (302). The 

incorporation of any short-lived nuclide into radiotracers usually requires 

the adjustaent of such reaction conditions as temperature, solvents, substrate 

reactivity and reagents eo that the synthesis, purification and foraulation 
for injection can be carried out within a few half-lives of the nuclide. This 

imposition of a restricted tiae scale on the synthetic approach is soaevbat 

unique to labelins with abort-lived nuclides and cballensea the insenuity of 

the cheaist. Soae examples serve to illustrate these points. 

Temperature effects: It is iaportant to investigate a range of 

temperatures in carrying out a given transformation. All an exaaple, the 

conversion of llc-labeled nitrile (l) to llc-spiroperidol (� by reaction with 

�fluorophenylmagnesium bromide proceeded rapidly at 1300 whereas no reaction 
was observed at 25°. The elevation of the reaction temperature required 

0 F-o-M1Br 

HN NCH CH CH llcN • NO REACTION 
L-N 

2 2 2 ether, 25" 
I 

C H  1 � 6 5 F� M1Br 
1. 

1 
xylene, uo• 

2. 

the substitution of xylene for ether sa the reaction solvent another factor 

which probably increased the reaction rate (304). 

Substrate Structure, Reducing Agents, Protective Groups and Solvents 

There is a large body of information concerning the effect of structure 
on the degree of reactivity of organic aolecules to various reagents. This 

information can be exploited when designing synthetic approaches to short 

lived radiotracers. For exaaple, the reaction of protected substrate 1 with 
llc-cyanide was required to produce nitrile 4 which was then converted to 

[1-llc]-2-deoxy-D-glucose, 1 (277). The 20 minute half-life of carbon-11 

required that this step be rapid. The rates of displacement of three 

different leavins groups on the protected substrate 1 were investigated. When 
the leaving group was tosylate (x • OS02C787) the reaction required several 

days at room temperature. However, when the leavins group was iodide the 

reaction only required S min at 1200. The most satisfactory leaving group, 

however, was trifluoromethanesulfonate (x • OS02CF3) which is well known for 
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ita reactivity in nucleophilic diaplaceaent reactiona and reacts in 5 ainutea 

at 25°. The nitrile 4 was not purified before carryina out step 2. 

Ni/AI 

X= OS02C7H7 
I 
OS02CF5 

26 

It was found that iodide ion but not trifluoroaetbaneaulfonate anion present 

in the reaction aixture after the displacement poisoned the catalytic 

reduction (Step 2). It is a time advantage to be able to carry out the second 
step of the synthetic sequence without an interaediate purification step, but 

as the above synthesis points out, the interference of reaction products as 

well as reagents aay require modification of the substrate. 

Another related tactic which baa been used to advantage is the 
simultaneous accomplishment of two tranaformationa in one step. For example 

in the second step of the llc-2DG synthesis described above, the protective 

isopropylidene groups which are acid labile are cleaved durina the reduction 

of the llc-nitrile to the llc-2DG. In another example, the conversion of 

nitrile (� to llc-labeled dopamine•HCl (!) involved the simultaneous 

reduction of the nitrile to an amine and removal of the benzyl protective 

groups. 

I. H2/Pd, EtOH/HCI 

2. Jon ExchiiiiJC 
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The uae of ion exchange as a purification step allowed the separation of the 
11c-dopaaine•&Cl froa toluene and other non-aaine iapurities in the reaction 
mixture (252). 

27 

An important consideration in the design of a synthetic strategy is the 

availability of a wide variety of reducing agents which differ in their 

functional group selectivity can be used to advantage in the selective 

reduction of functional groups in complex molecules (see references in 

Appendix 1). For exaaple, in the synthesis of o-aethyl- [11c)bufotenine v ia  

the reductive methylation of o-aethyltryptaaine (!) , the conventional 

Eschweiler-Clark reductive aethy 1ation using a11c&O/BC02B which is used in the 

preparation of aany N- [11c]aethylaaines (see Table 3) lead to the undesired 

tetrahydrocarboline derivative , (!) , whereas the use of a milder reducing 

H" CHO/HCOa H � 
CH, OOJG) 

....--___;----� � I N I • �H 

CH, O� CH, CH, NH, 

�N) 
H H" CHO/NaBHa (CN) 

8 

H 

9 
CH, O�- CH, CH, · NH1 1 CH1 

V-N) 
H 

().methyl·[" C) bufoteniDe 

agent, sodiua cyanoborohydride , resulted in the desired transformation (224). 

In another example 11c-labeled cyanohydrin (10) is reduced to 11c-labeled 

norepinephrine hydrochloride (�) using borane, a Lewis acid type reducing 

agent (253). 

OH 
OH 

� I 
I. BH1 
2. HCI S. ion exchanp 

) 

H -f- " CN 

OH 

10 11 

Atteapts to carry out this transformation with lithium aluainua hydride were 

unsuccessful probably due to the presence of the catechol moiety which foraed 

insoluble coaplexes with the reducing agent and to the instability of the 
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substrate in a basic aediua . Catalytic hydrogenation could not be uaed in 

thia caae because of the known hydrogenolyaia of benzyl alcohols . 

28 

The importance of the viae choice of protective groups in rapid organic 

ayntheaia should be reemphasized . The presence of more than one reactive 

center in the aame molecule often complicates the transformation of a single 

func tional group and requires protecting theae other reactive functional 

groups during the ayntheaia . However it ia alao essential that the protective 

group be removed rapidly after the desired reaction atep and that the 

protective moiety be separable from the product . Along thia line , the 

development of many protective groups of varyiaa stability in different 

chemical environments baa played an important role in synthetic organic 

chemistry ( aee Appendix 1 ) . The application of their diverse properties to 

problema in rapid organic ayntbeaia ia an important aspect of developing 

reasonable synthetic approaches to complex abort-lived radiotracera . 

Following the above examples , solvent effec ts can be uaed to enhance the 

rates of a variety of chemical reactions . Tbia ia moat dramatically 

illustrated by the uae of dipolar aprotic aolventa to increase the reactivity 

of anions in nucleophilic displacement reactions . For exaaple , in the 

reaction of cyanide ion with methyl iodide , the reaction ia > S x 10S faster 

in dimetbylforaaaide ( DMF) than in water. Tbia rate enhancement ia due to the 

poor solvation of the cyanide ion in DMP coupled with a favorable solvation of 

the polarized charged transition state . There ia a large amount of 

information concerning the uae of dipolar aprotic aolventa to enhance reaction 

rates ( 387 ) . These aolventa have been uaed many times in the rapid ayntbeaia 

of l lc-labeled nitrilea ( Table 3 ) . 

Specific Activity and Stoichiometry 

Specific activity ia frequently defined aa radioactivity per unit of 

aaaa ( 388) . The aaxiaua specific activity for a radionuclide ia a function of 

the half-life of the nuclide and ia attained when there ia no dilut ion by 

other iaotopea of the same element . Tbia ia referred to aa the carrier-free 

( CF) state .  In practice , it ia poaaible to approach the CP state within an 

order of aagnitude for aome radionuclide apeciea . However , it ia difficult to 

exclude the stable nuclide in moat caaea . For example , the unintentional and 

largely unavoidable dilution of l lc with 12c ia approxiaately 1 : 3000 in the 

caae of al leN and 1 : 8 , 000 in the caae of al lcao.  frequently uaed l lc-labeled 

precursors .  

The need for a consistent terminology for identifyiaa t he  extent of 

dilution of the radiotracer baa been recognized and the uae of the following 

three unambiguous teras baa been recently auBBeated ( 303 , 389 ) :  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

S y n t h e s i s  o f  C a r b o n - 1 1 ,  F l u o r i n e - 1 8 ,  a n d  N i t r o g e n - 1 3  L a b e l e d  R a d i o t r a c e r s  f o r  B i o m e d i c a l  A p p l i c a t i o n s
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 6 3 6
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Carrier Free , CP , should mean that the radionuclide or stable 

nuclide is not contaminated with any other radio or stable 

nuclide of the saae element . 

No Carrier Added , RCA, should apply to an eleaent or coapound 

to which no carrier of the aaae element or coapound has been 

intentionally or otherwise added duriqg its preparation . 

Carrier Added , CA, should apply to any eleaent or coapound to 

which a known amount of carrier has been added . 

It should be clear that these terms refer to a specific position or 

positions when applied to a molecule . 

29 

When the specific activity of the short-lived radiotracer is very near 

CP, the aass of the product is not detectable by ord inary cheaical or 

spectroscopic aeans . With RCA l lc-labeled radiotracers the specific activity 

of the product can be deterained by measuring the aass of a large 

( radioactivity) amount labeled precursor usiqg sensi tive analytical 

techniques . This was done in the case of al leN, and this value can be used to 

calculate the specific activity of radiotracers which are synthesized froa 

al leN ( 304 ) . It has been possible to deteraine the specific activity of RCA 
receptor ligands such as l lc-spiroperidol usiqg a highly sensitive 

radioreceptor assay aethod ( 304 ) . 

When the aaxiaua specific activities for the positron emitters l lc , 18p 

and 13N is coapared to 14c and 3a ( Table 1 )  it  is apparent that far less  aass 

is associated with CF or RCA levels of tracers labeled with the positron 

eaitters than with carbon-14 or tritiua .  With RCA or CP short-lived 

radiotracers , the aass of the tracer is at the same tiae usually below the 

threshold where any physiological response is invoked but where there is 

sufficient radioactivity associated with this aass to be detected with 

statistical significance . For example , the radioactive concentration in the 

tissue of interest should be in the raqge 0 . 1-o . s �Ci/g to provide 

statistically significant count rates with present PET instruaents . In using 

positron emitting ligands to study receptors where the receptor-ligand 

dissociation constant is - 10-9H, the specific activity of the radiotracer 

should be in the range 100-500 Ci/ .. ol at the tiae of measureaent ( 52 ) .  

Further.ore , even highly toxic molecules can be studied if the radiotracer can 

be prepared in sufficiently high specific activity.  

While the high specific activity possible with positron eaitting tracers 

is frequently an essential requirement for tracer studies in huaans , it places 

aore restrictions on the synthetic approach . This is aanifested in teras of 

the scale of  the reaction and the stoichiometry . For example , in a RCA 
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synthesis with Na lleN ( specific activity : 2000 ei/amol ) the quantity of NaeN 

used if one starts with 100 mei , is SO nmol .  With this ... 11 quantity of  
l le-labeled NaeN, all other aubatratea or reactants used in the synthesis are 

necessarily in huge excess . This can often pose difficulties when an excess 

of a given reagent cannot be tolerated . For ex .. ple , in the synthesis of 
l le-2-deoxy-D-glucoae at high specific activity the reduction is most  

convenient ly carried out using Raney alloy ( Ni-Al )  in  acidic solut ion 

(Be02H/H20) ( 27 7 ) . Since the reduction is carried out in acidic solution the 

iaine formed is hydrolyzed to the aldehyde in s itu , thus minimizing the amount 

of amine formed . This in situ hydrolysis makes the relative ratio of the 

nitrile to reducing agent unimportant in contrast to the use of a hydride 

reducing agent ( see ref . 390 for a discussion of the problema of reduction of 

al leN �al leao) . 

Dealing with high specific activity labeled precursors also requires that 

the synthesis be carried out on a very small scale . This is important both in 

teras of the relative ease and speed with which one can handle small 

quantities of reagents and solvents and in the interest of introducing the 

ainimum amount of substances to be removed in the final purification . It is 

also important in teras of avoiding the unintent ional introduction of 

impurities which may negatively influence the course of the reaction . One 

thing which mus t be kept in mind is that the substrate which will undergo 

reaction wi th the labeled precursors be in sufficient concentration to react 

both with the labeled precursors and other competing reactants which may be 

present in the reaction mixture . Even though the labeled precursor may be far 

more reactive than other species in the mixtures relatively higher 

concentrations of leas reactive species in the react ion mixture may consume 

all of the substrate before the desired label ing reaction may take place . For 

example ,  in the synthesis of labeled nitrile& from l le-labeled cyanide , the 

al leN from the target is trapped in sodium hydroxide . Therefore since the 

reaction mixture contains both l lCN- and ou- as nucleophiles which can react 

with an added substrate , the amount of the substrate should be equal to the 

amount of the 1 1� plus oa- . Some of the problems of ultramicro-acale 

organic synthesis have been addressed recently using l le label ing with a 

number of different types of reactions in which the relative ratios of  
l le-precursor and other reactants varied ( 391 ) . The influence of equilibrium 

displacement , competing reactions and solvent impurities was examined . 
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Expression of Yields and Specific Activity with Short-Lived Nuclides 

When describing radiotraeer synthesis with short-lived radionuelides , it 

is essential that there is DO ambiguity in expression of quantities of 

radioactivity, specific activity and radiochemical yields . This requires the 

decay correction of all relevant yields to some reference time point . This 

t iae point is most conveniently taken as the time of the end of cyclotron or 

accelerator boabardment ( BOB) . The use of BOB as a reference time point 

noraalizes the variable of synthesis time . ln eases where it is useful to 

express the yield at the end of the synthesis time , BOS should be used to 

denote this . The foraat is generally to use the expression BOB directly 

following the yield ( i . e .  300.Ci ( BOB) ) .  When BOS is used , the synthesis time 

should be included ( i . e .  20mCi ( BOS , 45 min) ) . ln this way radiochemical 

yields can be readily calculated and there are DO ambiguities having to do 

with synthesis time . 

Biosynthetic Tactics 

Biosyntbetic approaches to abort lived radiotracers have been reviewed 

( 392) and have the advantages of speed and the introduction of asymmetric 

centers into natural products and the potential disadvantages of producing 

complex mixtures of products and introducing pyrogenic macroaolecular 

contaminants . Carbon dioxide and ammonia are precursors to complex molecules 

in nature and therefore enzymes which catalyze their conversion into organic 

molecules are well characterized . For this reason the readily available short 

lived precursors l lco2 and lJNH3 have served as precursors in a number of 

biosynthetic approaches to l lc and 1 3M-labeled organic molecules . ln 
addition, al lcao has been used as a precursor in the enzymatic synthesis of 
l lc-tbymidine ( 100) . Al though 1 3M-labeled nitrate and molecular nitrogen have 

been used to study the nitrogen assimilation and metabolism in bacteria 

( 393-397 ) ,  they have DOt actually been used with biosynthesis of llN-labeled 

molecules as a goal .  Tables 3 ,  4 ,  and S provide a listing of l lc and 18p- and 
13M-labeled molecules with those being produced by biosynthesis or combined 

chemical and biosynthesis receiving special notation ( * ) • 
The utility of biosyntbetic approaches depends on the biosyntbetic system 

employed . This determines whether a single product or a multiplicity of 

products are produced and also determines the ease and speed with which 

single,  pure product , free from macromolecular contamination ,  can be 

isolated . The complexity of the reaction mixture ls especially critical with 
lJN because of its short half-l ife.  

Thus far some of the biosyntbetic approaches used with abort-lived 

nuclides include photosynthetic systems using plant material , purified and 
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partially purified enzyaea including immobilized enzyaea , and rat liver 

microaa.ea . These ayateaa have been used to synthesize molecules and, in some 

caaea , to resolve optical isomers by reacting selectively with one 

enantiomer.  In aoae caaea , a combination of synthet ic and bioayntbetic 

acbeaea have been used to synthesize the desired radiotracer . 

The photosynthetic production of  l lc-glucoae ia a modification of a 

method used for preparing 14c-glucoae ( 398 ) and was first reported in 1971 

( 267-268) .  The approach involves the recirculation of  l lco2 around fresh 

( light starved) Sviaa Chard leaves in the presence of incandescent light . The 

crude unhydrolyzed reaction mixture contains l lc-aucroae and l lc-sugar 

phosphates . After hydrolysis , the labeled free sugars glucose and fructose 

and sugar phosphates are present . 

Starved I. Photol)'ntheaia l lC-Giucoee } 
+ Swiu Chard -------• l lc.t•ruc:toee + Pho1phate1 

Le- 2. Alcohol exlnletion l lc.suc:ro�e 

I. H+ 
I I  HPLC 

----� 
1 1

C-Glucoee - I IC-Giucoee 
2. Neutralize C-Fruc:toae 

The separation of sugar phosphates from l lc-glucose and fructose is 

accomplished by ion exchange chromatography after vbich l lc-glucoae is 

separated from l lc-fructose by high pressure liquid chromatography ( 269-270 ) . 

Since intact plants are used in this synthesis , a multiplicity of products are 

produced necessitating an involved workup and purification scheme . 

Nonetheless , the simplicity of the photosynthetic system makes this a very 

attractive synthesis and the separation of pure l lc-labeled glucose from this 

complex reaction mixture of labeled compounds and plant materials in an 

overall time of 75 minutes ia worthy of comment . More recently this general 

method baa been modified to use the green alga Scenedesmus obtuaiusculus Cbod 

aa the plant material and al lco3- aa the feed material ( 271 ) .  Since the 

al lco3- can be easily shielded and transported to a chemistry facility, this 

method offers an al ternat ive when the pbotoayntbeaia cannot be carried out 

adjacent to the cyclotron . l lc-Glucoae ia of special interest as a 

radiotracer for quantitating brain glucose metabol ism and the mathematical 

models for extracting regional metabolic rates from emission tomographic data 

have been developed ( 3 ) . 

The enzymatic synthesis of l lc-amino acids from l lco2 has been applied to 

L-aspartic acid us ing a crude extract of chicken liver acetone powder with the 

conditions for the reaction being optimized with carbon-14 ( 1 99) . A 
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refineaent of thia approach to L- (4-14c ) aapartic acid baa been recently 

reported uaiag i .. obilized phosphoenolpyruvate (PEP) carboxylase to catalyze 

OfOsHt PEP 0 NHt 
I c:arboxyi8R I I  GOT I 

m1- c-<lOtH + • •cot ao1• • c m1c oo1a L ahltamatc ... ao1• •c m1c:a oo1a 
12 13 14 

the reaction between phosphoenolpyruvic acid !! and l lco2 to fora 

( 4-l lc )-oxaloacetate !! followed by i .. obilized glutaaate/oxaloacetic acid 

tranaaainaae ( GOT ) to transform l lc-oxaloacet ic acid into aspartic acid !!· 

The uae of immobilized enzyaea allowed the production of pharmaceutical 

quality L-aapart ic acid in 15-25 minutes after l lco2 production with 

sufficient quantities being produced to allow ita evaluation aa a tracer for 

local ayocardial metaboliaa ( 200) . 

A two-atep enzyaatic ayntheaia of l lc-L-lactic acid baa been developed 

and conaiata of 1) production of C-1 1 pyruvate from l lco2 and acetyl CoA in 

the presence of an enzyae extracted from Clostridium acidi urici and 2 )  

conversion o f  c-1 1  pyruvate t o  l lc-lactic acid by lactic dehydrogenase in a 

yield of 3-5% .  l lc-L-alanine ia  produced from l lc-pyruvic acid  uaing 

glutaaic-pyruvic transaminase ( 181-182 ) . 

33 

laolated enzyaea have been uaed to ayntheaize L-amino acida uaing 
1 3N-amaonia. In contrast to the l lc-glucoae ayntheaia , theae ayateaa yield 

single labeled products when incubated with 1 3N-... onia ( aee Nitrogen-13  

section) . Sequential enzymatic ayntheaea have alao been uaed . Briefly, the 

procedure involves incubation followed by purification by ion exchange 

chromatography, which givea a radiochemically pure product frequently 

contaminated by potentially pyrogenic macromolecular aateriala .  The uae of 

ia.obilized enzyaea , however,  yields pharmaceutical quality materials . 

Al though aany of the enzyaea which have been uaed are obtained from co .. ercial 

aourcea in BODe caaea , enzyae isolation aa well aa i .. obilization aay be 

neceaaary . 

Another at tractive tactic co.binea synthet ic and bioaynthetic 

techniques . For example , the conversion of l lc-alanine <11> to 3-1 1-c-lactic 

( 16)  baa been accomplished and involves the ayntheaia of l lc-alanine by a 

synthetic route followed by the enzyaatic ( glutamate pyruvate tranaaainaae , 

GrP) conversion to lactic acid in the presence o f  a-ketoglutarate and lact ic 
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34 
dehydrogenase ( LDB) . The enzyaatic synthesis , uses only the L-isomer of 

alanine , thereby reduciaa the radiochemical yield ( 183) . Asymmetric induction 

has since been used to enrich the L-alanine in the mixture ( 1 78) .  

In another similar combination of techniques , enzymes have been used to 

resolve D, L-mixtures of labeled amino acids . This has been applied to 

Q-cu2�u1 1co2u 
{D, L) 

NH2 

{D, L) 

L - Amino Acid Oxiclue 
(immobilized) 

r--------.,. l lc.o - Phenylaluline 

D - Amino Acid Oxiclue 
(immobilized) 

L.....-------... 1 1e-L - PhenylUaniae 

1 1c-labeled amino acids ( 176)  and 18r-labeled amino acids ( 307-308) .  These 

enzyaatic resolution methods aloaa with the chromatographic resolut ion of 

amino acids ( 195 , 198 ) offer the possibility of doiaa studies on amino acid 

metabol ism using the physiologically ac tive L-isomer thus reducing backaround 

activity as well as the radiation dose resultiaa from the D-isoaer . 

Another approach Which has only been explored briefly, but which could 

probably be exploited to a greater extent is the use of mitochondria to carry 

out synthetic transformations . In the one example reported 1 1c-hippuric acid 

was prepared from 1 1c-benzoic acid and glycine usioa rat liver mitochondria 

( 221 ) .  

These examples were chosen to illustrate the potential advantages and 

probleas associated with biosynthesis . The application of a combination of 

synthetic and biosynthetic techniques allows aaximua flexibility and provides 

an attractive al ternative to the use of a single approach .  Advances in enzyae 

technology as well as chroaatographic techniques can be expected to contribute 

significant ly to future developments in the biosynthetic approach to 

short-lived radiotracers . 

Radiotracer Purification and quality Control 

As suming the absence of radionucl idic iapurities , there are three 

requirements which radiotracers must meet . The first two are that the product 
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be cheaically and radiochemically pure and the third ia that the material be 

sterile aDd pyrogen free if it ia to be uaed in human atudiea . Tbeae 

standards muat be aet and veri fied while working within a restricted time 

scale .  
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The ayntheaia of abort-lived positron emitting radiotracera generally 

gives a crude reaction mixture containing the desired labeled product , labeled 

aDd unlabeled aide products , and exceaa reagents and aubatratea . Frequently 

it ia poaaible to purify an acidic or basic compound by extraction aa 

exemplified by the ayntheaia of 1 1c-alkylaainea ( 41 , 255)  and 1 1c-palaitic 

acid ( 2 1 1) . When aore complex separations are encountered , however , other 

strategies auat be uaed . The choice of separation method , of course , depends 

on the coapoaition of the reaction mixture.  

The uae of chromatographic materials of small particle ai ze in 

conjunction with high , and medium preaaure liquid chromatography ( RPLC and 

MPLC) has revolutionized the separation of compounds Which differ only 

slightly in their structures . An essential feature of these separat ions ia 

their speed and high resolution . Tbia technology has been applied to normal 

and reverse phase as well as ion exchange separations and baa wide applicat ion 

in the purification and analysis of short-lived radiotracera . 

A review covering the literature on ion exchange and liquid 

chromatography for 1 978 and 1 979  provides an excellent survey of recent 

development s ( 399 ) aDd a guide to books and review articles appearing during 

this time period . In addition the Journal of Chromatography provides a yearly 

bibliography on gaa chromatography , liquid chromatography aDd thin layer 

chromatography ( 400) . An excellent text on the fundamental s and applications 

of chromatography ia also recommended ( 401 ) . 

Ion exchange chromatography is frequently effective in the purification 

of aaphoteric,  acidic and basic compounds as well as sugars . It can be uaed 

to remove metal ions from reaction mixtures as in the synthesis of 
l lc-2-deoxyglucoae , aDd to simply immobilize the desired product while 

undesired components of the reaction mixture are removed as in the synthesis 

of  l lc-labeled catecholamine• ( 251-253) . The above two applications aiaply 

involve rapid filtration of the crude reac tion mixture through the appropriate 

resin rather than effecting a separation through the ampli fication of subtle 

differences in acidity or basicity . In contrast ,  the separation of augara 

having only alight structural differences is rapidly accomplished by the use 

of micro-particulate cation exchange resina and HPLC examples being the 

purification of 1 1c-glucoae ( 269-270) , the purification of l lc-aannitol ( 266 ) 

produced by pbotoayntheaia , or the chromatography of ( 18p) -2-deoxy-2-

fluoro-D-glucoae ( 402) .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .
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Noraal phase chromatography over silica gel ia a classical separation 

•ethod which baa recently been !•proved through the use of ... 11 particle size 

silica gel and HPLC and MPLC techniques . This baa allowed rapid separations 

to be effected . The HPLC technique usually involves the frequent monitoring 

of the resolving power of the column . This also applies to reverse phase 

chromatography and procedures for regenerating these expensive columna which 

have lost their resolving power can often be obtained from the manufacturer . 

Frequently , the reversal of the elution patterns for compounds on a reverse 

phase co•pared to a normal phase column can be used to advantage . For 

example , it is desirable , in separat ing two compounds with only slightly 

different retention times , to have the desired product elute first to avoid 

contaaination by tailing . The use of HPLC ( 403) as well aa incorporation of 

RPLC into an autoaated synthesis ayatem bas been reported for the routine and 

frequent synthesis l lc-labeled imipramine at high activity levels and an 

automated remote injection system baa also been described ( 1 85 , 230 , 403-405 ) .  

Here reverse phase chromatography ia used to effect the rapid separation of 
l lc-labeled imipramine from desmethyli•ipramine , the starting aaterial . 

An opt ion of BPLC for normal phase separations requiring medium 

resolut ion ( ARt > 0 . 15)  is  flash chromatography . Flash chromatography is an 

air pressure driven hybrid of medium pressure and short column 

chromatography ( 406) . The advantage of this method ia not only its si•plicity 

and reliability , but also that the solvent sys tem used to separate a given 

mixture on Merck tlc plates ( No .  5775)  can be used with the silica gel columns 

( Merck No . 9385)  with similar results . This permits a rapid explorat ion and 

opt imization of column conditions . The use of fresh silica get for each 

separation ensures the reproducibility of the separation . The average 

separation requires five minutes and when elution volumes are deter•ined in 

advance a ai•ple column design involving two fractions can be used ( Figure 2 ) . 

Thia technique ia rout inely and ... ��� -
reliably used in our labroatory in 

the ayntheaia of 18F-2-deoxy-2-

fluoro-D-glucose ( 349) , l lc-2-deoxy-D­

glucose ( 2 77 ) and l lc-spiroperidol ( 304 ) . 

Figure 2 also shows the separations achieved 

by comparing radio thin layer chroaatograms 

of the crude reac tion mixture ( a) forecut 

( b) and product fractions ( c ) after 

separation. Another alternative to co�on 

chromatographic techniques is vacuum liquid 

chromatography which also features good 

resolution in short times ( 407 ) . 

V f. N f  f -«''NT 
Fig . 2 Purificat ion of llc-2DG 
by f lash chromatography 
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Thin layer chroaatography ( TLC) , BPLC , and gaa liquid chroaatography 

( GLC) are co .. only uaed aethoda for determining radiochemical purity of abort 

lived radiotracera . The adequacy of an analytical method depends on the 

chroaatographic aiailaritiea of impurities . GUidance on the selection of 

adaorbanta , aolventa and detection ayateaa can often be obtained by consulting 

coapilationa of chro.atographic data in various aourcea ( 399-400 , 408) . For 

.aat routine applications TLC ia a aiaple rapid method for determining 

radiocheaical purity especially if the product ia chroaatographed in a nuaber 

of solvent ayateaa . The use of plas tic back tlc aheeta allova the aiaple 

accurate determination of the distribution of radioactivity by cutting the 

aheeta into atripa and counting the atripa in an autoaatic or manual well 

counter .  Alternatively TLC acannera or autoradiography can be uaed ( 408a) . 

Many TLC ayateaa require only 5-10 ainutea for develo�ent and are therefore 

suitable for uae with abort half-life tracers . Frequently the addition of  

inactive carrier coapound to a aaaple of the radioactive coapound ia  required 

for the analya ia since the aaaa of coapound produced in a high specific 

activity or no carrier added ayntheaia ia below detectable liaita .  It ia not 

unusual to encounter TLC artifacts with acid ic or basic co.pounda ,  especially 

when aaall aaounta of acid or baae are present in the spotting aediua and one 

should be aware of thia aa well aa radiocheaical impurities aa a poaaible 

cause for unusual activity distribution ( 409-4 1 1 ) . Applications laboratories 

associated with co .. ercial producers of liquid chromatography equipaent and 

columna are a frequently good source of inforaation on the choice of HPLC 

columna and solvent syate.a for particular applicationa . 

Gaa liquid chroaatography ia alao a useful rel iable method of determining 

radiochemical and chemical purity . Ita uae frequently requires the 

derivati zation of the product to increase ita volatility and procedures for 

forming derivatives are well established . GLC alao ia a powerful tool in the 

determination of target gas composition , an application which may be neceaaary 

for developaent work and in tracing the cause of difficulties encountered in 

precursor production . An automatic gaa liquid chromatography apparatus for 

the analyaia of organic compounds labeled with abort-lived radioisotopes has 

been described ( 4 1 1a and references therein) . 

The production of a sterile , pyrogen free radiotracer for human uae 

requires the eatabliahaent of a procedure which baa been proven to yield a 

pharaaceutical quality product ,  and then strictly adhering to the protocol . 

After-the-fact testing for sterility and apyrogenlc lty is carried out at 

frequent intervals . 
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CARBON-11 

Carbon-1 1  as a Label for Radiotracera 

Carbon and hydrogen are the moat ubiquitous of elements present in the 

biomoleculea of life . Carbon , as is the case with hydrogen , exists in both 

stable and radioactive forma but only carbon baa radionuclidea which are 

positron emitters and which can be used to provide body penetrating radiation 

for monitoring dyn&��ic processes in animals and humans . The moat well known 

of carbon tracers are carbon-14 ,  a long lived B-emitter and carbon-13 , a 

stable isotope . Other radioactive forma of carbon include carbon 9 

( t l /2 0 . 13a) carbon-10 ( t l/2 1 9 . 4a )  and carbon-11  ( t l/2 20 . 3m) but , of 

these , only carbon-1 1  baa been used extensively in . biological and medical 

research . It is a positron emitter with a small (- 0 . 19%)  electron capture 

component and decays to a stable isotope , boron-11 . It is quite possibly the 

first positron emitter that vas used in biochemical and aedical research 

( 2 1 7 , 4 12 ) .  Because of the abort half life ita popularity dwindled as a tracer 

for chemical and many biochemical studies when carbon-14  became avai lable in 

the late 1940 ' s  ( 2 1 7 ) . Nevertheless ita unique physical properties , 

particularly the body penetrating photons resulting from positron annihilation 

in the host have regenerated increasing active interest in ita use in the past 

ten years . In addition , ita 20 . 4  minute half-li fe is particularly suited for 

aerial studies of the dynamics of l lc-labeled radiotracera in a single human 

or animal subject at abort time intervals .  

The chemical properties o f  carbon-11  are ind istinguishable from those of 

carbon-12 and thus it is the ideal label for biomoleculea and drugs where 

metabolism or catabolism does not destroy ita effectiveness as a tracer . The 

maximum kinetic isotope effect which can result from cleavage of a carbon-1 1  

t o  carbon-12  bond i s  o f  the order o f  6-8% .  This can usually be neglected 

since ita use as a tracer in-vivo rarely reflec ts this difference and 

carbon-carbon bond breakage in a biomechaniatically significant step is 

usually not involved . In any event , precision measurements in in-� tracer 

applications are such that an isotope effect of 1-4% ( the moat commonly 

observed range) would not be detected . However , if degradative procedures are 

used to verify label posi tions then the isotope effec t must be taken into 

account if precise label concentrations are to be determined . Fortunately, an 

abundant theoretical and experimental literature exists for carbon-14 and 

carbon-13 ( 4 1 3) and thus precise estimates for carbon-1 1  effects can be 

addressed . 

Because of the abort half li fe of carbon-1 1 , production of large 

quantities of the isotope is mandatory if the final product is to be made 

38 
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available in sufficient quantity for biological and med ical atudiea which 

require more than a few minutes for data acquisition . One auat draw a 

distinc tion at this  point between tracers such aa l lco and l lco2 which can be 

made available at BOB in near quant itative yield and tracers requiring more 

extensive synthetic work with concomitant decay during ayntheaia 

non-quantitative chemical yields and loaaea during purification . Fortunately , 

carbon-1 1  ia one of the moat easily prepared radionucl idea with a variety of 

nuclear react ions being available utilizing targets that are not isotopic with 

the product . Al though choice of production methods do depend on available 

charged particles e . g .  protons and/or deuterons and whether or not external 

beams are available , for the great majority of applications the simple and 
reliable nitrogen gaa target utilizing the 14N( pa) l lc react ion ia in uae in 

moat laboratories doing extensive synthetic work ( 89 ) . A useful al ternative 

ia the boron oxide target which can be used to advantage in the 1 1B( p , n) 1 lc 

reaction or the lOB( d , n) l lc reac tions depending on particle availability ( aee 

1 64 and references therein) . Although the uae of the enriched boron isotope 

can enhance the carbon-1 1  y ield , acceptable quantities can be obtained from 

the natural abundance compound . Targetry for the boron system ia somewhat 

more cumbersome and target reprocessing or "throw-away" targets are necessary . 

Siaple Carbon-11 Compounds and Other Precursors Used aa Radiotracera ( aee 

Table 2 ) 

Synthesis of organic compounds containing carbon-1 1  baa aa ita aajor 

constraint the time available between acquisition of the radionuclide and 

delivery of the compound to the user .  While this aay seem obvious , the 

literature contains synthetic procedures involving carbon-1 1 which are in no 

aenae practical with regard to biological research to aay nothing of 

application in humans . Problema involving loaa of the radionuclide and/or 

intermediate due to surface to volume effects and adsorpt ion properties of 

veaaela , aubatratea used for purification etc . are very much more prominent in 

carbon-11 ayntheaea than in carbon-14 ayntheaea . This ia not surprising when 

one considers the fact that a aillicurie of carbon-14 contains 9 . 59 x 1ol8 

atoms , equal to a weight of 0 . 22 milligrams , whereas a millicurie of carbon-11  

contains 6 . 53 x 1olO atoms equal to  a weight o� 1 . 5  picograaa . Another 

problem which ia peculiar to ayntheaea with carbon , very much more ao than 

with other elements because of chemical factors and the fact that carbon ia 

ubiquitous in nature , ia the danger of dilution with carbon-12 resulting in 

reduction of specific activity below that of the specific activity of the 

starting precursor . The preparation of a truly carrier free coapound 

( remembering that in this case of carbon one applies the term carrier free to 
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a specific carbon position in the molecule) ia highly improbable . 

Nevertheless dilutions in the range of  100 tiaea greater than CP should be 

possible aa the technology of carbon-1 1  precursor production advances . The 

possibility of labeliog aore than ooe position in a single molecule of more 

than two or three carbon atoaa as baa been accoapliahed with carbon-14  

subst itut ion ia  extremely reaote with carbon-1 1 .  Here again the level of  

sophistication reached in in-vivo experiments with carbon-1 1  do  not at  present 

demand attempts to prepare such compounds . At least one advantage presents 

itself  in carbon-1 1 synthesis . Appreciable self  radiolyaia in preparation are 

precluded even at the 100 aCi level when one considers the very small amounts 

involved and the radial range of the positron ( 414)  ( see Table 1 ) . 

There are only three widely used 

carbon-11 , 1 1co2 • 1 1cw- . and a 11cao . 

field grows , greater use will not be 

simple precursors for synthesis with 

However 1 this does not mean that , as the 

made of aoae of the other readily 

available simple coapounda .  This should be particularly true of carbonylation 

reactions utilizing 1 1co. 

The preparation of 1 1co2 in up to Curie quantities from a nitrogen gas 

target ia aiaple aod straightforward . The nitrogen gas target auat contain a 

few ppa of oxygen but that ia usually the case for .oat co .. ercial sources of 

purified nitrogen gas . The tank gas should,  however , always be analyzed by 

gas chromatography before being attached to the production line to be sure 

that carbon containiog impurities are absent or present at acceptable levels .  

The presence of impurities such aa CO ,  C02 • � etc . will serve to materially 

reduce the specific activity of the 1 1co2 produced . Levels of these 

iapuritiea can be reduced cryogenically and/or by usiog sui table adsorbenta .  

Suitable simple target systems can be found in the literature ( 89) . 

Preparation from 1203 poses similar probleaa in that the 1203 can contain 

carbon iapuritiea . However , the sweep gaa 1 usually Be, can also introduce 

carbon iapuritiea and this should be kept in mind during production . The 

major product fro. these targets ia 11co2 • If the 1 1co contaainant ia of ao 

consequence in the synthesis , the gas mixture can be used directly in the 

first step of synthesis . However ,  if it ia necessary to optiaize the 1 1c� 

yield the gas can be passed over CuO to insure near quantitative conversion to 
1 1co2 • Care .uat again be taken not to introduce trace quantities of carbon 

at this point . Carbon .onoxide can also be produced directly by increasing 

the oxygen content of the target gas to a few percent . However , at high 

production levels the oxides of nitrogen produced in the target system .. ke 

the isolation of the 1 1co aore difficult . It ia more generally useful to paaa 
the effluent purified nitrogen target gas over CuO for 1 1co2 production and 
over metallic z inc for 1 1co production. This adds a few minutes to the 
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production of these two precursors after EOB . 

in the target should be kept in aind since the 

dose and dose rate ( 4 1 5) . 

The complex chemistry occurring 

yields are a function of both 

At the present time reaote ayate .. which deliver l leo and l leo2 rel iably 

can be purchased from cyclotron aanufacturera but as yet no aiaplified 

coaputer controlled ( i .e .  truly autoaatic) ayatea is co .. ercially available . 

In any event , construction of a rel iable l leo and l leo2 production system is 

well within the capability of any chemistry facility associated with a 

cyclotron complex . 

The preparation of al leN and yllcao are aoat effectively carried out by 

on-line aysteaa connected to the target ayate.. . While direct production of 

al leN is possible using a N2-a2 target ( 92) , reliability and high yield are 

beat served by using a combination of target cheaiatry and aubaequent chemical 

processing ( 89 , 41 5 ) . The N2-H2 target is run at high beaa current so that 

the alleN initially produced is radiolytically reduced to 1 1CH4 in situ . 

S..ll amounts of  NR3 are produced in the target gas mixture concomitantly with 

the l le� and this mixture of 1 1CH4 and NR3 is passed over Pt wool at looooe 
converting it to al leN which can thea be used for synthetic purposes . It 
should be eaphaaized that this is an "on-line " procedure with al leN being 

available for organic synthesis at the end of bombardment with no manipulation 

required . 

Procedures for production of allcao are leas satisfactory in that they 

must be performed after cyclotron bombardment , are tiae consuming and are not 

quantitative . The reduction of l leo or l leo2 to l leB30B with LiA1B4 in TBP is 

followed by catalytic oxidation using ferric molybdenum oxide ( 100) or silver 

wool ( 98 , 10 1 )  Nevertheless , millicurie quantities of allcao in 10 to 20 min 

EOB are readily obtained . 

In addition to allcao , llca3 I which is also of considerable utility can 

be obtained via rapid synthetic procedures ( 97-99) . These methods all depend 

on the conversion of llca3oa prepared in the conventional aanner , to l lca3I 
usually using hydroiodic acid although other iodinating agents have been 

reported . Recently the production of llca3 I by direct recoil synthesis in a 

N2-B1 flow target system was reported ( 96) . 

A number of other one and two carbon intermediates for synthesis such as 

cyanate , phosgene , acetylene , 1 or 2 labeled ethanol , acetic acid , and acetone 

have been described ( see Tables 2 , 3) .  

Whi le the appearance of novel or completely new synthetic procedures is 

unlikely in the development of labeling aethoda with carbon-1 1 ,  the adaptation 

and aodification of known procedures to allow rapid preparation of needed 
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compounds at high specific activity presents a challenge to the synthet ic 

organic chemist as great as can be found in the syntheses of new and ever more 

complex organic structures . The challenge is clearly apparent in the "rule of 

thumb" for organic synthesis with abort lived radionuclide in that the time 

for preparation from BOB to !OS should not exceed 3 x tl/2 for the element 

in question . 

Major advances in years to come will also depend on true automation of 

syntheses of needed precursors so that llco2 • alleN. al lcao and l lca3 I will be 

available as usable reagents at BOB or near EOB without operator 

intervention . Their ready availability as reagents will greatly facilitate 

the synthetic work which will follow. 

Synthesis with Carbon- 1 1  Labeled Precursors 

The many different compounds which can be produced using carbon-1 1  

labeled precursors are apparent from the listings i n  Table 3 which i s  arranged 

accord ing to compound type and includes labeled precursor . label ing reagent 

and reference.  The introduction of carbon-1 1  in a complex molecule in the 

great majority of cases depends on the formation of a new carbon-carbon or 

carbon nitrogen bond . In that the limitations of time are met . reactions 

which involve powerful nucleophiles such as compound s containing carbon to 

metal bonds or substitution reactions in which solvent conditions are chosen 

to enhance the nucleophil ic character of the labeling anion are usually 

chosen.  Condensation reactions have been exploited to a lesser degree because 

of their generally slower reaction velocities . 

One of the moat facile reactions for carbon carbon-bond formation is the 

carboxylat ion of a Grignard reagent or other organometallic reagents such as 

organolithiua reagents .  For example a-lithioiaonitrilea have been 

carboxylated to produce l lc-labeled amino acids such as a-phenylglycine . 

a-phenylalanine and L-DOPA ( see Table 3 for examples) 
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1. aBaU 
2. 1 1 002 
!1. HCI 
4. IU 

One of the earliest synthesis with carbon-1 1  vas the preparation of 

1-1 1-c-acetic acid from CB3M1 I  and l lco2 ( 217) .  The carboxylation of a 

Grlgnard reagent has been extensively used ( see Table 3 for exa.ples) .  There 

are two approaches . One can condense the l lco2 into reaction vessel and 

subsequently add the Grignard or other organo.atallic reagent . The 

organoaetallic reagent can be used most efficiently in this way and solvent 

vol011es can be kept to a .tnilaUII . Al ternatively the l lco2 can be avept 

throuah the solution organometallic reagent slowly over a period of 1 5-30 

minutes . Subsequent work-up follows normal synthetic procedures . This 

reaction lends itself readily to re.ate operation and should be staple to 

autoaate . Great care must , however , be taken in carrying out this type of 

reaction if the specific activity of the product is to be kept high . Not only 

will the l lco2 be diluted with some amount of carrier depending on the method 

of production and transport but the strongly bas ic substrate solution will 

actively react with any contaminant source of 1 2co2 in the systea . Grignard 

aachines for this purpose should be set up with a minima. nUIIber of joints and 

transfer lines . Solvents should be degassed and reagents kept free of 

exposure to air or other sources of 12co2 . Inert gas for transfer or as a 

blanket for the reaction mixture should be dry and scrubbed cryogenically and 
chemically to reaove all trace of  12co2 . Yields are frequently very high and 

a carboxylic acid can be prepared in under 40 minutes from BOB . Synthesis 

t ime can be materially shortened by using an on line flow system and trapping 

the l lco2 as it is being produced . Hundreds of m1111cur1es of carboxyl 

labeled acids can be produced in this way . 

Carbon-11  labeled hydrogen cyanide is of considerable value as a labeled 

precursor for two reasons . Firstly, it is available at end of cyclotron 

bombardment with � operator intervention ( 89 ) . Secondly , it is readily used 

in displacement and addition reactions which proceed rapidly to produce 
l lc-labeled n1tr1les or cyanohydrins . These are valuable intermediates in the 

synthesis of a vide variety of l lc-labeled compounds which are of use in 

radiotracer research . These reactions are shown in generalized form below. 

43 
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.------ R 1 1 CH NH 2 2 

(aliphatic amiDea uu:1 diamiDa, biotJeaic amma) 
R 1 1CN-+------t�R 1 lcao 

(2-deoxy-D--slucOIC, IlUCOIC, -) 
0 

R'M I I  
....._ ____ R1 1 C-R 

(�piropcridol) 

44 

The use of &llcN in l lc-dopamine synthesis involves the preparation of the 

cyanohydrin which is prepared from the bisulfite addition product of 

3 , 4-dihydroxybenzaldehyde is readily reduced to 1-l lc-dopaaine hydrochloride 

using Pd/C and B2 in acidic solution ( 251 ) . Alternatively the cyanohydrin can 

be reduced with BB3 and then purified to yield 1 -l lc-norepinephrine 

hydrochloride ( 253) . Alkyl nitrile& are readily prepared by l lCN­

diaplacement on an alkyl halide in DKSO or DMP ( for examples see Table 3 ,  

[cyano-l lc ) nitriles) . These can be rapidly reduced directly to the amine 

( with LiAlft4 or other suitable reducing agent) . Sugars and deoxyaugars 

( Table 3) labeled at C-1 also readily accessible by extension of chain length 

with l lc� displacement on carbon attached to a sui table leaving group , for 

example triflate , mesylate or iodide . Judicious choice of leaving group can 

be critical . For example , a blocked arabinitol triflate is converted to the 

nitrile only after several days at 25° in DMF as solvent whereas conversion of 

the same arabinitol triflate to the nitrile takes place in a few minutes at 

250 in DKF ( 277)  ( see Substrate ,  Structure , Reducing Agents ,  Protective Groups 

and Solvents) . 

The preparation of a number of amino acids labeled in the carboxyl group 

can be accomplished by using a modification of the Bucherer-Strecker 

synthesi s ( see 175  and examples in Table 3) . The appropriate aldehyde or 

ketone is mixed with ( Nft4) 2C03 1 NH4Cl , and aqueous Na lleN and heated to 

Na1 1 CN 
RCHO -------� (NH4)2co5 

NH4CI! 

between 210 and 240° in a sealed metal reaction vessel for 5-10 minutes . The 

vessel is opened , HaOB solution added , and resealed and heated for another 10  

minutes to  accomplish hydrolysis of the intermediate hydantoin . The resulting 
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l lc-labeled D , L-amino acid mixture can be resolved to give the natural L-amino 

acid using enzymatic techniques ( 17 6 ) , RPLC with chiral column materials ( 1 95 ) 

or selective binding to albumin ( 1 98 ) . 

Introduction of a methyl group in such diverse compounds aa proteins , 

antidepressants and naturally occurring polyamine& e .g .  putrescine and 

spermine has been accomplished by reductive formylat ion . Formic acid 

a '  a ·  
I H1 1 CHo 1 1 1  a-NH ---------j� a--N CHs rcduciDI agent• 

( Eachveiler-clarke reaction) , sodium borohydride , sod ium cyanoborohydride or 

other suitable reducing agents can be used.  Bo th albumin and fibrinogen have 

been convenient ly labeled by combining a buffered solution of the protein with 

a basic solution containing the yllcao, equilibrating for a few minutes and 

then adding a basic and buffered solution of the sodium borohydride ( 238) . 

The aethylated protein ( i . e .  RNBllCR3 ) ia then isolated and purified . 

Methylation of desmethylimipraaine ia accomplished by first forming the imine 

in acid solution containing yl lcRO folowed by reduction of the imine with 

NaCRBR3 · ln this way chlorpromazine , iaipraaine and nicotine are read ily 

labeled ( see Table 3) .  

Methylat ion with l lc-.ethyl iodide ia al so conveniently carried out . 

There is frequently a choice to be made between reductive formylatlon and 

displacement on methyl iodide . Coapare , for example , the preparation of 

( N-aethyl-l lc ]aorphine with CR3 I ( 226) and yl lcao ( 227)  

Carbon-1 1  labeled L-aethionine !! has been prepared by allowing 

L-hoaocystein thiolactone 18 to react with l lCR3 I in basic acetone containing 

solution . The yields are high and the purified product is 

obtained in 30  min froa BOB ( 185) . Other routes to l lc-aethionine appear in 

Table 3 aa well aa numerous other examples of methylation with l lca3 1 .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

S y n t h e s i s  o f  C a r b o n - 1 1 ,  F l u o r i n e - 1 8 ,  a n d  N i t r o g e n - 1 3  L a b e l e d  R a d i o t r a c e r s  f o r  B i o m e d i c a l  A p p l i c a t i o n s
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 6 3 6

http://www.nap.edu/catalog.php?record_id=19636


A potentially useful reaction for preparing carbon-11  labeled eoapounds 

is earbonylation by insertion of l lco into a carbon-boron bond . Por exaaple 

[ 1-l lc )  oetanal !! vas prepared by allowing l lco to reaet with 

46 

n-heptyl-9-borabieyelo- [ 3 . 3 . l ) nonane and ( CR30) 3LiA1R . The adduct vas then 

oxidatively hydrolyzed ( 291 ) . Reactions of this type ( for versatility see 
hydrolylia 

(pH•7) 
B-heptyl-9-BBN + (CH5o)5HLiA2 + llco C7 H1 5

1 1 CHO 
H202(5�) 19 

4 16-418)  ean aake use of the readily available precursor l lco aad siaplify 

aeeess to carbon-1 1  labeled compounds sueh as aldehydes .  

While the above examples serve to provide a measure of the synthetic 

versatility of the .ast easily available precursors it is elear that aany 

other types of compounds are aeeessible from these precursors as froa soae of 

the less readily available one two and three carbon precursors listed above 

and in Table 2 .  

Conclusion 

Many classes of compounds can be prepared from carbon-11  labeled 

precursors . Soae of these syntheses are simple and straightforward sueh as 

carbonation of a Grignard and soae very aueh .are eoaplex sueh as aaino aeid 

syntheses , neuroleptic syntheses and sugar syntheses . It is important to 

reiterate one of the peculiarities of synthesis with carbon-11  and that is the 

problem of earbon-12 carrier .  Wherever possible a direct measure of speei fie 

activity of the precursor or compound should be aade . Por exaaple the Nash 

assay or derivatizat ion procedure ean be used for formaldehyde ( 419) . 

Bxtreaely sensitive methods ( to within a factor of 103 of carrier free) exist 

for the assay of cyanide ( 42o-421 ) . Compound assay in some special eases is 

also possible via radio-receptor procedures ( 422 ) . unfortunately, ao reliable 

and simple aethod has yet been devised for aasay of dilution by factors of 10 

or 100 . The assay of C02 and eoapounds derived therefrom is particularly 

probleaatiea l .  The term CP, NCA, and CA ( see Speeifie Activity and 

Stoichiometry)  should be used in  the strictest sense in order to remove the 

confusion about carrier state introduced by virtually all groups working in 

the field up to about 1979 ( 303 , 389) . 

The deeay of earbon-11 leaves behind a boron-1 1  atom vhieh is multiply 

charged and vhieh leaves the site originally binding the carbon-1 1  precursor . 

The molecular "debris" left behind by this deeay event ean be in the fora of a 

totally fragmented molecule or a highly excited .aleeular species whieh can 

then fora a new aoleeule vhieh aay or may not influence its surroundings 1n a 

deleterious way . While the eheaieal and biological consequences of 8-deeay 

have been reviewed in detail ( 423) .  biological consequences of B+ deeay have 
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just begun to receive attention ( 424 ) . As the use of J+ emitter proliferates 

in medical procedures , this area must receive attention . This is particularly 

apparent when one considers the fac t that sites connec ted with compounds 

labeled with positron emitters can include receptors , nuclear material , and 

other physiologically active areas , to which damage could lead to irreversible 

changes . 

Much can be learned and applied from the many techniques developed in 

connection with tritium and carbon-14 syntheses ( see Appendix 2 ) .  This is 

especially true with regard to vacuum line and micromanipulation methods .  

Nevertheless the use o f  positron emitters present their own unique and new 

problems and much remains to be learned . 

Labeling with elements which are positron emitters , especially carbon- 11  

and nitrogen-13 1 because of  their multiple valency, present challenges to the 

synthetic organic chemist which require innovation and sophistication and 

which should provide a stimulus to those who are entering this red iscovered 

and burgeoning field . 
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PLDORINB-18 

Fluorine-18 as a Label for Radiotracera 

In a nuaber of ways , fluorine-18 is the .oat attractive nuclide for 

positron eaiaaion tomosraphy . The averase ranse of fluorine-18 ' a  relatively 

low ener11 positron is  2 . 4  .. before annihilation occurs { Table I) . This 

short ranse before annihilation will become increaainsly iaportant as the 

resolution of positron e.taaion tomosrapha iaprovea . In addition the 1 10 

ainute half-life allows a comparatively lons synthesis and the transportation 

of the radiotracer over moderate distances , as we ll aa , the study of  

relatively slow biolosical processes . 
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In addition to the decay characteristics of fluorine-18 , the physical 

properties of the fluorine atoa itself and the characteristics of the C-F bond 

also contributes to ita popularity as a label for radiotracera . For example ,  

fluorine has a similar van der Waal ' a radius to hydrosen { 425)  and ita 

substitution for hydrosen causes l ittle ateric perturbation compared to 

substitution with other halosena { 426) . Ita electronesativity ,  however , is 

far sreater than that of the other halosena and the carbon-fluorine bond 

enersy ia very hish { 425) . Thus the chemical and biochemical properties of an 

orsanofluorine compound could be drastically altered wi th respect to the 

unaubatituted analos • 

Althoush fluorine , in chemical combination with carbon, occurs only 

rarely in nature , the development of synthet ic approaches for ita substitution 

for hydrosen or other functional sroupa in orsanic molecules has often 

resulted in molecules with intrisuins biolosical properties . Frequently,  the 

alteration of chemical properties brousht about by fluorine substitution 

provides information about biochemical processes and the study of the behavior 

of the carbon-fluorine bond in livins ayateaa aa an active area of research 

426-430) . 

General Co.aenta on the Preparation of 18r-Labeled Radiotracera 

The synthesis of 18r-labeled orsanic compounds { 165 , 431-433) and 
18r-labeled inorsanic compounds { 1 67)  baa been reviewed and a liatins of 
18r-labeled precursors and radiotracera and ia siven in Tables 2 and 4 

respectively.  The extension of the synthetic aethodolosy of orsanofluorine 

chemistry to the synthesis of 18r-labeled tracers ia frequently hampered by 

the many anomalies and experimental difficulties associated with C-F bond 

formation. Usually, the development of a practical route to an 18r-labeled 

radiotracer involves the initial development of a synthesis to the unlabeled 

molecule which can then be applied the synthesis of the radiotracer . Alons 
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these lines . the u.e of fluorine-1 8  as a tracer can add a new dimension for 

exploring the kinetics aDd aechani .. of C-F boad foraation in orsanic 

synthesis { 327 ) . 

49 

Frequently fluorination reasents are hishly reactive aolecules such as 

F2 • CP30F 1 Cl03F1  XeF2 and BF and their safe effective use requires special 

handlins . When hish specific activity radiotracers are required . the noraally 

encountered prob1eaa of cheaical reactivity are aaplified due to hish ratio ' s 

of substrate to 18F-labeled precursors and contaainants which can deactivate 

the fluorination reasent . In the followins sections . references to seneral 

articles containing inforaation on experiaental techniques will be siven . 

This aonosraph will deal with three catesories of fluorination reaction . 

naaely . aromatic fluorination. subst itutions by fluoride on aliphatic 

coapounds and electrophilic fluorinat ion . Al thoush examples involving 

fluorine-18 will be eaphasized . seneral reactions which are of preparative 

value in orsanofluorine che•istry 1 especially recent work will also be 

aentioned . These reactions which are tabulated in the following sections aay 

or aay uot be useful to label ins with 1 8F and are intended aa a suide aa a 

stiaulus for exploring new ways of introducing fluorine-18 into orsanic 

aolecules . Factors which need to be explored before applying any new 

fluorination procedure to radiotracer synthesis with F-18  are the time scale 

of the reaction . whether the appropriate precursor forma of 18p could be 

prepared and whether the reaction stoichioaetry would acco .. odate the use of 

hilh specific ac tivity 1 8F-labeled precursors . 

18F-Labeled Aryl Fluorides 

The most senerally useful aethod for the introduction of fluorine into an 

aroaatic rins is the Balz-schieaann reaction first described in the late 

nineteenth century { 433a) . This reaction was also one of the first aethods of 

synthesis of 18F-labeled aryl fluorides . The eource of 18F in these syntheses 

was either 18F-labeled fluoride froa the water tarset { 309) 1  HB18F4 { 310) , 

LiB18F4 { 306 ) 1 or an unidentified 1 8F-species fro• the recirculatins neon 

tarset { 136 , 308) . Since the speci fic activity as well as the total activity 

which could be produced by this route was low due to isotope dilution . other 

aethods for 18F-labe1 ing of aroaat ics were sousht . This resulted in the 

successful application of another reaction which was first described in the 

late 19th century { 434) . namely the decoaposition of aryl triazenes by a1 8r 
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( 324 . 435-437 ) . Al though thia resulted in the production of carrier free or 

near carrier-free 18p labeled radiotracera auch aa haloperidol and 

apiroperidol the radiocheaical yielda of theae reaction are 

very low. The acope and condi tion& for triazene reaction& have been studied 

( 321 1 323 1 323a 1 437 )  froa the standpoint of eolventa and aubatrate coaplexity. 

0 

R = 

H
LXNCH2CH2CH2� - (ipiroperidol) 

I C6H5 

50 

Thua far thia  reaction baa used 1 8p in the fora of anhydrous eelS, which ia 

obtained via anhydrous al8p froa the R2/Ne target . While the low yield and 

lack of reproducibility of the triazene decoapoaition aa wel l aa target 

delivery of al8p are presently drawbacks to the uae of thia aethod 1 it ' a 

developaent repreaenta a i•proveaent over the Schieaann reaction both in teras 

of the stability of the triazene and increasing specific activity . The need 

for an efficient ayntheaia for aryl fluorides ahould provide the atiaulua for 

identifying the factors which are iaportant to high radiocheaical yielda and 

reproducible del ivery of al8p froa the target . 

The uae of nucleophilic aro .. tic substitution aa a route to aryl 

fluorides waa explored with a view to applying this reaction to 1 8p-labeling . 

In one auch atudy of the diaplaceaent by fluoride of a sulfonate leaving group 

aa a route to fluoroaro .. tica . it waa found that fluoride attack occurred at 

aulfur rather than at carbon resul ting in the ul tiaate production of d iaryl 

ethers and de80nstrating that this particular leaving group waa not useful in 

effecting the desired tranaforaat ion ( 438) . In contrast . nucleophilic 

aroaatic substi tution of ac tivated fluoride by [ 18p ] fluoride proved to be 

quite a facile reaction and in effect an 18p for 1 9p exchange reaction took 

place . Although the use of an isotope ezchange reaction precludes the 

synthesis of NCA tracers it baa been possible to achieve reasonably high 

specific activity ( 18p ] -aryl fluorides using thia aethod ( 328) . The 

poaaibilitiea for applying thia facile reaction to radiotracer ayntheaia are 
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aany when one considers the potential functionality which can be derived from 

the cyano and nitro groups . 

51 

In another recent development L-3-.ethoxy-4-hydroxyphenylalanine � vas 

fluorinated directly with XeF2 to give L-6-fluorodopa !! after hydrolysis 

( 316) . This synthesis represents a significant improvement over the Schiemann 

reaction which vas previously used for the preparation of the 5-fl nnrn 
HO 

1. XeF2 HO � CH2CH _,NH2 

2. HBr � ' co2H 

(L-ilomer) 21 

" •"""'· ·  

aDd Which yielded the D, L-.ixture ( 308 , 312-314 ) . When this  reaction is 

carried out in the presence of  18r-labeled tetrabutyla .. onium fluoride a low 

yield of 18r-labeled L-6-fluorodopa is produced ( 31 5 ) . More recently the 

synthesis o f  ( 18F ] XeF2 from XeF2 and a18p in 31 % radiochemical yield has been 

reported thus extending the uti lity of this  reagent in 18r-labeling ( 143 ) .  

The availability of other 18r-labeled forms of electrophilic fluorine such as 

( 18r ] P2 ( 1 30)  and CB3C021 8p ( 139)  make this a promising approach for 

fluorinating electron rich aromatic rings in applications where carrier free 

radiotracers are not required . 

Some other recent examples of aroaatic fluorination with inactive 

fluorine have been described and al though they are not of general use , they 

may be useful in the fluorination of certain molecules . For example , 

P2 ( 327 , 439) , .A&F2 ( 440) , XeF2 ( 441-442) and CsS04P ( 443) have all been 

reported to be of limited utility in the monofluorination of certain aromatics 

and may be of use in certain applications where carrier fluorine can be 

tolerated . The electrophil ic reagent CF30F bas been used to fluorinate 

certain aromatic 110lecules ( 444 ) but again it would not be possible to 

synthesize carrier-free radiotracera using this reagent . Phenyl azide and 

phenylhydroxylaaine have both been shown to react with BP to give 

p-fluoroaniline ( 445-446) and since these reactions use BP they may be of use 

in the synthesis of carrier free compounds .  The aryl azide deco•position bas 

been studied with a view to 18r-labeling and it vas found that oxygen or large 

alkyl groups � to the azide function interfered with the fluorination 

( 437) . Pluoroaroaatics without nitrogen or oxygen substituent& have been 

prepared by thallation followed by fluoride introduction but extension of this 

reaction to 18r-labeling would require addition of carrier fluorine ( 447 ) . 
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Since these examples froa the recent cheaical literature were not developed 

wi th a view of 18F-labelins , their potential use in 18F-labelins aust be 

considered in the lisht of the many pi tfalls and restraints which half-life , 

precursor availability, stoichiometry and specific activity requirements 

impose . As can be seen , the need for a seneral synthet ic route to NCA 

( 18F ] -aryl fluorides which sives a hish radiochemical yield still remains one 

of the many challenses in this  field . 

Substitution by Fluoride ( 18F-Labeled Aliphatic Compounds)  

52 

A detailed review has been published on the synthesis of monofluoro 

aliphatic coapounds ( 448) . It covers the substitution reactions of fluoride 

alons with the addition and substitution reactions of HF and includes 

discussion of the scope and mechanistic aspec ts of these reactions . This 

alons with textbooks on orsanic fluorine chemistry provides a reasonably up 

to date survey on the prosress of orsanofluorine cheaistry as well as 

pract ical details on the use of fluorination reasents such as RF, CF30F and 

Cl03F ( 439 , 449) . This chapter as well as a recent review article provide 

considerable information on preparins anhydrous fluoride salts  ( 450) . When BF 
is required for small scale exploratory work, it can be conveniently and 

safely senerated by the thermal decomposition of NaBF2 (451 ) . 

Althoush the formation of carbon-fluorine bonds by the nucleophil ic 

displacement of an appropriate leavins sroup is formally a siaple reaction , 

in practice , this is often not the case . A aajor problem is the lack of 

reactivity of fluoride in the presence of water due to i ts hish solvation 

enersy ( 439) . Solutions of fluoride salts with larse cations in aprotic 

solvents are a sood source of fluoride which is unsolvated and therefore 

hishly nucleophilic ( 448) . Unfortunately, fluoride in this medium is al so  

hishly basic causins a competition between displacement and elimination 

R-CH2CH2-x + F--lt.CH2CH2-F + lt.CH • CH2 

reactions . This is exemplified by the widespread use of fluoride ion as a 

base in many synthetic applications ( 450) . 

These problems of competins reactions and fluoride solvation are 

masnified in the labelins of orsanic molecules with fluorine-1 8 especially 

when hish specific activity products are required and little or no carrier 

fluoride is used . At these levels , ainute tracers of water can completely 

solvate the fluoride ion renderins it unreactive in displaceaent reactions . 

A number of methods have been used to increase the reactivity of fluoride 

in nucleophilic displacement reactions . For exaaple , the use of crown ethers , 
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bulky cations , larse polarizable alkal i metals and dipolar aprotic solvents 

have all met with some succes s ( 448) . ( See Table 4) . 

53  

Several of these approaches have been applied to label ins with 18p . In 

syntheses usins 18p- froa the water tarset , the reactivity of the 18r-fluoride 

( after careful dryins) is increased by usins bulky cations or by usins crown 

ethers . For example , lBr-6-deoxy-6-fluoro-D-galactopyraoose has been prepared 

usins tetraethyla .. oniua [ 18p ] fluoride in acetonitrile ( 342) . The use of Kl8p 

and 18-crown-6 has been applied to the synthesis of lBr-21-fluoroprosesterone , 

and 21-fluoropresnenolone-3-acetate ( 335-337 )  as well as to the 18p for F 

exchanse on benzotrifluoride ( 358) . 18r-labeled a-D-slucosyl fluoride has 

been prepared by the reaction of tetra-o-acetyl-a-D-slucosyl bro•ide with 

As18p in acetonitrile ( 343) .  

The conversion of aqueous a18p from the water tarset to a useful 

nucleophilic for. of 18p for labelins continues to be a challense . The 

probleas center around the difficul ty of dissolvins the 18p in an appropriate 

reaction medium, after the water has been reaoved .  A aodel synthesis , the 

nucleophilic displacement of the mesylate of 21-hydroxypresn-4-ene-20-dione by 
lBr-fluoride ( NCA) was chosen to explore this problem. It was found that 
18r-trapped in potassiua hydroxide and evaporated to dryness in a teflon 

vessel could be solubilized in a chlorofora/crown ether system. Usins these 

conditions it was possible to obtain 21- [ lBp ] fluoroprosesterone (NCA) 

( 335-336) . The 18p for F exchanse on benzotrifluoride has been investisated 

as a function of carrier concentration ( 358) . Asain the .. jor problem was 

re.oval of the 18p froa the slass vessel walls . Another approach to the 

solubilization of anhydrous carrier-free 18p from the water tarset is to 

convert it  to a18p ( anhydrous)  which is distilled into an appropriate reaction 

aediua ( 135) . 

The probleaa o f  18r-labelins a t  low carrier concentrations a re  well 

illustrated by a study of the F for Br exchanse labelins of lons chain fatty 

acids with 18p in molten acetamide ( 332) . It was found that at carrier 

CH5CON� 
K18r + BrCH2(CH2) 15CII2C02CHs 

1 50
o 1 8r.cH2(CH2) 1 5CH2C02 CH5 

concentrations less than 1 -. of 17 ,  the yield dropped drastically indicatins 

that this reaction would not be applicable to the carrier free state . 

No carrier added displacements have been carried out usins anhydrous al8p 

from the Ne/B2 tarset . The a18p is trapped on CsOB or Cs2C03 which is then 

added to an appropriate reaction mixture . Usins this method , 1 8p-labeled 
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E'='\..011 H� -
OH 

22 

3-deoxy-3-fluoro-D-slucose 22 ( 124 ) and 2-fluoroethanol 23 ( 363 ) as well as 
7-fluoropalmitic ( 334 )  acid have been synthesized at NCA levels . 

The combination of leavins sroup , fluoride ion eource , eolvent and 
reaction condi tions to effect a siven transformation is not presently 

predictable often necessi tatins a trial and error approach . In one study, 

usins the synthesis of  lSp-3-deoxy-3-fluoro-D-slucose as a model , the effects 

of solvent , temperature , ions , leavins sroups and water on the displacement 

reaction were investisated ( 352) . This study was done with a view to 

obtainins useful information for aakins rational choices of reaction 

parameters and was done with fluoride carrier added . 

54 

Some examples of fluoride displacement reactions were selected froa the 

recent literature ( Table 7 )  to update the excellent treatment of this subject 

which has already appeared ( 439 , 448-449 , 452-453 ) .  These references are to 

unlabeled fluoride and serve as a suide to combinations of fluoride salts and 

solvents used in various applications with a caution to the difficulties 

encountered with 18p at low carrier concentrations . This is an especially 

important consideration in reactions where RF is used as a solvent or in larse 

ezcess . 
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Table 7 .  So• ezaaplea of substitution by fluoride 

Substrate Fluorination Reagent Product Reference 

ua IF/CH]CN/polyethylene 'Ill' 454 

glycolb 

u r-/anion exchange resin 'Ill' 455 

INB2 2,4 ,6-triphenylpyriliua 'Ill' 456 

fluoride 

ROB ll�N S P3 'Ill' 45 7 
ROB s 4 'Ill' 429 
ll-SB �· cr�or, eli or  Ill 429 ,458 

chlo osucci iaide in 

BP solventd 
R-oso2ca3 Bu4rrr+/TBP Ill 459 

1\ 
epoxidea ( )C..<) KHP2/ethylene glycol a-fluorohydrina 460-461 

N 

1-azirenea � (... "') pyridiniUII poly B,B-difluoroaainea 462-463 

(hydrogen fluoride)C 

B 

aziridinea <A> fluoroaainea 464 

various substrates• fluorocoapounda 462 

a .  

b .  

U • ArCOCl, llCOCl, ArS02Cl, ArCR2Br, cyclo-c6R11Br, 2,4- (N02)2C6B3Cl . 

Phase transfer catalyst. 
C o 

d .  

Pyridiniua poly (hydrogen fluoride) is a convenient source of BP which 
effects a large nuaber of addit ion and substitution reactions. Isoto pe 

dilution would liait ita use in radiotracer synthesis. 
BP solvent is the source of fluor ine, and the dilution of isoto pe would 

lead to exceedingly low specific activity products. 

e .  Olefine, aaino acids, aainoarenea, carbaaatea, geainal dihalidea, 

5 5  
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Blectrophilic Fluorination as a loute to 18r-Labeled Compounds 

56 

The foraation of carbon fluoride bonds by electrophilic fluorine 

( foraally r+) usually involves the reaction of a molecule Which is polarized 

so that fluorine is electrophilic ( for exaaple CP30P0 P2 • Cl03P •  XeP2 or 

CH3C02P or possibly HOP) and an electron rich substrate such as an unsaturated 

molecule . a carbanion and in •� cases a carbon-hydrosen ainsle bond . Dains 

P2 as the eource of electrophilic fluorine . these reac tions can be foraally 

represented aa follows : 

' ... ,c - c, 

�ce 
I 
\ 

- C-H 
I 

+ F2 

+ F2 

+ F2 

F F 
I I 

- C - C -
I \ 

' 
+Fe - C - F  

I 
\ 

- C - F  + HF 
I 

Althoush in orsanofluorine cheaia try. CP30F is uaed more frequently as a 

source of electrophilic fluorine . the use of P2 frequently sivea very aiailar 

results . Traditionally. the use of P2 in orsanic synthesis baa been avoided 

due to ita hish reactivity and reputation for eztenaively desradins orsanic 

molecules ( 439) . Recently. however .  techniques for .oderatins ita reactivity 

have been worked out allowins ita use in orsanic synthesis to be ezplored . It 

baa been found that eaters . nitrates . 3° alcohols .  epoxidea . ketones and 

chlorine are stable to P2 while broaine . olefina and eaters are reactive 

(465) . The moderation of the reactivity of P2 is achieved by dilutiQS it with 

an inert saa and carryins out reactions at low temperatures ( 465)  and 

references therein) . Furthermore . it is not necessary to handle pure fluorine 

since aixturea of P2 in an inert saa and saa resulatora and other equipment 

required for handlins P2 are commercially available ( Matheson Company.  Inc .  
Rutherford . N.  J . ) .  Unlike HP 0 the reactions of elemental fluorine can be 

carried out in slaaa veaaela and the diluted sas is conveniently transported 

in atainleaa steel or monel manifolds usins valves of the aaae materials .  

Since elemental fluorine is a hishly toxic and reactive saa . t he  reader ia 

directed to sources of inforaation on ita safe handlins ( 449 . 466-467) . 

Copyright © National Academy of Sciences. All rights reserved.

Synthesis of Carbon-11, Fluorine-18, and Nitrogen-13 Labeled Radiotracers for Biomedical Applications
http://www.nap.edu/catalog.php?record_id=19636

http://www.nap.edu/catalog.php?record_id=19636


57  

A nuaber of 18r-labeled elecrophilic fluorination reagent& which have 

been prepared including No18p • l 8p-CF30P 1 ( 18p ]XeP2 • ( 18p] P2 and CB3C02
l8p 

( see Table 2) .  Of theae 1 only 1 8p-p2 has been used extenaively in the 

synthesis of radiotracera . The targetry for routinely delivering large 

quantitiea of [ 18p ] P2 has been described in detail along with some of the 

factors influencing ita recovery from the target . Although it is not possible 

to produce 18p-p2 carrier free 1 it is possible to obtain high recoveries from 

the ( Ne/P2 ) target with as little as 20 �ol of P2 carrier . A number of  
18r-labeled radiotracera have been synthesized using ( 18p ] p2 including 
18r-labeled 5-fluorouraci l  24 ( 353-354) 1 

o lB, 
HNJ 

1&,_,2 _ - I 
O�N 

i 
24 

5-fluorouridine ( 357) 1 5-fluoro-2 ' -deoxyuridine ( 355 ) 1 4-fluoroantipyrine l! 
( 366) 1 and 2-deoxy-2-fluoro-D-glucoae � ( 344-346) aDd fluorobenzene ( 326) . 

Interestingly.  aoat of these reactions have al so been reported using CP30P 

supporting the siailarity in the reactions of CP30P and '2 · 
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Acetyl hypofluorite , which waa recently synthesized fro• the react ion or 

sodiua acetate and P2 ( 468) ,  has been labeled wi th fluorine-18 by si•ply  

purging [ 18p ] P2 fro• the Ne/P2 target through a solution of  ammoniu• acetate 

in acet ic acid ( 139) . The resulting solution of ca3co218p has been used in 

the 

CH5C02H 
(11 F) F2 + CH5CO:; NH4 CH CO 11 F + NH 11 F s 2 4 

synthesis of  2-deoxy-2- [ 18p] -fluoro-D-glucose ( 349) . This development 

.. e · ca,co, .. , ___ ....,A�.Q.-c---�oo{)s� 

II F IB F 

58 

represents a significant improvement over the synthesis described above using 

P2 because only one adduct is formed, the experi•ental setup is si•plified and 

the yield is increased ( see Experimental Design-Exaaples ) . 

The synthesis of monofluoroaliphatic co•pounds has been reviewed and •any 

exaaples tabulated , including the reactions of CP30P , Cl03P and ROP and 

experimental procedures for handling these highly reactive gases (448) .  In 

addition , there are soae interesting new developments in the use of these 

reagents as well as the in situ synthesis of novel electrophil ic reagents and 

their use in organic synthesis . Some exaaples from the recent literature have 

been tabulated to illustrate the diverse structures which can be obtained 

using electrophilic fluorination reagents ( see Table 8 ) .  The extension of 

some of these reactions to 18p-labeling aay be possible . 
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Table a .  Some examples o f  eleetrophilie fluorination reactions 

Substrate 

stilbene• and 
diphenylaeetyleae 

enol-acetates 

enol-acetates 

a-diazoketones 

allyl enol ethers 

ll3CB 

olefine and aroaatiea 

olefine . acetylenes 
and aromatics 

RR 
a-xd 

nuorination 
Beapnt 

a3cr2opb 

XeP2/JJF 

CF30P or r2 
CP30P 

aromatic compounds P2 

Product 

a-fluorohydrina 

a-fluoroketoaes 

a-fluoro-ketonea 

a 0 a-difluoroketonea 

a-fluoro carbonyl 
compounds 

ll3C-P 

mono and difluoro 
compounds 

mono and difluoro 
compounds 

ll-P 

ll-P 

Reference 

469 

470-471 

472 

473-474 

475 

476-479 

444 

429 

481 

fluoroaeetoxy compounds 468 0 482 
and aryl fluorides 

aryl fluorides 483 

a .  Generated !!!. � from CP3co2Ra + P2 with traces o f  H20 o r  BP . 

b .  Generated .!!!. � from CP3C02Ra + P2 ( anhydrous conditions) .  

e .  Reaction meehanis• may involve radical formation . 

d .  Bromo and iodoadamantaaea . 

59 
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Statistical Factors and Radiochemical Yield 

The theoretical upper limit of the radiochemical yield of a reactioa is 

variable depending on stoichiometry.  For ezaaple in the case of a fluoride 

diaplac .. ent reaction the theoretical aazimum radioch .. ical yield is 100% . 

However , in the synthesis of 

18F-acetyl hypofluorite ( CH]C0218F) fro• [ l8F J F2 ( 139 )  the aazimua 

radiochemical yield is  SO% because only one fluorine atom in the fluorine 

molecule is radioactive and there is an equal probability that the fluorine 

60 

atom which reacts with acetate ion is unlabeled . Therefore for each 2 

molecules o f  18F-F , only one •olecule of labeled acetyl hypofluorite a 
produced along with one molecule of NR4

l8F ,  giving a rad iochemical yield of 

SO% .  The upper limit of the radioche•ical yield is even leas in the case of 

the pyrolysis of an 18F-labeled diazonium fluoroborate salt to produce an aryl 

fluoride .  Here only one fluorine atom in four is labeled and therefore the 

F 
I 4 ArN; F-a -

1 1 F -----� Ar11 F + S ArF + BF5 + SBF5
11 F + 4N2 � 

aazimum radiochemical yield obtainable from a specifically labeled diazonium 

fluoroborate salt is 25% . 

Spacial Proble•• with 18F-Precuraor Production and Radiotracer Development 

The high reactivity of fluorine and ita co•pounda presents a particular 

challenge to the ezploration of the nuclear reactions and target che•iatry  

which will provide useful 18F-labeled precursors reproducibly and in high 

yield . The broad spectrum of accelerators ( including relative!� low energy 

medical cyclotrons )  which are currently in use for rad iotracer research has 

required that the production of useful precursors as well as radiotracer be 

approached by different routes so that their availability for biomedical 

studies is maximized . For ezample , while the targetry for the rout ine 

production of large quantities of [ 18F J F2 on cyclotrons having high energy 

deuterons ( >  15 mev) is well worked out , targets designed for the production 

of large quant ities of [ l8F J F2 on •ed ical cyclotrons having - 8 •ev deuterons 

and high currents has not yet been demonstrated . An alternat ive reaction for 
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producing 18p in large yields on -.dical cyclotrons is the 18o( p ,n) 18p 

reaction ( 484) . Aloaa this line sa.e of the challeaaina probl ... in the 

production of 18p-labeled tracers are �rized below : 

61 

( 1) Developiaa targets which can be used with 8 aev deuterons at high 

currents so that useful quantities of [ 18r ] P2 and al8p can be produced on 

aedical cyclotrons via the 20Me( d , a) l8p reaction. 

( 2 )  Deteraining the target cheaistry for the 18o( p , n) l8p reaction so that 

high yields of synthetically useful 18P-labeled precursors such as al8p 

( anhydrous) and [ l8P ] P2 can be produced on aedical cyclotrons . 

( 3) Obtaining 18p- in nucleophilic fora at high specific activity.  

(4)  Developing and optiaizing high yield synthet ic routes to high 

specific activity 18p labeled tracers which are of interest in the 

biomed ical studies so that availability is .axt.ized . 

The iaportance of all of these probleas is well illustrated When one 

considers that present ly 2-deoxy-2 [ 18p ] fluoro-D-glucose c l8pnc) .  a tracer 

which is in high de .. nd fro• the biomedical co .. unity can only be produced at 

a few centers which have cyclotrons with the sufficiently high deuteron 

energies for producing the requisite amount of precursor [ 18p] P2 for human 

studies . The develo �ent of the targetry which could coapensate the low 

deuteron energies of .. dical cyclotrons by taking advantage of the high 

currents available could impact significantly on the availability of 18pnc. 

Si.tlarly ,  development of the appropriate target che•istry for the 18o( p ,n) 18p 

reaction .. y represent another solution to this problem. Of equal i•portance 

to the exploration new methods of 18p-precursor production should be the 

continued pursuit of alternate higher yield synthet ic routes to such tracers 

as 2-deoxy-2 [ 18p ] fluoro-D-glucose ,  thereby more efficiently using the isotope 

which is produced .  
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NITROGBH-13  

The ten ainute half-life of Ditrogen-13 presents an unusual ehallenae for 

the develo�ent of rapid methods for its  ineorporation into organie 

moleeules . Beeause of its short half-life and potentially high speeifie 

aetivity . nitrogen-13 0 unlike nitrogen-15 ean be used to study the metabolie 

fate of nitrogen in various systems at true traeer levels and with high 

sensitivity ( 397) . It is therefore unique in its ability to aet as a traeer 

for stable nitrogen . a faetor whieh eompensates for the ineonvenienee of the 

10 ainute hal f-life and the requireaent for on-si te aeeelerator and related 

faeilities and expertise . For example . the .atabolie fate as well as the 

transport of 13&-a..onia in the rat brain has be� determined at 

sub-physiologieal ammonia doses ( 370) . In eontrast . the study of ammonia 

metaboli .. using 15&-aaaonia required that this traeer be used in toxie doses 

to eompensate for the low sensitivity of the deteetion teehnique ( 485 ) . In 

another ezaaple . with 13N03-• it has been possible to measure denitrifieat ion 

rates in soils from flooded riee fields at true traeer levels ( 145)  and 13a 

labeled nitrogen. aa.onia and nitrate have been used to probe nitrogen 

fixation and .atabolism in baeteria ( 393-396 ) . The unique applieations of 1 3a 

as a traeer for the metabolie fate of various nitrogen eontainins funetional 

groups in organie and inorganie moleeules has been reeently reviewed ( 397 ) .  

A listing of 13M-labeled preeursors with seleeted referenees appears in 

Table 2 . 13a-Amaonia is the most widely used 13M-labeled preeursor for 

radiotraeer synthesis although llao3- . 13ao2- and 13ao have also been used . 

The most eo .. only used nuelear reaetions are the deuteron bombardment of 

methane ( 12c( d 0 n) 13a) or the proton bombardment of water ( 16o( p 0 a) 13a) . The 

deuteron bombardment of aethane yields 13HH3 direetly but al so  produees 

impurities whieh must be removed by distillation ( 1 5o-152) . The water target 

yields 13a-labled nitrates and nitrites whieh ean be redueed to 1 3a-ammonia 

and is presently the method of ehoiee ( 146 0 149 0 153-157) . The produetion of 
13a-preeursors usina various nuelear reaetions and targetry as well as the 

ehemieal form of N-13 produeed in various nuelear reaetions and ehemieal 

environments have been diseussed ( 168-169 . 486-487 ) .  

The enzyme systems whieh are responsible for aaaonia metabolism in living 

systems have been exploited for the rapid . stereospeeifie synthesis of 
13M-labeled amino aeid s ( 392 0 488) . The general reaetions ( A. B and C) whieh 

have been used are summarized below: In the general reaetion A. glutaale aeid 

dehydrogenase ( GlD) .  eatalyzes the formation of 13a-L-amino aeids froa 13HH3 
and an a-keto aeid .  Al though a-ketoglutarie aeid is the natural substrate for 
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GlD, certain other a-ketoacida also serve as substrates for this 

have been used to prepare other 13N-L-amino acids ( see Table S ) . 

B ,  13N-L-glutaaic acid is synthesized and the 13N i s  transferred 

enzyaae and 

In example 

to an a-keto 

acid in a reaction catalyzed by glutamate-pyruvate or glutamate-oxalace tate 

0 U NH  I I 
2 

A. RCC02 H + 1 3 NH�RCH-C02 H  
(L-fonn) 

U NH 0 U NH  2 I 2 
B. H02 CCH2 CH2�HC02 H  + RCC02 H-RtHC02 H 

(L-form) 

fH2 J;'H2 
C. H02 C (CH2 ) CHC02 H  + 1 3NH,.----+H2 1 3NCO(CH2 ) �HC02 H n 

(L-form) 
n 
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transferase .  In reaction c.  an 13N-amide is synthesized via the glutamine or 

aapargine synthetase catalyzed reac tion of 13HH3 and the amino acid . Examples 

of 13N-L-amino acids synthesized via these various routes are summarized in 

Table s .  
The number of enzymatically synthesized 13N-L-amino acids has been 

largely liaited to those reactions Which can be carried out with comaercially 

available enzymes . Recently the reactivity of a variety of substrates 

( a-ketoacida) with GAD has been studied with a view to expanding the number of 
13N-L-amino acids available for research ( 373) .  The production of 

pharaaeeutical quality 1 3N-labeled compounds which are free froa pyrogenic 

aacroaolecular contamination which is present in enzyme catalyzed reactions 

can be overcome in aoae eases by the synthetic attacbllent of the enzyaae to a 

solid support .  The purification of the 13N-amino acids is generally 

accomplished by ion exchange chromatography . 

In addition to bioaynthetic approaches , classical organic synthetic 

approaches to 1 3N-labeled radiotracera have been developed ( see Table 6 ) .  For 

examP.le 13&-aaparagine has been synthesized enzyaatically
_ 
froa aspartic acid 

( 380-381 ) ,  13HH3 and aapargine synthetase which is not co .. ercially 

available .  Since this enzymatic synthesis gives a low yield and t he  enzyme 

cannot be immobilized due to ita instabil ity.  a rapid and efficient cbellical 

synthesis vas developed . It involves the reaction of a-N-t-Boc-t-Bu-aapartate 

(activated with N-bydroxyaucciniaide) with 13NB3 and yields 13N-L-aaparagine 

in 30-40% yield ( 384) . 

The synthesis of 13N-N-nitroaoureaa using 1 3N03- obtained direc tly from 

the water target and reduced !! �  to 13N02- baa been described ( 1S9 ) . This 
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is an iaprove.ent of a previously described procedure which used 1 �3 

as an isotopic precursor and required its oxidation to 13Mo and 13N02 ( 158) . 
13M-labeled atreptozotocin and nitro�carbaryl have been synthesized using 

aiallar reactions ( 382) .  A synthesis of  13M-labeled octylaaine ( 385 )  from 

0 0 
I I 

(CH, (CH2 )6C-)2 0 + 1 1 NH, ----+CH, (CH2 )6C-1 3 NH2 LiAI!l, .. 

CH, (CH2 )6 CH2 1 1 NH2 

13RB3 and octanoic anhydride followed by reduction has been developed aa baa 

the preparation of  13&-urea ( 383) .  In addition the recent report of the 

synthesis of Ditrogen-15-labeled priaary aainea via organoboranea baa 

potential application to 13M-amine synthesi s ( 489 ) . 

The use of an 13M-labeled radiotracer requires that the biological 

process under investigation is sufficiently rapid to be traced wlth this 

abort-lived nuclide and necessitates the developaent of rapid aaaay ayate .. 

for the 13M-labeled tracer and ita labeled aetabolltea in order to determine 

the factors responsible for ita blodiatribut lon . In spite of the abort 

half-life of 13M, rapid analytical aethoda have been developed for lta study 

( 397 ) . For example , in the study of the aetabolic fate of ... onia in rat 

brain it baa been found that 5 seconds after injection o f  13R-a .. onia , - 60% 

of the label recovered in the brain had already been incorporated into 

glutaaine eaphaaizing the taportance of glutaaine synthetase aa a aetabolic 

trap for blood borne ... onia ( 370) . 
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EXPDIMENTAL DBS IQI AHD RELATED TBCBNOLOGf 

The application of positron eaitt ing radiotracera to the study of 

metaboli .. and function using PBTT requires that the cheaistry laboratory 

adjacent to the cyclotron be designed to acco .. odate and manipulate Curie 

levels of abort-lived nuclides . This section will deal with some of the 

i.,ortant aspects of laboratory design including radioactivity monitoring and 

routine production of radiotracers . Bxperi .. ntal details for the synthesis of 

three radiotracera ( l lc-illipraaine , l lc-palaitic acid and 
lBr-2-deoxy-2-fluoro-D-glucose) which are currently in routine use at 

different institutions will also be uaed to illustrate these points . 

Radioactivity Assay 

The detection and meaaureaent of radioactivity both in the microcurie 

range and in the hundreds of llillicuries - Curie range is required in the 

developaent of rapid synthesis for short-lived radiotracera and also in their 

routine production for clinical studies . In each case an appreciation for the 

limitations of the various methods for aaaayiaa radioactivity is important as 

ia an accurate calibration of the detector or counter . The reader is referred 

to an excellent text on radiation detection and aeasureaent for a detailed 

treatment of the subject ( 490) and to an article on the criteria which should 

be applied in choosing the appropriate assay method (491 ) . In this section, a 

lillited aaount of practical information on the use and calibration of ion 

chaabera and we ll counters and aonitoring radioactivity during radiotracer 

synthesis , will be presented . 

Ion Chamber and Well Counter Calibration : Where activity levels in 

excess of a total of roughly 5 �Ci auat be deterained in one entity,  the ion 

chaaber is the only practical aethod to be used . This is the detection method 

employed in all eo-called dose calibrators . The current aeasured by the ion 

chaaber ia linearly dependent on the amount of ionization takiQ& place in the 

filling gas of the chaaber , and this in turn ia directly dependent on the 

aaount and energy of each coaponent of the decay acheae of the nuclide beiaa 

used . Therefore , in order to obtain accurate values with these inatruaents it 

ia necessary to know the decay scheae of the nuclide accurately and to be able 

to relate these parameters correctly to the inherent properties of the 

measuring device and ita electronics . This is usually done by the 

aanufacturer , but there have been many docuaented cases where this  has not 

been done in a satisfactory aanner .  

In certain cases i t  i a  possible to calibrate these inatruaenta very 

accurately . For all work in this field , a well-calibrated crystal well 
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counter is needed . Such counters are relatively insensitive to variations in 

the energy of the photons beiaa detected , at least over a reasonable range , 

and they are rather insensitive to lover energy x-raya ( around 30-40 keV) . 

This is an energy raaae to which ion-chambers are particularly sensitive ,  and 

this is a major contributor to their lack of precision without very careful 

calibration. If, however,  a source of protons with an energy of at least 

20 MeV is available , one can irradiate a thin piece of polyethylene for a few 

seconds ,  and by means of the 12c( p , pn) llc reaction produce polyethylene 

containing several mCi of l lc in a small piece of foil . This  foil is then 

placed in position in the ion chamber and readings are taken at the 

manufacturer ' s  recommended setting and at a number of other settings on either 

side of it . The precise t ime at which each readiaa is taken must be noted , so 

that all readings can be decay-corrected to a common time . After allowing the 

foil to decay for 4-5 half l ives , it can be counted in the well counter ( again 

at a known time) . If the count rate is still such that a dead-time correction 

should be applied , this should be done or it should be allowed to decay 

further . If the well counter baa already been calibrated properly, one can 

nov s imply determine which of the dose-calibrator settings vas giving the 

correct reading . 

If the well-counter is not properly calibrated , at this point one can 

place a small amount of glass wool in the bottom of a standard liquid 

scintillation vial , load the vial with a pure toluene or xylene-baaed 

scintillator , and place the foil  in the solution . If the sample is counted in 

the 32p channel ,  or in a channel with no upper discriminator setting , it baa 

been shown by the method described below that the effic iency for the l lc 

positron is identical to that for the 14c be ta particle under such 

non-quenching cond it ions . There fore an absolute determination can be made of 

either the total or the specific activity of the foi l , and this can be decay 

corrected to the standard time to calculate the true ac tivity in the foil  at 

any desired t ime when the previous determinations were made . 

For a prec ise cal ibrat ion of the well counters , the weighed , act ivated 

piece of polyethylene is combuated to carbon dioxide on a system designed for 

the purpose , and the l lco2 is introduced into an internal gas proportional 

counter (492) , after all other count ing has been completed . The efficiency of 

such counters is known to � 1 %  by both theoret ical calculat ions and comparison 

with the NBS standards . After equilibrat ion of the gas mixture in the tubes 

for 20-30 minutes , they can be counted and the spec ific ac tivity of the l lco2 , 

and thus the polyethylene foi l ,  can be calculated t o  ± 2% .  The efficiency of 

the well-counter can then be calculated to the same accuracy ,  and this 
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efficiency is valid for any "pure" positron eaitter ( e . g .  18p ,  13a ,  or 1 5o) . 

Numerous compariaona of such measurements with the liquid scintillat ion 

technique described above has shown that the latter is entirely valid when 

used as described . 

Radioactivity Monitoring During a Synthesis : Monitoring the amount of 

radioact ive precursor delivered from a target to the synthesis area is 

conveniently carried out us ing an ionization chamber with a digital readout in 

a fixed geometry relative to other components in the synthesis system. These 

detectors operate in the range of 10 pCi to ) 2 Ci ( for example Capintec Inc . ,  

Ht .  Vernon, H.  Y. ) Such a detector can be calibrated to give an estimate of  

the accumulated amount of radioac tivity  at  any time during activity transfer . 

Furthermore , al though not highly accurate , changes in ionization chamber 

readings during varioua transfers are useful monitors during synthetic 

manipulations and provide an instantaneous indication of problem areas . This  

requires , of course , that the geometry of all components of the system reaain 

fixed relative to the probe from one run to the next . 

Monitoring the distribut ion of radioactivity among the components of a 

synthesis either during a synthesis or after the synthesis is an essent ial 

step in trouble shooting a system and assessing the various factors 

responsible for yield loaaea . It can be done conveniently during the 

synthesis or after complet ion of the synthesis using a shielded ionization 

chamber wi th a large (- 2-7/8 in . )  d iameter well ( for example , Capintec Inc . ,  

Ht . Vernon , New York) . It is useful to design the size of various system 

components to fit into the chamber .  For assaying lower levels of activity 

(< 5 pCi )  a calibrated well counter , is required . Automated gamma counters 

are useful for assaying a number of samples aa , for example , in the 

quantitation of the distribut ion of rad ioac tivity from fractions on a 

chromatogram or assaying tissue samples . An important consideration in the 

specifications for an automatic gamma counter for use with abort-lived 

nuclides is that there is considerable advantage in a rapid sample changing 

mechanism . This is of overrid ing importance when using 1 5o or even 13s . 

The design of laboratory apace ideally should allow low level analytical 

work and high level synthesis  to be accomplished simultaneous ly . This 

requires that sensitive counting equipment be located away from high level 

areas and/or be well shielded from high background radiation levels .  This  

design is also compatible wi th avoiding contamination problema . Many problema 

can also be avoided if long-lived rad ionuclidea are excluded from the 

abort-lived synthesis laboratory . 
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Shielded Work Areas 

An area in which the synthesis of short-lived positron emittins tracers 

can be safely carried out can take many forms . Three examples , varying in 

cost  and construction complexity will be i llustrated here keeplns in aind that 

many different individual deaians have been developed on the basis of 

individual needs . 

The simplest shielded work area involves mod ification of a co .. ercially 

available laboratory hood and is illustrated in fiaure 3A. Basically, its 

fabrication involves providing structural support of the floor of the hood 

( floor jacks)  and placins a lead plate on the hood floor . Alons the entire 

front face of the hood , a abort wall of  lead bricks is built . On the top of 

this wall  a high density ( 6 . 2  &a/cc) lead glaSS WindOW ( 16 . 5  in hi&h X 16 . 5  in 

wide) i s  installed on a track so that it slides across the front face of the 

hood and can be used to shield different areas as the radioactivity is aoved 

to different areas within the hood . This provides a reasonably well shielded 

work area for use with aoderate levels of radioactivity,  especially when 

modular shield ing is used within the hood . For example , lead shielding of 

various vessels in which the nuclide is trapped as well as small lead shields 

for various reaction vessels and columns , when used inside the modified 

co .. ercial hood provides reasonably inexpensive and effective protection for 

manipulations which need to be carried out during a synthesis . However , when 

larse quantities of radiotracer are required on a resular basis , the need for 

110re shield in& escalates . This need has been Mt by two syateu described 

below . 

Another deaisn appears in fisure 3B . Basically it is a shielded box with 

coaplete access to the front area by aechanically lowering a larse lead slaaa 

window aounted in steel fraae . Behind this is a small lead alaaa window on a 

hori zontal tract . The large window can be used in any position and in the 

fully open position gives coaplete access for experimental setup . Used in the 

part ially open confiaurat ion ( shown in fiaure 3B) in conjunction with the 

smaller window, this shielded box can be used for lower level exploratory work 

where a coapletely reaote or automated system baa not been developed . A 

aaater-alave manipulator is also an essential feature of this  system ( 493 ) . 

A closed shielded hood baa been described for the synthesis o f  
11c-labeled radiotracers a t  the - 100 aCi ( product a t  end of synthesis)  

level ( 185) .  The experimental setup has been integrated into the shielded hot 

cell and has been completely automated so that the 1 1c can be incorporated 

without manual intervention at no radiation risk to personnel involved in the 

synthesis . This hot cell which in rout ine use is shown in fiaure 3C . 

Copyright © National Academy of Sciences. All rights reserved.

Synthesis of Carbon-11, Fluorine-18, and Nitrogen-13 Labeled Radiotracers for Biomedical Applications
http://www.nap.edu/catalog.php?record_id=19636

http://www.nap.edu/catalog.php?record_id=19636


70 

Routine Production of Radiotracers for Clinical Studies 

The initial development of the synthetic approach itself as well as 

preparing the tracer for evaluation in small animals requires working with 

relatively low levels of radioactivity . ID contrast , the extension of these 

low level studies to the use of the radiotracer in humans on a regular basis 

using PETT usually requires the repetitive handling of large quantities of 

radioac tivity . For example , to produce 20 mCi of an 18r-labeled tracer at the 

end of a 60 min synthesis requires starting with  - 300 mCi o f  18p if the 

radiochemical yield is 10% . Since this  quantity of 18p as a point source 

delivers 0 . 45 mR/sec at 1 em, heavily shielded work areas and an experimental 

setup which is compatible with such a shielded work area are essential 

features of the process .  Thus the technical aspects of refining the 

experimental design of the synthetic approach so that the labeling can be 

accomplished reliably and remotely becomes important at this stage of the 

development of the radiotracer . 

Experimental Design - Examples 

The integration of an experimental setup into a shielded work area 

requires defining the essential features of a synthetic approach ,  

incorporating them into an experimental setup which minimizes operator 

intervention and discard ing non-essential transfers , and intermediate 

puri fication steps whenever possible . Frequently micro-scale reactions are 

used and therefore the glassware and other components of the synthesis system 

must be designed and fabricated on a micro-scale to minimize losses which 

occur on transfer and manipulation . This has been accomplished by different 

groups using different approaches ( 99 , 185 , 2 1 1 , 230 , 345 , 405 , 494-496) . 

Frequently the designation of essential vs . non-essential steps in a procedure 

requires a considerable amount of experimental work . Coincident with this 

streamlining process , yield improvements are usually made because the 

procedure is made faster by eliminating cumbersome transfers and 

manipulations . The goal in the setup of a routine system is the evolution of 

the s implest possible experiaental system which involves a ainumum number of 

aanipulations . This sequence can then be automated or integrated into a 

manual/remote systea or an automatic/remote system, using extension tools 

and /or manipulators and reaotely controlled valves . One concept which can be 

applied to all experimental approaches is that all components of the systea 

which do not come into contact with the radioactivity or where low levels of 

radioactivity is involved be set up outside of the shielded area . 

To illustrate the different approaches to carrying out the routine 

synthesis remotely , examples of the experimental design and procedures for 
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Fig . 4 Experimental setup for llc-imipramine synthesis 
(photograph provided by D . Comar) . 
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producing positron eaitting radiotracers which are routinely used are 

presented . These tracers are 1 1c-labeled iaipraaine , 1 1c-labeled palait ic 

acid and 18r-2-deoxy-2-fluoro-D-glucose and deaand for thea at the institution 

where they were developed as well as at collaborating institutions has 

necessitated devising the shielded experiaental setups for their frequent and 

routine production. Further increases in deaaad for abort-lived radiotracera 

will require aore sophisticated approaches . Por exaaple , the concept of 

prograamable unit process autoaation which consists of a central processing 

unit ( computer) which senses certain experiaental paraaetera , regulated events 

related to these paraaetera and loge events for future reference would poaaeas 

distinc t advantages over the hard-wire autoaated aysteaa which are in use 

today . Por example , changes could be effected by raprogra .. ing rather than 

rewiring and individual prograaa could be generalized and applied to any 

nuaber of production aDd synthesis syateaa . Thus total autoaat ion of all 

aspects of abort-lived radiotracer synthesis for routine use ia a goal which 

should free scientists for creative efforts in the development of new 

radiotracera for application in biology and aedicine . 

11c-laipraaine ( 185 ) : A acheaat ic diagraa of the synthesis apparatus ia 

shown in figure 4 .  It ia housed in t he  closed shielded hood shown in 

figure 3C . Carbon-11 labeled C02 produced by the irradiat ion of a static 

nitrogen target 14H( p , a) 11c is purged wi th a streaa of nitrogen through a P205 
trap to reaove water and trapped in a aetal capillary at - 185oc (ARGON) . The 
trap is  waraed to 2ooc and the 1 1co2 ia purged ( carrier gaa : H2 + 2%  o2 ) 

through a solut ion of 50 p l  of THP ( anhyd ) and 4-8 pmol of LiAlR4 at - 5° to 

- 10o . The TBP ia evaporated by heating the tube at 1 30o , while bubbliaa a . 

current of nitrogen , then cooled and 50 pl of water ia added . 11c-labeled 

aethanol is d istilled off by heating the vessel to 1 30° and is carried through 

a Porapak P trap size ( 0 . 3  x 10 em) to reaove THP and through a silver wool 

furnace ( 0 . 3  x 7 em) at about 500° to give 1 1c-foraaldehyde . 

The llc-foraaldehyde ia purged through a solution of 1 pmol of 

noriaipraaine ( PERTOPRAN) 1 paol HaCHBR3 , 2 pl of acetic acid , 50 pl of H20 

and 200 pl  acetonitrile and the mixture is heated to soo for 7 min . 

The aixture is then injected into a 50 em Partiail Magnum 9 column 

elut ing with a aixture of 97% chloroform, 3% ethanol ( containing 2% ethylaaine 

and 2% water) . The fraction containing the appropriate chroaatograa peak ia 

collected In a heated container and the solvent ( 5-10 ml) evaporated by a 

stream of nitrogen . The labeled product Ia redissolved In 5 m1 of 

phyalologlcal serua buffered to pH 3 . 3 by aodlua phosphate ( 2 . 5  x 10-3M) ,  
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Fig . 5 Experimental setup for llc-palmitic acid synthesis 
(photograph provided by K . McElvaney and M .  Welch) . 
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followed by steril ization by filtration through a 0 . 22 � Millipore filter 

connected by a sterile needle to an evacuated sterile vial . 

74 

This method results in the preparation of so-so mCi 1 1c-imipramine with a 

specific act ivity of � 500 aCi/ �ol atartiaa with 500 aCi - 1 Ci o f  1 1co2 . 

The synthesis ti .. is 25 ain . The material is chroaatographically pure , 

sterile and apyrogenic .  The completely enclosed design results in no 

radiation risk to personnel involved in the synthesis . 

11c-Palmitic Acid ( 2 1 1 ) : The 1 1co2 is produced in s itu at the Washington 

University Medical School Cyclotron ( Allis Cha!.era) by the 10a( d , n) 1 1c 

reac tion . The 11co2 is swept from the target with a carrier gas mixture of 

heliua : oxYJen ( 98 : 2) ,  yielding > 95% of the iaotope , in the desired 1 1co2 
fora. The 1 1co2 is trapped in a coiled glass tube containing a plug of glass 

wool and i .. eraed in liquid nitrogen . ( See figure 5 for experiaental setup) . 

After warming the trap in a water bath , the 11co2 is quickly transferred 

to an evacuated vessel uaiog a flow of helium. TWo a1 of the Grignard 

solution are added and the vessel is shaken for about 3 to 4 minutes .  The 

palmitic acid-MBBr coaplex is decomposed with 2 a1 o f  1 N BCl while shaking 

the vessel to clarify the ether layer . The contents are transferred to a 

1 . 5  x 12  cm teat tube , the acidic layer removed by aeana of a syringe , and 

ether freed of any traces of acid by washing twice with 2 al portions of 

noraal saline solution ( 0 . 9% NaCl) . The ethereal solution is then transferred 

to a 50 al beaker , 1 al 95% ethanol is added , and the ether is evaporated in a 

hot water bath under N2 to yield a final volume of  � 1 ml . The result ing 

solut ion is waraed to 400 C and combined with about 8 ml of 3 . 7% human aerua 

albuain in normal saline , also at 40° c . After waraiog for about 3 minutes to 

allow for binding of the palaitic acid to the albumin , the aixture is filtered 

through a 0 . 45 � Millipore filter , and the filter and beaker are rinsed with 

� 1 al of sal ine . The solution is finally passed through a 0 . 22 � disposable 

Millipore filter and the activity measured prior to injection . The total 

preparation time , including the initial trapping of 1 1co2 • is about 1 5-20 

minutes . 

In order to verify the formation of 1 1c-palmitic acid and detect any 

pentadecane or other impurities which may be present , the final solution is 

analyzed by high pressure liquid chromatography under the following 

conditions : 
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Instru.ent : Waters LC ; M-6000 solvent delivery systea 

Column:  Patty acid analysis coluan , 10 aicron particle size ; 

3 . 9  .. I . D .  x 30 em long 

Solvent :  THF : CB3CN : B20: ( 3 5 : 30 : 40 ,  v :v )  

Plow Rate : 2 ml/min(- 2300 psi )  

Refractive Index and Nai(Tl )  Detectors 

1 1c-Palmitic acid elutes at about 5 . 0  min , and the hydrocarbon at about 10 .0  

min . Analyses of  l lc-palmitic acid preparations , as  expected , have not shown 

a aass peak corresponding to the pentadecane , which precipitates out in the 

alcohol ic solution upon evaporation of ether , and is later filtered out of the 

final preparation. RadiochromatograiiS consistently show a single peak with a 

retention corresponding to that time of unlabeled palmitic acid ; the 

radiochemical purity is calculated to be higher than 99% . 

2-Deozy-2- [ 18p] -Fluoro-D-Glucose ( 18rDG) from ca3co218p ( 349) : The 18pDG 

synthesis system is shown in figure 6 with letters referring to various 

components . Prior to the run, all of the components are asseabled in the 

shielded synthesis hood ( figure 3B) with 1/8" o . o . teflon tubing and Swagelock 

fittings . 

The contents of the irradiated Re/F2 target containing [ 18F ] F2 in neon 

(- 40 �1 P2 ) was purged (needle valve A) through a vessel (B)  containing a 

solution of a.aoniu. hydroxide ( 0 . 010 al ) in glacial acetic acid ( 15 ml ) .  The 
gas exiting the reaction vessel is paaaed through a soda liM trap (C)  and a 

charcoal (6-8 mesh) trap ( D) at -78°C . Purging of the target 

(26 . 5  eta 1 ata) requires 25 ainutea after which the acetic acid solution is 

transferred by vacuum {!)  into the flask ( F) of a rotary evaporator (G ,  

Brinkman Model M) . Flask P contains 25  mg of 3 , 4 , 6-tri-�acetyl glucal 

(Aldrich Chemical Co . , no purification required ) .  After transfer the acetic 

acid is evaporated to dryness , 3 Ill of 2 N BCl is added ( syringe B) and the 

aixture heated at 13G-135°C for 12 min while rotating the flask . Charcoal 

(USP ,  1 5  mg/ 1 . 0  al B20 ) is added ( syringe B) and heating is continued for 3 

minutes after which the solution is evaporated to dryness . To the residue is 

added (syringe B) 2 Ill of aqueous acetonitrile (0 . 3  al B20/100 al CB3CN) . 

This is evaporated to dryness , an add itional 3 al of aqueous acetonitrile is 

added and the aixture transferred from flask P via teflon tube ( I) and syringe 

vacuum (J) onto a flash chroaatrography column (K, 0 . 75 em x 10 em) packed dry 

with silica gel 60 (Merck No . 9385 )  and rinsing with 2 Ill of the aqueous 

acetonitrile . Syringe J is then used to apply pressure to the colu.n and 
force the acetonitrile solution onto the packing after which 20 Ill of 
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aqueous acetonitrile is  added and elut ion ia  begun . A forecut ( 7-8 al )  is  

collected (L)  after which the flow is  directed into the rotary evaporator aad 

the re .. ining solvent is eluted into the rotary evaporator to Which a clean 

flask haa been attached . The solvent is evaporated and 1 al of water is added 

and evaporated . The flask is removed froa the evaporator , a streaa of 

nitrogen ( M) is purged through it for 2 min to remove all traces of solvent . 

Saline ( 8 al) is added via syringe H and the solut ion is passed through a 

aillipore filter 0 into an evacuated ( vacuua Q) mul ti-inject ion vial P .  This 

procedure typically produces 1 . 5-2 . 0  mg of 18poc in a synthesis tiae of 70 

alnutes froa !OB . The radiochemical yield is 20% and the purity is 97% as 

determined by thin layer chroaatography . Thus from 350 aCi of 18p one obtains 

45 aCi of FDG at end of synthesis ( EOS 1 70 ain) . 
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Appendiz 1 .  A GUide to the Literature of Organic Synthesis 

This appeodiz is intended to serve aa a guide to the che.ical literature 

emphasizing works which are of particular value to designing practical 

synthetic approaches to organic molecules . The vast body of documentation in 

organic ayotheaia appearing in the for. of text books ,  aonographa , reviews and 

journal art icles precludes all but a superficial treatment here . However 

within the selected references the reader can be guided through aany aspect s  

of  the designing, refining a nd  implementation of a synthetic approach which ia  

compatible with the restraints imposed by abort-lived nucl ides . Along these 

lines the brief description of a selected number of leading works on the 

following topics will be covered : 

A. Searching the literature for a particular organic molecule 

B. Works of synthet ic organic chemistry 

c . Special topics 

D.  Review articles 

A. Searching the literature for a particular organic coapound : 

A search of the literature serves to reveal the preparation ,  physical and 

chemical properties , and uses of an organic aolecule . Frequently, a number of 
synthetic routes to the unlabeled molecule can be found in the literature and 

one or aore of these can be adapted to the rapid label ing with a positron 

emitter.  The following is suBBe&ted as a rapid stepwise approach to searching 

the literature . 

1 . Detemine the molecular fomula for the compounds , and name 

the molecule . 

2 .  Locate the formula in Beilstein ( described below) and 

differentiate aaong structural isomers by the name . References 

listed in Beilatein ( first and second supple.ents) cover the 

literature through 1 92 9 .  

3 .  Consult Chemical Abstracts ( described below) collective 

for.ula index for the years  1 920-1946 , and the cumulative 

ind ices for the following years ( 1 947-1 956 , 1 957-1961 1 

1962-1966 , 1 967-1 97 1 , 1 972-1976 )  and yearly ind ices thereafter . 

Beilstein ( in Geraan) : Although a book bas been writ ten on the use of 

Beilatein (A Brief Introduct ion to the Use of Beilstein ' s Handbucb der 

Organiscben Chemie,  E . H. Huntress , John Wiley and Sons , Inc . ,  New York , 

1 938) ,  a brief guide to its uses  usually suffices to provide a rapid overview 

of the literature through 1929 . The simplest method involves the use of the 

cumulative formula indices . The compound is located based on its formula and 

naae , after which will appear volume and page references to the main aeries 
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( the literature through 1909) and the first suppleaentary series ( 1 909-1919)  

and the second supplementary series ( 1919-1929) . For example , the Beilstein 

entry in the formula indes for for.aldehyde ( aolecular for.ula CB20) appears : 

CR20 For.aldehyde 1 ,  558 , I289 1  II61 5; 6 II 1244 . 

This refers  to volume 1 page 558 of  the main series . 

vol•e 1 page 289 of the first supplement 

( !rates Erganzungawerk) and 

volume 1 page 615  of the second aupplem.::nt 

( Zweitea Erganzungwserk) 6II 1244 refers to 

volume 6 page 1244 of the second supplement 

Chemical Abstracts : The Aaerican Chemical Society publ iahes cheaical 

abstracts which au.marizea all original articles on chemistry that appear in 

journals .  It is publ ished twice a aonth . Yearly ind ices of formulae , authors 

and subjects appear along with the cumulative indices described above . 

B .  Works o f  Synthetic Organic Cheais try 

D. Barton and w. D. Ollis , Comprehensive Organic Cheaistry . The 

Synthesis and Reactions of Organic Coapounda , J. F. Stoddard ed . ,  ( Pergaaon 

Preas , Oxford , 1 979 ) . Six volumes give emphasis to the properties and 

reac tions of all the important claaaea of organic coapounda . Volume 6 ia an 

extensive index according to formula , subject , author , reaction and reagents .  

The reaction index ia especially useful since part of the listings under each 

reac tion ia coapilation of pertinent references ( mainly reviews) . The reagent 

indes lists over 2500 organic and inorganic compounds which are used in 

organic synthesis and gives specific reactions perfor.ed by the reagent 

followed by a list of compounds which undergo that particular react ion with 

the reagent . This index ia croaa referenced with volume 1-5 . 

Organic Reactions : ( John Wiley and Sons , New York) A aeries of volumes 

from 1 942 to present containing chapters devoted to specific reactions and 

contains experimental procedures and tables detailiag every case of use of the 

reac tion at the time of writing . 

Rouben-Weyl ,  "Hethoden der Organiachen Cheaie , "  E .  Muller , ed . ,  Thei.e 

Verlag , 4th Ed . ,  1 952-preaent . A compi lation of synthetic aethods and 

re ferences , primarily arranged by functional group includiag many experimental 

procedures . In German . 

L. F .  Fieser and M. Fieser , Reagents for Organic Synthesis , Vol . I-V II , 

(John Wiley and Sons , Inc . ,  New York) A aeries of volumes having an 

alphabet ical arrangement of reagents with their synthetic applications . 

Reference& to original literature and review articles with extensive ind ices .  
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c .  A. Buehler and D .  E .  Pearson , Survey of  Organic Syatheaea , Second 

Edition , ( W .  A. Beajamin Inc . ,  California , 1972 ) A survey of selected 

synthetic Mthoda including fonuation of carbon-carbon bond s ,  reductions and 

oxidations . 

c . Special Topics 

J .  Mathieu and J .  Weill-layaal,  Foraation of C-c Bonds ( George Thia.e 

Publishers , Stuttgard , 1 973 ) in three volu.ea ; contains for.ula acheaea and 

tables ; volume 1 describes reactiona which involve the introduct ioo of one 

carbon atoa bearing a fuactioaal group into the carbon skeleton ( i . e .  

hydroxyaethylation , the Mannich reaction, foraylation ,  carboxylation and 

cyaaation) and is of particular value to surveying possible routes for 

incorporation of one-carbon precursors of 1 1c into coaplex aoleculea . 

M. R. c . Gerstenberger and A. Baas . Methods of fluorination in organic 

cheaiatry• Angew. Chem. Int . Ed . Engl . �. 647-667 , 1981 .  

Protective Groups in Organic Syatheaia T. w.  �eene (John Wiley and 

Sons , New York , 1 981 ) .  This book presents inforaation on the synthetically 

useful protective groups (- SOO) for five .. jor functional groups : -oR ,  -RB ,  

-SH,  -co2H a nd  )c-o. Refereacea through 1979 ,  t he  beat method( a) o f  

fonuation and cleavage , and some infor .. tion on the scope and limitationa of 

each protective group are given . 

Protective Groups in Organic Cheaiatry J .  F. w. McO.ie , Ed .  ( Plenum 

Preas , London , 1973) There is a chapter devoted to each of the functional 

groups co-only in need of protection . See also Chemistry and Industry 

( No .  18) , Sept . 1 979 pp . 603-604 for articles on recent developments on 

protec tive groups and E .  Haslam,  lecent developments in .. thoda for the 

esterification and protection of the carboxyl group . Tetrahedron 

36 , 2409-2433 ,  1 980 .  

w .  A .  Sheppard and C .  M .  Sharta , Organic Fluorine Cheaiatry (W.  A .  

80 

Benjamin , Inc . ,  New York , 1 969)  A critical look at the literature through 1 968 

includes discussions of mechaniaaa , synthetic methods and extensive tables ; 

see al so c .  M. Sharta and w .  A. Sheppard , •Methods to Prepare 

Monofluoroaliphatic Compound s • ,  in Organic Reactions Vol . 21  ( John Wiley and 

Sons , New York , 1 974) PP • 125-406 . 

M .  Rudlicky , Cheaiatry of Organic Fluorine Compounds , 2nd edition , 

( Halsted Preas , a Division of John Wiley and Sons , New York, 1 976 ) . Contains 

extensive aaterial on the synthesis and reactions of organic fluorine 

compounds with extensive references , examples of experiMntal procedures and 

techniques for handling fluorination reagents .  
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M. F .  A. Dove , The Halogens and Hydrogen . Coordination Cheaiatry Ievien 
30 ,  351-37 8 ,  1 97 9 . A review focussing on recent developaenta on the synthesis 

of novel fluorine containing compound s .  

R .  Rylander , Catalytic Hydrogenation in Organic Syntheses ( Acadeaic 

Preas , New York , 1 979 ) ;  a guide to catalyst selection and reaction conditions 

arranged according to the functional aroup underaoing reduction . 

B .  R. a. Walker , The func tional aroup selectivity of complex hydride 

reducina aaenta ,  Chem. Rev . 5 , 22-50 , 1976 . 

A .  J .  Gordon and R .  A. Ford • The Chemiat ' a Companion (John Wiley and 

Sons , Inc . ,  Rev York , 1972) A handbook of practical data , techniques and 

references . 

IUPAC eo .. iaaion on the Hoaenclature of Oraanic Cheaiatry ( CNOC) , 

MOaenclature of Organic Chemistry Section B :  Isotopically Modified 

Co!Pounda . Bur.  J .  Biochem . 86 , 9-2 5 ,  1978 . 

IUPAC Commission on the No .. nclature of Inoraanic Chemistry .  

Ro  .. nclature of  Inorganic Cheaiatry 12 . Isotopically Modified Compounds . 

Pure and Appl . Chem. 5 1 , 1 981-1994 , 1 97 9 . See al so  Pure and Appl . Chem .  53 , 

1887-1900 , 198 1 .  

D .  Review Articles : Becent indices to review articles on topics related to 

synthetic methodoloay can be rapidly located by conaul tina the follovina 

sources :  

D .  Barton and w .  D .  Ollis . Comprehensive Organic Chemistry . The 

Synthesis and Reactions of Organic Co.pounda ( see description above) . 

J .  Ora . Chea . 43 , 3085 , 1 978 . Recent Ievien 1 ,  covers the 1 97 7  

literature .  

J .  Ora . Chem • .!,!. 4397 . 1 97 8 .  Becent Bevieva 2 ,  covers the first pa r t  of 

the 1 97 8  literature . 

J. Ora · Chem. 44 , 1 752 , 1 97 8 .  Becent Ievien 3 , covers the second part 

of the 1978 literature . 

J .  Ora . Chea . �. 401 6 ,  1 97 9 .  Becentlevieva 4 ,  covers the first part of 

the 1979  literature . 

J .  Ora . Chem. 45 , 1 728 .  1 980 . Becent Ievien 5 ,  covers the second hal f 

of  the 1979  literature . 

Index of Biochemical Reviews , 1 980 ( coapiled by R. B .  Arnstein , M. Harvey 

and B. R. V. Arnstein , FBBS Letters , 131 ,  Suppl . ,  August , 1 98 1 .  
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Append ix 2 .  A GUide to the Literature on Organic Synthesis with Isotopes 

Especially Positron Emitters . 

General References 

A .  Hurray and D. L .  Williaas , Organic Synthesis with Isotopes , Parts I 

and II ( Interscience Publ ishers , lnc • • Rev York , 1 958) . AD encycloped ic 

source of aethoda of isotopic synthesis wi th detailed experiaental 

procedures covering the literature through 1 955 .  The synthetic routes used 

for the preparation of 14c-labeled coapounds aay, in soae eases be generalized 

to 1 1c keeping in aind the significant differences between label ing with 14c 

and 1 lc .  

B .  E .  Martel , • synthesis o f  Isotopically Labeled Compounds• in Drug fate 

and Metaboliaa, Vol .  3, B. R. Garrett and J.  L. Hirt z ( Marcel Dekker , Inc . ,  

Rev York, 1 979 ) . This chapter includes sec tions on synthetic and analyt ical 

aethoda . 

D .  R .  Chriataan and K . I .  Karlstroa, Accelerator Produced Nuclides for 

Use in Biology and Medicine - A Bibliography , Vol .  I ( 1 939-1973) and Vol . II 

(January 1974 - June 1976 )  ( Brookhaven National Laboratory , Associated 

universities Inc • • BRL No . 50448) . This bibliography focusses on charged 

particle accelerators , their use for nuclide production , the synthesis of 

compounds in research and application in nuclear aedicine ; includes subject , 

nuclide and author indices . 

A .  P. Wolf ,  D. R. Christaan , J .  s .  FOwler and R. M. Laabrecht , • synthesis 

of Radiopharaaceuticals and Labeled Coapounds Utilizing Short Lived Isotopes•  

in Radiopharmaceuticals and Labelled Coapounda , Vol .  I ,  ( IAEA, Vienna ( 1 973) , 

�-SM-171 /30) P • 345 . 

N. D. Reindel, B .  D. Burns , T. Ronda and L .  W. Brady, eds . The Chemistry 

of Radiopharmaceutical& (Masson Publishing U. S .A . , lnc . ,  1 978)  Contains 

chapters on radiopharmaceut ical design , quality control and positron eaittina 

radiopharaaeeuticala . 

J. c . Clark and P. D. Buckingham, Short-Lived Radioactive Gases for 

Clinical Use ( Butterworth& , London and Boston , 1 975 ) . A practical handbook 

concerned with the production of abort-lived radioactive gases ( 1 1c , 1 3N ,  
15o) .  

D. J .  Silvester , Preparation of Radiopharaaceuticals and Labeled 

Compounds Using Short-Lived Radionucl ides , Radiocheaistry , Vol . 3 ,  The 

Chemical Society , Burlinaton Bouse , London , 1976 ,  P • 73-107 . 

L .  Kronrad , K. Mudra and J .  Marek, Preparation of Organic Coapounds 

Labeled Wi th Short-Lived Radioisotopes , Radioisotopy. ll• P • 155-24 9 ,  1 976 . 
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G. Subra1181lian , B .  A. Bhodes , J .  P. Cooper and V .  J .  Sodd , Ed a . ,  

Radiopharmaceuticala , Proceedings of the Firat  International Symposium on 

Radiopharaaceuticala , { The Soc iety of Nuclear Medic ine , Inc . ,  New York, 

1975 ) . Contains chapters on the haloaena , cyclotron products and quality 

control . 

83 

J .  A. Sorenson , book coord inator , Radiopharmaceuticals II, Proceedinas of 

the 2nd International Syaposi1111 on Radiophal'li&Ceuticals , { The Society of 

Nuclear Medicine Inc . , New York , 1 975) . Contains chapters on oraanic 

radiopharaaeeuticals and radionucl ide production . 

J. Boot and K. Krohn , editors , Short-Lived Radionuclides in Cheaistry and 

Biology . A. c .  s .  Advances in Chemistry Series Monoaraph , American Cheaical 

Society , Washinaton, D. c . ,  1 981 . Contains sections on Nitroaen-1 3 , 

Carbon-11 and Pluorine-18 Radiobiochemistry . 

A .  P. WOlf,  Chairman, Firat International Symposium on 

Radiopharmaceut ical Chemistry, Journal of Labelled Compounds and 

Radiopharmaceuticals 13, No . 2 , 1 55-290 { 1977 ) . Detailed abstracts of papers . 

H. J .  Welch,  Chairun . Third International SyaposiUII on 

Radiopharmaceutical Cheaistry . Journal of Labelled Compounds and 

Radiopharuceuticala 18 ,  Nos . 1 and 2 ,  1-286 , 1 981 . Detailed abstracts of 

papers . 

D. J .  Silvester , Chairun , Second International Symposium on 

Radiopharmaceutical Cheaistry ,  Journal of Labelled Compounds and 

Radiopharaaeeuticals 16 , No .  1 ,  1 -233 { 1 979) . Detailed abstrac ts of papers . 

In addition, the Internat ional Journal of Applied Radiat ion and Isotopes , 

Vol . 28 {Nos . 1 and 2 ) , 1 97 7  devoted a special issue to Radiopharmaceutical 

and Other Co!founds Labeled with Short-Lived Radionuclides . The followina 

articles are of interest : 

H. G. Straataann , "A look at 13N and 1 5o in radiopharaaceuticals , .. 

PP • 21-24 . 

A .  P. Wolf and c . s .  Redvanly , "Carbon-1 1  and Radiopharaaceuticals , "  
PP • 29-48 . 

c .  HBzarano, H. HBziere , G. Beraer and D. Coaar , "Synthesis of methyl 
iodide-llc and foraaldehyde-llc ,  pp . 4 9-52 . 

A. J .  Palmer ,  J. c .  Clark and R. w. Gbuldina , "The preparation 
of fluorine-18 labeled radiopharuceutical s , "  pp . 53-65 . 

K. A .  Krohn and A. L. Jansholt , "Radiochemical quality control 
of short-lived radiopharaaceuticals , "  pp . 21 3-227 . 
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Journals (covering various aspects of radiotracer developaent )  

Journal o f  Labelled Co•pounda and Radiopharmaceuticala 
( Vol . XV II ( No .  4 )  ia a eoapound index for Vol . I-XVI) . 

International Journal of Applied Radiation and Isotopes 

Journal of Radioanalytical Chemistry 

Journal of Nuclear Medicine 

International Journal of Nuclear Medicine and Biology 

Radiochi•iea Acta 

Seminara in Nuclear Medicine 

European Journal of Nuclear Medicine 

Nuclear .. dizin 
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