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I. Introduction

A. General Considerations in the Design of a PET Radiotracer

Wfiout a doubt, the sueeess of PET as an imaging tool for bwic research in the
Me sciences stems largely flom the effort and success of chemists over the years in
developing suitable radiotracers. This success derives in part from the fhct that there
exists today an extensive inventmy of synthetic precursors, or small mokxxdes labeled
with short-Jived positron emitting radionuclides, that can be used either for attaching
radioactive isotopes to suitable substrates, or used as building blocks toward constructing
larger biomolecules of interest.

Since its iniimcy in the early 1960’s, PET has evolved into a complex science for
investigating the biochemical transformations of drugs and molecules within living
systems. PET radiotraeer chemistry too has evolved into a complex chemical science.
Now radiotracers are engineered to be highly specialized probes for targeting specific
regions such as neurotransmitter receptors, or chemical substances within the living
system. In some instances this targeting can be as simple as measwing bioavailability. In
others, it can beecnne a mom complex process of monitoring bioaetivity of that region or
substance. To keep pace with this growth chemists are no longer driien solely by certain
practical aspects of precursor production such as whether the preeursor oan be produced
m amounts of radioactivity suitable for subsequent chemistry and final radiotraeer
formulation to meet the PET study protoco~ whether it can be produced routinely over
the course of the day, whether it is chemically and isotonically pure so as not to strongly
influence subsequent chemistry and/or purification or whether its specific actitity iS
aeoeptable for the nature of the PET study. Now the design aspects of radiotraeers for
PET place additional demands on the chemist such as which radionuclide to choose to
target a speeific fimction (this is especially true in measurements of bioactivity), what
position within the radiotracer to labe~ or which stereoisomer to use. (Lii.ngstr6m et aL,
1989% Liingstrdm et al., 1989& IJingstrthnet al., 1989c) Thus special emphasis has to
be placed on the development of precursors that can satis& all of these demands, and
more as time goes on

A number of exhaustive reviews on the subject of precursor preparation have
appeared in the literature over the years. (Wolfe~ aL$ 1973; Clark and Bucldngham 1975;
Silvwt.er, 1976; Wolf and Redvanly, 1977; Fowler and Wox 1982; Ferrie@ 1983;
Vaalburg and Paans, 1983; L&ngstr6m et al., 1991; Fowler and WOE 1997) The
interested reader, and especially newcomers, would certainly benefit from the insights of
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these earlier works. The scope of this chapter will encompass old, as well as the new
approaches for conducting PET precursor preparation with the intent on being
comprehensive without being exhaustive in the procedural descriptions. The hope, of
course, is that this work provides sufficient insight as a general guide into methodologies
with citations to appropriate references. It should also be noted that most of this chapter
is dedicated to the subject area surrounding PET precursors labeled with carbon-11 and
fluorine-18, since most of the milestones delineating biochemical transformations and
movement of drugs within living systems have involved radiosyntheses using these
radioisotopes.

B. Short=Lived Positron Emitting Radionuclides for PET

Without a doubt, the short-lived positron emitting radionuclides that have had the
greatest impact in PET for radiotracer synthesis are carbon-l 1, nitrogen-13, o~gen-15
and fluorine-18. This is understandable in view of the ikct that the first three of these
isotopes are elements of M&,and can be substituted for their stable counterparts without
influencing the bioactivity of the molecule. While fluorine-18 is not a significant element
in living systems, its half-lifb and properties makes its use in kibeling of considerable
value. Table 1 lists some of the physical properties of these radionuclides.

The development of any radiotracer for a PET study begins with the selection of
an appropriate radionuclide. This becomes especially diflicult when there exists mu~lple
synthetic precursors that can allow chemists to produce the same, or nearly the same
biomolecule, but with a different radioactive tag. One example that comes to mind is the
radiolabeling of N-methylspiroperidol for measuring dopamine D2 receptors. This
labelin~ has been performed with fluorine-18 in a multi-step two hour synthesis starting
with [1F]fluoride (Shiue et al., 1986), as well as with carbon-11 starting with [11C]H31.

(w~er et al., 1983) ~ve~ tictors m influence one’s decision in this regard. The
first is whether the physical half-life of the radioisotope matches the biological half-lifb
of the process under investigation. Perhaps more important in the dec~lon process is the
precursor’s specfic activity. As Table 1 reveals, theoretical specific activities for these
common radiormclides are varied. On the practical side, actual precursor specific
activities are significantly lower owing to sources of endogenous stable isotopes in the
materials used to construct the targets, the chemical materials irradiated in order to
generate the radioisotope, the tmnsfer lines that allow the radioisotope to be manipulated
between the target and laboratory, as well as in the starting materials used for subsequent
synthesis. Typically, carbon-1 1 specific activities tend to be higher than the other
isotopes (Wolf and Redvanly, 1977; Finn et aL, 19/?4; Fowler, 1986; Dannals et al.,
1991) owing to the lower amounts of endogenous stable carbon in the starting materials.
Even so, it is important to realize that, since the radiotracer is not the of carrier, the
speciiic activity is changingproportional to the radioactive decay. Thus, the time
necessary to prepare the synthetic precursor, and manipulate it through the subsequent
synthetic pathways, and/or purifications can weigh heavily on one’s decision. Finally,
the nature of the information one is seeking iiom the PET measurement also pIays an
important role in the selection of the radioisotope. Whether one is seeking spatial
distribution and regional concentrations of a target substance or neurotransmitter binding
or uptake site, or whether one is seeking to assess bioactivity relying on metabolitic
breakdown of the tracer could impact on this selectioa
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C, General Methodologies for Producing Labeled Precursors

Having addressed these important issues regarding the design of the radiotracer
for the intended study, we now need to turn mu attention to the actual stage of producing
a useiid synthetic precursor horn what is typically a less usefid source of the desired
rdlonuclide. Historically, one can classi& precursor preparation methods into those
involving nmsynthetic approaches, and those involving more conventional synthetic
approaches. The latter, of course, has reeeived greater attention over the years perhaps
owing to the fict that PET chemists are mostly derived from a synthetic organic
chemistry backgroun~ and for whatever reasons, find greater security in developing
more conventional synthetic approaches to doing things. In additio~ such approaches are
more readily automated as the chemical processing becomes standardized in the PET
laboratory. This clearly becomes an issue when attempting to mhimize radiation
exposure to personnel. However, a brief discussion of nonsynthetic strategies to
preparing precursors is warranted since, tier @ PET’s early roots in radiotraeer
development grew out of this area of research. Nonsynthetic approaches cover a rather
broad area of radiochernk@ tlxit includes in-target or hot atom chemistry, radiation
labeliog, accelerated ion labeling, as well as labeling through the use of some excitation
source of energy.

Between 1950 and the mid-1970’q a number of chemists studied the chemistry of
these short-lived positron emitting radionuclides as they were produced within the
irrdation target as high energy atoms. This field became known as Hot Atom
Chemistry, and flourished for a number of years under the aegis of bask energy science.
Aside from the intrinsh value of understanding the basic chemical properties of these
energetic or hot atoms, there was a strong commitment to providing a basic fia.rnework of
knowledge that could allow cherrdsts to control the chemical fate of these radioactive
atoms within complex chemieal environments. Such action set the early stage for
producing the short-lived positron emitters in chemical forms that were uselid for the
synthesii of oornplex radiotraeers. (Wolf and Re&mly, 1977; Fwrie~ 1983a)
Unf&tunately, chemists quickly realized that to produce sufficient quantities of
radioactivhy necessary for clinical research and applicatio~ the chemical fhte of these
primary hot atom products were often compromised by the harsh radiation field. A
classic example of this behavior is the production of H[l lC]N iivm a gaseous target
comprised of 95% N2 and 5% H2. (Fii et d., 1971) The reader will later see that this is
an extremely USOM synthetic precursor for radiolabeling. At low irradiation do-
nucleogenic carbon-11 atoms produced from the *!N(p,cx)llC reaction will react to form
H[llC]N as the hot atom product. However, at the higher irradiation doses neeessary to
provide adequate levels of carbon-l 1 for a PET study, the intense ionizing radiaticm field
caused by the higher flux of incident charged particies induces rado!ytic reduction of this
product to a less desirable form as [llC]I& For the most part, the chemical form of the
desired radionuclide, as it exits in the target, is usually the result of one or more physical
and chemical changes occurring to the primary hot atom product, or more simply put the
result of the radiation chemistry. It is interesting to note that even today, many of these
phenomena am not entirely understood, but are relied on daily in the PET field for their
ability to routinely produce sources of radionuclides. It is also interesting to note that
chemists have had very little success at altering what goes on inside the production target,
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with the exception of a few cases, namely solid cryogenic targets, that will be discussed
later under their appropriate subsections.

Radiation labeling, as it is applied outside the target confines, is another area that
has not been extensively exploited in the PET field for producing radiolabekxl
substances. Such labeling can be t%cilitated by either the introduction of an external
electromagnetic radntion source, or by the internal radiation accompanying radioactive
decay of the nuclide. The labeling effectiveness is attributed to the charge-state ador
excitation of the reactants rather than their kinetic energy. Effective use of radwtion
labeling lies in designing the chemical environment such that the resultant ra&olytic
species are selective in their reactions leading to a single Iabeled product. Unfortunately,
application of this approach to preparing labeled compounds has been limited to carbon-
14. An example of what could be accomplished with selective radmtion labeling includes
the preparation of 2,3-[14C!1]propanolby exposing [*4C]ethylene and methanol to a
gamma source. (Oae et al. 1968)

Labeling by use of accelerated radioactive ions has also fbund limited application
to preparing labeled compounds. (WOE 1960) Ag@ the majority of work utilizing this
technique involved long-lived isotopes such as carbon-14 as 14C+,[14C]O+and [14C]Q+
(Cacace et al. 1958; Pohlit et al., 1970; Lintermans et al. 1972), and tritium as T’_.
(Wolfgang et al., 1956)

Finally, the use of external excitation sources such as electric discharge,
microwave radiation or photosensitization have found application to producing labeled
compounds through formation and reaction of radioactive ions or radicals. Unlike the
other methods discussed, PET chemist have been successfid at utilizing some of these
strategies for producing PET precursors labeled with carbon-1 1, nitrogen-13 and
fluorine-18. Examples include the production of [l*C]acetylene from [11C]H4in an
inductively coupled argon plasma (Crouzel et al. 1979), the production of [l%TJHst?om
[*3NJnitrogen gas using a microwave generated hydrogen plasma (Ferri~ 1983b), md
the production of [18F]fluorinegas from electric anodic discharge. (Bergman et aL,W97)

II. Precursors Labeled with Carbon~ll

A. Nuclear Reactions for Producing Carbon-n

The nuclear reaction for producing carbon-11 that has had the greatest impact to
PET has been the l%l(p,a)llC reaction This becomes clear for several reasons: (i) the
radionculide can be produced from non-carbon material thus providing a source of high
specific activity traceq (ii) the reaction possesses a substantial nuclear cross-section of
about 250 rniliibarns, thus ailiording substantial amounts of radioactivity from reasonable
irradiations; and (iii) the reaction also possesses a relatively low threshold of 3.1 MeV,
thus allowing production of radionuclide at reasonable particle energies, Other relevant
reactions for producing carbon-1 1 are wmmarked in Table 2.

B. Preparation of [llC~-Labeled Oxides

The most widely used chemical form of carbon-11 for PET radiotracer synthesis
is [*1C]02. Its widespread use is attributed to the fhct that it can be easily harvested flom

4



the target gas stream either using liquid nitrogen cooled traps or even without the need
for harsh cryogens using a mixture of reducing nickel catalyst and molecular sieve 5A at
ambient temeprature. In additio~ virtually every synthetic carbon-11 precursor can be
derived from this chemical form of carbon-11, as seen in the schematic below.

11
11CH3SH

CU%N
CH2N2

3

t

E

(R)3P+1/2H31-

X(CH2)/ lCN H1lCN+—
11

11CH4~ CH31
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(NH#cc) (CHJ~kC) R11CH20H ~ R%K3
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1
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R11CH2Li

R1lCHJ R11CH2N02

L R*1CH2SH

The production of [*1C]02can be carried out utilizing continuous-flow or batch-
wise irradiations of high pressure gaseous targets comprised of research grade Nz
containing between 10 and 100 ppm levels of 02. As discussed earlier with regard to in-
target chemistry, [11C]02is not the primary product, but the result of radiolytic oxidation
of [1*C]N radicals to [*lC]O and eventually [11C]02 under production conditions.
(Chrktman et al., 1975)

[llC]OZ win also be produced from the proton or deuteron irradiation of solid
enriched boron- 10 targets, typically in the form of boron oxides. The advantage, of
course, with the enriched boron targets is the zero energy threshold nM.@% ~em
appealing for low energy high intensity proton accelerators. Typically, particl~
irradiation of a boron oxide target using an appropriate inert sweep gas can yield
reasonable quantities of carbon-11, distributed between the products [1*CJO, [**CJOZand
[’lC]W. (Buckingham and Forse,’ 1963; Welch and Ter-Pergossian.,1968; Clark and
But_ 1971; Wtiead et al., 1973; Ritchie, 196$; More and Troughtow 1972;
Perris et aL 1974) These targets tend to work best with a high power density of beam
focussed onto the powdered matrix that causes a “quick melt” yielding a glassy structure,
Complete conversion to [11(2]02can be obtained by passing the target effluent gas
through a copper oxide combustion fiunace maintained at 800”C.

[l*C]O is most oflen prepared through the Gatalytic reduction of [llC]OZ over
metallic zinc at 400”C. (Clark and But- 1975; Welch and Ter-Pergoss~ 1968)

5



(h 1

I 3

. .

The zinc catalyst is most effective when dispersed on an inert support. Asbestos has
worked well for this application. This reduction is typically higk but not quantitative.
However, unconverted [1*C]02 can be easily removed from the gas stream using
AscariteTM(silica supported LiOHJ thus rendering the [llC]O in a pure form.

Direct in-target production of usable quantities of [1lC’JOcaa be prepared as well
using solid boron oxide targets. As described earlier, the same particle irradiations can be
carried out with the exception that hydrogen gas is used instead of an inert gas to sweep
the target matrix during bombardment. (Clark and Buckingham 1975; Wwtead et al.,
1973) This action results in 94V0 yields of the desired oxide which can be purified in
much the same way as descridxxlabove.

C. Preparation of [llC]-Labek4 Cyanides

Carbon-11 labeled cyanide as H[l lC]N can be an extremely usefid synthetic
precursor for the PET chemist for replacing halogen atoms through nucleopMic
substitution with the radiolabeled cyano group. It has been used in the synthesis of
la~led arnines, ketones, aldehydes, acid% and amino acids. (Fowler and WOK 1986)
Over the years, several synthetic and nonsynthetic approaches have been explored for
their ability to routinely prepare usefbl quantities of this precursor. Only a few are
notable. (Finn et al. 1971; Lamb et al., 1971)

Synthetic approaches for the preparation of H[*lCJN rely on either [*lC]OZ or
[*lC]E&as the starting material. One of the earliest methods involved the static reaction
between [llC]OZ and potassium metal with carrier NH3. (Cramer and Kistiokosky, 1941;
Loilfield , 1947; Lamb et al., 1971; Finn et aL, 1971) The reaction tends to be messy
requiring distillation of the precursor over sulfbric acid.

11 620°c
co2+4K+ NH3 ~ K1& + KH + 2K0H

The most widespread approach for preparing
conversion of [1lC]ILI by reacting it with carrier NHq
(Chrktman et aL, 1975; Finn et al., 1971)

H[l lC_JN involves the catalytic
over platinum metal at 1000”C.

The conversion is typically 90% or greater for a single-pass flow reaction. The appeal of
this approach is due to the fiwt that all the processing steps can be easily automated,
Whether the chemist starts with 1lCE& produced from the N2 + H2 gas target, or from
[llC]OZ from the Nz + 02 target is a matter of preference. Some believe the [llC]W
target provides a higher specific activity precursor that would extend to subsequent
chemistry. In additio~ macroscopic amounts of radiolytic NH3 are produced within the
N2 + H2 target which can serve as the source of ammonia for the conversion to cyanide,
thus eliminating the need to introduce an extraneous source of the gas. It should be
noted, however, that trapping [llC]fi on liquid nitrogen cooled mdecuku sieves G~ be
problematic cnving to the liquetition of the target gas. Of course this is not an
insurmountable problen but it raises concern over certain safkty issues. If one starts
with [11C]02 it can be readily trapped at ambient temperatures using a mixture of
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reducing nickel catalyst and molecular sieve 5A. Reduction to [11C]H4in a hydrogen
atmosphere at 365°C is fhst and quantitative. One precautionary measure should be
noted. Macroscopic amounts of nitrogen oxides will form in the gaseous NZ + Oz targets
when operated with high (>100 ppm) levels of 02. These oxides tend to trap on the
nickelhnolemdar sieve, as we% giving rise to NH3 that can eventually poison the
catalyst’s reducing effectiveness, This has not been a problem for lower 02 levels.

Several non-synthetic approaches fix preparing H[llC]N have also been explored
over the years. These included direct recoil labeling from proton irrdations of solid
metallic cyanide targets, solid metallic amide targets (Lamb et aL, 1971; Fkm et al. 1971;
Chrktman et al. 1970), as well as from gaseous targets comprised of mixtures of N2 and
Hz. (Christrnan et al., 1975; Lamb et aL, 1971; Finn et al., 1971; Christrnan et al., 1970)

14N(jwj1C
NaCN ~ Nall~

12c(p,pIlj*c

“N(p,afC
LiNH2 ~ H1l&N + NH3

HZO

While the NaCN target produces large amounts of carbon-11, there is an obvious
constraint in the precursor’s specific activity that hampers its use for PET. Recoil
synthesis from LiNH2 is not any better owing to the low 3.6% yield of [llC]cyanide
extracted. Gas tar ets comprised of 5% H2and 95°A Nz (02 flee) will also produce about

#a 50% yield of H[ Cm, with the remainder of the carbon-11 activity present as [11C]H4.

Utiortunately, this method is not practical in that the product distribution is only
reproducible at low irradiation doses where microcurie levels of the precursor are
generated. Once higher irradiation doses are applied (>leVmolecule-losec-l) to the target
gas, near quantitative radiolytic reduction of the H[l*C]N to [11C]H4occurs thus requiring
synthetic intervention in a post-irradiation treatment. More recently,cryogenic~~d

“ “ainmoniatargets were investigated as a source for recoil labeling, and found to produce
reasonable amounts of H[l lC]N (30-40V0 of theoretical) even for high dose irradiations.
(Firouzbakht et al., 1999a) A comparison of quartz and silver target materials revealed
that the silver target was less sensitive to applied dose relative to carbon-11 recovery as
cyanide.

Transition-mediated [l*C]-cyanation of aryl rings is also noteworthy as a means to
introduce carbon-1 1 into larger molecules. The usefidness of the technique was first
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realized using tricarbonylchromium complexes (Ekdatoni et al., 1989) and later with
t&rakis(triphenylphosphine)palladium(0). (Andersson and L&.ngstr6@ 1994) These
catalysts required special handling in order to exclude oxygen and water. More recently,
it was demonstrated that copper(I) salts will mediate a vast number of aromatic
nucleophilic substitutions using [1lC]N. (Penchant et al., 1997) The copper salts have the
advax@ge in that they don’t suffer the instability problems of the chromium or palladium
catalysts. In additio~ much of the chemistry generating the [1lC]aryl nitriles, and their
subsequent conversion to other fictional groups can be carried out as single-pot
reactions.

F
CU1lCN ~

JY+

(R=H, 2-N02, 2-NH2, 3-0CH3, 4 -Br)

r

o

--0

Within the context of this section it is worth noting how one can introduce other
fictional groups into the labeled cyanide precursor thus producing a new line of
precursors with multifimctional properties that can serve to increase the diversity of
molecular structures possl%le for rapid labeling synthesis. For example, substitution
between [llC]N and correspond% dibrorno-, diiodo- and ditosyl- compounds Uskg
Kryptofm 2.2.2 as an anion activator will produce 80-95% yields of the corresponding
radiolabeled halonitriles.
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1 1

X-(CH2)n–Y + llCN -
K- 2.2.2./K+

X–(CH2)n 1lCN

“ X, Y=I, Br,tosyl

n= 2Y34

In one example cite~ 4-iodobutyro[CN-1 lC]nitrile was used to alkylate an achiralglycine
derivative producing DL-[6-1lC]lysine. (Antoni et al., 1989) In yet another example,
[CN-*lC]acrylonitrile can be prepared in 35% yields horn the substitution reaction
between [*lC]N and vinylbromide catalysed by tetrakis(triphenylphosphine)palladium.
(Antoni et al. 1991)

HH HH

H
18CTOWilfj

— + llCN” ~
H

—
PQP(Ph)&

H Br “ H 1lCN

This precursor atiords the synthetic opportunity to introduce a radiolabeied cyanoethyl
group into a larger molecule.

It is also worth “inentioniug the development of an unusual precursor,
[l*C]cyanogen bromide. Unlike hydrogen cyanide or any of the other nitriles previously
mentione& cyanogen bromide possesses a reversal of polarity, thus offkring the cyano
group as an electrophilic reagent. [1*C]Cyanogen bromide is readily prepared in 95%
radiochemical yields from H[l lC]N using a simple solid-phase on-line procedure that
involves passing the H[l lC]N through a tube containing pyridinium tribromide and
antimony powder. (Westerberg and Liingstr6@

PyridiumTribromide
H1tiN ~

Sb
.

1997)

11
CNBr

This precursor can allow chemists an opportunity to achieve a variety of usefbl fictional
group transformations yielding radiolabelled cyanates, thiocyanates and cyanarnides.
.(Westerberg and Liingstr6Q 1993)

ROH

E

RO1lCN

11 R@H
~~N1l&N]~r”

RSH
CNBr ~ RS!2N

RNH2
RNH*hN

D. Preparation of [llC]-Labeled Methylating Agents

Although some of the earliest syntheses with carbon-11 depended directly on
radiolabeled carbon dioxide and cyanide (J?owlerand WOE, 1986) chemists today tend to
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rely on [*1C]HJ as the precursor of choice for introducing carbon-11 to organic
molecules. (Liingstrdm and Lundqvist, 1976; Fowler and Wolf, 1982) This is with good
reason as there exists today several commercial systems that will automatically process
[*lC]Ozand generate batches of [IIC]HJ for the chemist.

Carbon-1 1 labeled methyl iodide can be prepared by both synthetic and
nonsynthetic a preaches.

F
The most common preparative method depends on the

reduction of [1 C]C)2to [1lC]H30H by LiAl& followed by subsequent iodination using
hydroiodic acid. (JJmgstrdm and Lundqvist, 1976; Marazano et d., 1977; Iwata et al.,
1979)

11 L@ 11
Cq

HI 11
~ CH30H ~ CH31

These steps can be easily carried out in a single-pot reactor. However, some
precautionary measures should be noted. Alter the initial trapping of the [l*CJ02 in the

.,
L-, the solvent, which is typically tetrahydrofiw~ requires removal using vacuum
and heat. Very little loss of carbon-11 is seen during this step, as the activity remains
cmnplexed within the lithium salt. However, the salt must be cooled again prior to
adding the concentrated hydroiodic acid, or dse the exothermicity of the reaction could
result in an explosion. Once added, the mixture is again heated to reflux thus allowing
the [1IC]H31to be distilled off in an inert gas stream. Typically, conversion of [llC]02 to
llCH31 is fast and efficient resulting in greater than 80% yields of the precursor within 5
to 10 minutes. Of course, the biggest issue is how to mahttain some sense of control over
the precursor’s specific activity. This is especially critical when manipulating LiAII& as
it will readily absorb carrier C02 from exposure to air. Special attention must be given to
maintaining an inert environment at all times. Typically, precursor specific activities in
the range of 1 to 3 Ci/pmole are attainable.

Another method that has gained recent popularity relies on a gas-phase synthesis
involving [1lC]E&and 12.(Larsen et al. 1997; Link et al., 1997) The recess can begin

Fwith either [*lC]& that is produced directly within the target, or ~th [~C]OZwhich must
then be reduced to [1lC]E&over nickel at 365”C.

720°C
12 ~ 21”

11
1. + ll~& ~ “CH3 + HI

11
●CI-13 + 12 ~

11
CEIJ + 1* -

The [llC]fi is passed through a quartz tube at 720°C which contains 12vapor. The high
temperature dissociates the iodine molecule to generate iodine atoms that are free to
abstract hydrogen horn an [1*C]EL molecule. The resulting [llC]H3 r~c~, ~ _
attacks another 12molecule yiekling [*1C]H31. The disadvantage of this approach is that
the thermolyds induced radical reaction is not terribly efficient, and so, the gas
containing the reactants must be recirculated several times through the &mace.
Nonetheles~ the synthesized [*~C]HJ can be easily harvested from this recirculated gas
stream using porous pcdymer supports like Porapak N or Porapak Q, and later released
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for subsequent synthesis. Typically, 40% of the carbon-11 is converted to [1lC]HSI with
15 minutes of processing. The yield is more than adequate to produce several hundred
millicuries of[11C]H31 on a per batch basis, with a specific activity of between 6 and 8
Ci/ymole, corrected to end-of-bombardment. Key advantages of this approach are that it
is easily automated, and the precursor’s specific activity typically exceeds that obtained
by the “wet” chemistry method. GE Medical Systems, Inc. (Husbyborg 75229 Upp~
Sweden) resently markets a fidly automated system of this approackF[1C]Methyl iodide can also be prepared by recuil labeling through the proton
irradiation of gaseous targets emnprised of N2 and 10% HI. (Wagner et al,, 1981)
Unfortunately, the precursor yield is only 27% at low irradiation doses, and is dose
sensitive. Attempts to minidze radiolytic destruction of the [1$2]H31using a high flow
of target gas were unsuccessfid in making this target practical for producing kwge
amounts of radioactivity. Interestingly eno@ this approach does possess potential for
producing the highest specific activity of all the methods described. However, the
inherent problems associated with manipulating the corrosive target gas, as well as
dealing with a low yield of radiolabeled precursor that requires rigorous on-line
purificatio~ &r outweigh this advantage,

Two other radiolabeled methylating agents are worth mentioning within the scope
of this section as they represent attempts to create a more reactive precursor thus allowing
chemists to peflorm methylations under milder conditions. Carbon-11 labeied methyl
lithium is one example of this. This precursor can be prepared by an equilibrium reaction
between n-butyl lithium and [*lC]H31.(Reiffers et al., 1979; Reifllers et al., 1980)

11
n- BuLi + 11CH31 ~ CH3Li + BuI

Typically, the interconversion is carried out at low temperature with excess n-butyl
lithium to drive the reaction towards the [1‘C]H31side, while at the same time avoiding
unwanted coupling. Interconversion are nearly complete within 10 minutes yielding

Y
cific activities for the [**C]H3Li that are comparable to that of the starting mater@

[ *C]H31. The downside of this process is that a large amount of n-butyl lithium is
present which ean influence subsequent synthetic steps.

Carbon-l 1 methyl trifhmromethanestionate (methyl tritlate) is another example -
of preparing a more reactive agent that allows chemists an opportunity to carry out
alkylations under milder conditions. (Jewett, 1992)

11 AgOS02CF3 11
CH31 CH@OzCFs

150°c

The process for preparing this usetid precursor begins by passir@*lC]H31through a small
soda-glass column eontainiug silver triflate-impregnated graphitized carbon. The

conversion to [1lC]methyl triflate is fast and efficient at 150-200°C, with the precursor
readily trapped at O°Cat the outlet stream.

Finally, the [llC]-labeled Grignard reagent methyl magnesium iodide should be
mentioned for its versatility in 1,2-carbonyl additions yielding [l*C]-N-tert-butyl group
on a larger molecule, and in the synthesis of [l*C]-sec-alcohols. (Elsinga et al., 1995)
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L1 diethylether, 12
CH31 + Mg ~

o

*lCH3MgI
I

o

A
OHI~

RH+
*lCH3MgI

+
~R CH3

H

R= P~ PhCH2CHz

The process involves reaction of [11C!]H31with magnesium turnings mixed with
iodobenzene in ether. The organic halide is an essential component toward initiating the
Grignard reactiom Typically, conversions in the range of 60% to [llC]methyl magnesium
iodide are obtaimble.

E. Preparation of [llC]Formaldehyde

Like many of the other carbon-11 precursors, [llC]formaldehyde ([llC]HzO) has
its utility for allowing chemists to carry out [**C]-carlmnylation reactions. Many
procedures have been established to produce [11C]H20. The methods previously
described typically require a two-step process involving reduction of target-produced
[llC]OZ to [11C]H30H using lithium aluminum hydride, followed by oxidation of the
[llC]HSOH to [*lC]HzO on metallic converters and catalysts such as silver wool
(Marazano et aL, 1977) or ferric molybdenum oxide. (Chrktman et al., 1972; Straatman
and Welchj 1975)

11 LiA@ 11
C02 .“-------

Fe- Mo Catalyst
CH30H

580°C
w Hl~HO

Two other solution-phase approaches are worth mentioning. The aqueous-phase
oxidation of [1lC]alcohok to [*lC]aldehydes using tetrabutylammonium bichromate can
be success~ but is limited to subsequent chemistry tolerant of the aqueous environment,
(Wdldin and L5ngstro~ 1984) Another recent approach relies on the direct reduction of
[llC]OZ to [11C]H20 using metal hydrides at low temperature. (Nader et al., 1997)
Typically, 58’% yields of [11C]H20 can be attained using lithium ahuninum hydride in
tetrahydroihran at –50°C. The nature of the metal hydride, as well as the solvent
temperature are key to optimizing the reductiom For instance the radiochemical purity of
the precursor drops significantly above -45°C due to large yields of [1*C]H30H produced
in the process.

F. Preparation of [llC]Phosgene

As an acid chloride, [llC]phosgene ([*lC]OC12)opens up many possibilities for
preparation of other usefi,d precursors. The preparation of anhydrous [l*C]urea from
[l*C]OC12is one such example where the [1lC]urea precursor can be subsequently used
to synthesize 2-[llC]thymidine. (Steel$et al., 1993; Steel et al., 1999) Other possibilities
include the synthesis of [*lC]alkyl carbonates from reaction of 1*COCIZwith alcoho~ or
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the synthesis of [1*C]alkyl carbarnates from combined reaction with alcohol and
ammonia.

NH3Liq. ,1 ,NH2
11COC12 ~ 0= c\

“N&

o 0
$ II

~1 ,NH~ CH3 /c CH3
EtO’

O=c,

x
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N-Hz EtO
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H
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2- ‘Deoxy-ibose-l-phosphate
*

Thymidinephosphoqdase

o
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CH3

T

Ho
“No“

w

o

OH

2-~1C]Thymidine

Perhaps one of the oldest methods for preparing[ 11C]OC12involves the ultraviolet
photochemical reaction between [llC]O and Clz. (Brinkman et al., 1978; Chrktman et
al., 1979; Roeda and Weste~ 1981) The conversion is &t and quantitative when
conducted under static conditions using excess Clz gas.

hy 11
llclLl + cl~ ~ COC12

In additiou the [11C]OC12is readily puriiled by passing the ampoule contents over
antimony metal to remove the excess Clz.

Another method that relies on [llC]O involves a catalytic chlorination reaction.
(Roeda et al. 1978) Typically, [llC]O is produced through reduction of [11C]02over hot
zinc, as described earlier in this chapter. The gas eflkent flom this step is simply passed
through a second fbrnace at 280°C containing PtCJ4.

11C02
ZillCasbestos Ptc14

450‘c * *lCO 280°~ ~ 1*COC12
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The conversion of [llC]O-to-[11C]OC12 is usually 60%, and while less tk the
photochemical reactio~ does offer the advantage of a flow system for manipulating the
radioactive substances.

One other approach is worth mentioning because of its ability to produce large
amounts of [1lC]OClz relatively quickly. This method involves a two-step process. First,
[1lC]& is converted to ~lC]C& through reaction with Clz gas at 390”C. The conversion
under flow conditions is typically fmt and in under 10 minutes, providing a 70°4 yield of
[llC]C&. The source of [l*C]E&can either be from the N2 -i-H2 gastarget where Clz gas is
mixed with the target gas during unloading. Another way is to staxt with [1*C]OZ
produced from the N2 + 02 target. The advantage here is that the [11C]02can be easily
trapped during target unloading on molecular sieve/reduced nickel at ambient
temperature, reduced to [1lC]I& and then slowly flowed through the chlorination fi.umace.
Either source of carbon-11 will suflice. The [1lC]C~ produced in the chlorination step is
then mixed in a stream of Oz gas, and passed through a second fbrnace at 300”C
containing iron granules. (Steel et al., 1999)

3900(-J 11
11CH4 + C12

Fe/02
~ 11COC12~ C(X4 -3000”~

The conversion of llCC4 to 11COC12is about 79’% and takes only about 3 minutes to
complete. The 1lCOC12can be easily puriiied online by passing the gas eflluent through
metallic antimony.

G. Preparation of C2 and Larger [llC]Alkyl Iodides

Carbon-11 labeled alkyl iodides such as ethy~ propy~ and butyl iodides are useihl
precursors that enable the chemist the abiIity to extend the size of the side aikyl chain
beyond that of a simple methyl group. (IAngstr6m et al., 1986) This is sometimes
desirable when designing the radiotracer with the radioactive label on ditlkrent positions
of the molecule. One application of this is the radiolabeling of N,N-dipropyl-2-[4-
methoxy-3-(2-phenyletho@phenyl]ethylamine (NE-1OO) in two difiierent positions by
alkylating the N-despropyl precursor with [llC]propyl iodide, and the O-desmethyl
precursor with [llC]methyl iodide. (Ishiwata et al., 1998) Another reason for adding
these alkyl iodides to the arsenal of labeling precursors is that they provide a useftd
springboard for generating precursors with other fimctionalities.

The standard approach for preparing [*lC]alkyl iodides consists of the reaction of
a -d re%ent with [1lC]OZ followed by reduction using lithium aluminum hydride
and finally reaction with aqueous hydroiodic acid. A drawback to this approach is that it
will produce [11C]H31as a by-product. UMortunately, [llC]HSI is more reactive tb ~Y
of the higher-order akyl iodides, and thus poses problems by potentially hindering the
radiolabeling effectiveness of the desired alkyl iodide precursor, as well as in producing
unwanted radiolabeled by-products that necessitate more complex purification schemes.
The former issue is especially noteworthy in view of the fict that larger amounts of
carrier CHSI mass are produced in the process owing to COZ contamination of the lithium
aluminum hydride. Chemists typically address these issues by designing an additional
purification step into the _lc scheme prior to reaction with the labeling substrate.
One approach that. has been extremely success~ owing to the volatility of the alkyl
iodide precursors, is the use of gas chromatography. While this may sound complicated
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in the normal scheme of things, it can be a rather simply solution to the problem and
amenable to automation. (Ishiwata et al., 1999) Radiochemical yields after gas
chromatography were on the order of 27’Yo, 22% and 12°A for [llC]ethyl iodide,
[llC]propyl iodide and [llC]butyl iodide, respectively, with preparation times increasing
proportionally with the size of the alkylating agent from 12 to 19 minutes.

H. Preparation of [llC]Nitroalkaues

The development of [1lC]-labeled nitroalkanes as a class of synthetic precursors
occurred out of necessity to increase flexibility in radiochemistry. (Schoeps et al., 1989;
Schoeps et al., 1991) Nitroalkarms are a versatile class of labeling precursor in the sense
that they can be readily converted into carbon nucleophiles by the addition of base. Their
reactions through nucleophilic substitution and aldehyde condensation are well
documented. (Ivfathieu and Weill-Ray@ 1973) Once react~ the nitm group can be
easily converted to other fimctionalities such as a carbonyl group (FM’s reaction) or
reduced to an amine.

J oH-

R k

‘bHO

H~OH

1!

ll~H2NH2

HCOH

The synthetic importance of this class of labeling precursor has been demonstrated using
[’lC]nitromethane in the syrrthesis of [1’C]phenethylamine (Schoeps and HaJldu 1992)

‘ and [llC]dopamine (Schoep~Aet -al., 1993) via condensation with the appropriate
aldehydes to yield the correspond~ [1lC@itrostyrenes.

o-—1*CH3NOZ +
u

1)NaOH —

\ / cHO r \ / cHdkH–N02

G
— oL- —

\/
cH2kH—No2 —*

\/
cH#*cH2-NH2

More recently, the utility of this class of precursor was extended by developing a
slrategy where the [1lC] ~-nitrophenethyl alcohols could be obtained in preference to the
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styrene product through condensation of [1lC]nitromethane with various substituted
benmldehydes using tetrabutylammonium fiuoride (TBA.F) as a catalyst, This strategy
can then allow for the preparation of [I‘C]-labeled phenylethnnolamines such as
norphenylephrine and norepinephrine. (Nagren et al., 1994)

llCH3NOz -P-
—

TBAF,THF

‘H\/ cHO~
HO

-9
—

H \ / YH2cH–N02
OH

HO’

1

hey Ni
FormicAcid

o

—

H \ / YHJcH’–m2
OH

HO

Nitroallmnes labeled with carbon-11 can be easily prepared by reacting the
appropriate [1lC]alkyl iodide with silver nitrite at 80°C.

This approach is amenable to on-line processing where the purified [llC]a.l.kyliodide is
flowed in a nitrogen or helium stream through a 3 mm id x 4 cm length soda glass
column packed with 0.4 g of silver nitrite at 20-30 mL/min. (Schoeps et al., 1989)
Radiochemical yields (based on 11C02) of 55Y0, 30V0 and 40% are typical for preparing
[~*C]nitromethane, [llC]nitroethane and [llC]nitropropane, respectively.

I. Preparation of [l%!]Alkylthiols

In yet another class of precursor that includes the [l*C]alkylthiols, the chemist has
the abtity to carry out S-alkjlation reactions. One area where these precursors have been
usefi.d is in the enzymatic synthesis of 2-amino-4-([1‘C]methylthio)butyric acid

([~lqmeti~) and its derivatives using immobilized y-cyano-wuninobutyric acid
-. [ C]Mettionine is widely used for clinical PET studies on amino acid
metabolism in tumors (Strauss and Cont~ 1991; Koh et aL, 1994; Leskinen et aL, 1997)
as welI as in the &aim (@@any, 1983; O’Tauma et al., 1991; Salmon et al., 1996)

Synthetically, the [llC]alkylthiols derive fi’om a pure source of [llC]alkyl iodides.
(Suehiro et al., 1995; Kaneko et al., 1999) A number of synthetic methodologies have
been tested including the use of heated reaction tubes. By fhr, the best procedure
involves trapping the”purified alkyl iodides in a 0.2 rnL solution of DMF containhg 2 mg
of NaSH. The contents are then heated to 120°C, and the [llC]alkylthiols are
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immediately transfened under a nitrogen or helium gas stream to a second vessel where
they can react. TypicalIy, this approach will produce radiochemical yields of 91Y0, 92%
and 98’% for [1lC]methanethio~ [1lC]ethanethiol and [1lC]propanethioi respectively.
Interestingly enou~ reaction efficiencies are extremely sensitive to the level of 02
dissolved in the DMF solvent. Yields decrease when too little or too much Oz is present.
The exact reason for this behavior is not clear. However, peak pefiormance for preparing
these precursors appears to occur when the NaSH is dissolved in the DMF at room
temperature approximately 30 to 40 minutes prior to use.

J. Preparation of [llC]Urea

Over the years, [1lC]urea has received considerable attention owing to its use in
synthesizing 2-[1?2]-thyrnidine, a radiotracer that has been investigated for in vivo
monitoring of cell prolitlerationin tumors using PET. (Van der Borght et al., 1991; Labar
and Van der Borght, 1991) The development of a tracer to monitor DNA synthesis has flu
reaching applications for the investigation of both tumor growth and response to anti-
prolifieration therapies, although the use of 2-[llC]-thyrnidine is limited by the presence
of labeled metabolizes. (Van der Borght et al., 1990; Shiekis etal., 1990; Shields, 1993)

Two methodologies for preparing usable quantities of [llC]urea are available.
These approaches are depicted below.

KMno~~ollcN WQ2so’1llq + NH3 Iw:oc- H1lCN ~
aq.KOH

>

EtOH
*1,NH2

o= c\

390“c Fe/Oz 11 NH2
1lC~ + C12 ~ 1*CC4 3000~ * COC12

NHgLiq.

The first approach utilizes H[llC]N. (&man et al., 1985; Link et al., 1995) Several
schemes have already been discussed for the preparation of H[l *C]N. The formation of
urea from this precursor begins by converting it to [1lC]NH&N. This is accomplished by
collecting the H[llC]N in 0.2 mL of KMn04 (0.032 M) containing 0.05 mL KOH (2M).
The l@IV/MnO~ mixture is heated to 100°C after which 0.2 mL ~)SOd (0.75 M) and
0.1 mL ethanol are added. The mixture is again heated to 170&C for 3 minutes.
Separation of insoluble Mn02 from the reaction mixture is accomplished by filtering
through a disposable column possessing a 0.45 ym filter. The alcoholic urea mixture
must then be dried prior to further reaction. Radiochemical yields are typically greater
than 3570.

A second approach to preparing anhydrous [1lC]urea utilizes [1lC]phosgene.
(Steel et al,, 1993) Like H[llC]N, there are several methods to preparing the starting
precursor, [1lC]phosgene, all of which have been discussed earlier. The [llC]phosgene, as
it is produced on-line, is mixed with a stream of oxygen at 10 rnL/rnin and passed
through a vessel containing 300 pL of liquid ammonia maintained at -33°C. After about
5 minutes, the vessel is warmed to remove the ammonia thus allowing the [llC]urea to be
taken up in a suitable anhydrous solvent. Total radiochernical yield by this approach is
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about 30%. This approach does offer a slight advantage in that it appears easier to
automate. (Steel et al, 1999)

K. Preparation of [llC]Acetone

Carbon-11 labeled acetone is a usefid precursor in the synthesis of radiolabeled
compounds containing isopropyl (Berridge et aL, 1992; Rubottoin and u 1983) or
acetonide fimctions. (Berridge et al., 1994) Most recently, [1lC]procaterol, a ~2-
adrenoeeptor agonist, has been rtdolabeled for PET using this precuror, (Wsser et al.,
2000)

The general approach to preparing [llC]aeetone is through reaction of [llC]OZ
with methyl lithium (Berger et aL, 1980) Typically, the organolithium reagent is present
in large excess relative to the no-carrier-added concentrations of [11C]02. This aspect has
a downside in that large amounts of [llC]tert-butanol are also produced at the expense of
[llC]acetone.

However, a slight modification to this methodology includes introducing diphenylamirw
to selectively quench the excess organolitl@m reagent prior to hydrolys~ of the acetone
diolate intermediate. (Studenov et al., 1999) This modification allows for 100!40
radiochemieal yields of [llC]acetone to be produced.

L. Preparation of [llC]-Labeled Phosphoniurn Salts used as Wittig Reagents

The Wittig reaction is typically used for extending carbon chains with one or
more carbon atoms by eonvertiug aldehydes and ketones into alkenes, (Maryanoff and
Rei@ 1989) This reaction has been applied to the carbon-11 radiolabelling of several
terminal and branch-chained alkenes (Kihlberg et al., 1990; Grierson et al., 1993), and
more recently improved upon by utilizing polymer-bound reagents.(Ogrtm et al., 1995)

;!!:% ;E;+: q
.

R
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In typical reactions, [1@jH31 is trapped at ambient Imnperat-ure in a solvent
solution of 10% tetrahydrofb.ran and o-dichlorobenzmw containing 3 pmol of the
polymer-bound triphenylphosphine. Polystyrene cross-linked with 2% divinylbenzene
works well as the polymer support. After trapping, the mixture is heated to 160°C for 3
minutes to allow the radiolabeled phosphonium salt to form Once coole~ 020 mrnol of
the appropriate aldehyde in o-dichlorobenzene solvent is added and the reaction is again
heated for 3 minutes @ 160°C. Radiochernical yields ranging fiorn 29-65% are typical
depending on the nature of the aldehyde substrate.

III. Preemsors Labeled with E1uorine-18

A. Nuclear Reactions for Producing Fluorine-18

Unlike carbon-11, iluorine-18 possesses a much lower positron energy (a
maximum range of 2.4 mm) thus making it a very attractive radioisotope for localization
measurements requiring high-resolution PET. An additional advantage is that it
possesses a significantly ionger half-life (110 rnin) than carbon-l 1 thus afliording the
radiochwnist additional time to pertiorm more complex synthetic manipulations. Over the
years a number of nuclear reactions have been explored for their efficacy in generating
synthetically usefld q~tities of fluorine-18. Table 3 lists these reactions aIong with
pertinent nuclear datz

In the early days, fluorine-18 was a reactor produced radioisotope requiring a
rather complicated two-step process involving W neutron bombardment of a solid
lithium-6 target to generate the requisite titons to drive the lGO(t,n)18Freactiom Issues
regarding tritium contamination within the beam-line as well as within the target never
made this a practical approach Today, cyclotron production is clearly the method of
choice owing to the ~er simplicity of the target designs, as well as the over-alI higher
yields of the radioisotope. The most commonly used nuclear reactions to produce
fluorine-18 include the ~80@,n)18F and 2!Ne(d,cx)18F reactions with the proton
bombardment on enriched oxygen-18 providrng significantly higher yields and improved
precursor specific activity. (Ruth and WOK 1979) One’s decision in selecting a
particular method over another for production is contingent on several fkctors including:
(i) whether the available cyclotron is capable of rm.dtiple particles; (ii) whether it is
desirable for the fluorine-1 8 sourck to be aqueous or anhydrouq (iii) whether the
radiolabeled precursor needs to be nuckxqhilic or electrophilic; and (iv) whether that
precursor needs to possess a high specific activity. As a general rule to follow, proton
irradi&ion of enriched water will yield an aqueous source of [18F]fluoride for
nucleophilic dwplacements while deuteron irradiation of neon will yield an anhydrous
source of electmphilic fluorine-l 8 typically as elemental fluorine. However, as one reads
on it will become apparent that many of these selection criteria are not as critical today as
they were in the past. Now it is possible to render an aqueous source of [18F_@wide
anhydrous as well as interconvert the,nucleophilic fluoride rnto electrophilic reagents.
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B. E1ectrophilic Fluorination Reagents Labeled with Fluorine-18

Electrophi.li creagentscreate achemical environment inwhich the fluorine atom
is highly polarized with a positive charge. In this way, it is possible to fluorinate a variety
of electron-rich substrates including dkenes, aromatic compounds and carbanions with
fluorine-18. Over the years several reviews on the subject of electrophilic flumimtion
have been writte~ The reader is encouraged to seek out these works for greater detad on
the subject. (Kilbo~ 1990; Rozeu 1988; Wilkinso~ 1992; Berridge, 1986) Without a
doubt, eleetrophilic fluorination reactions are fmt and efficient making them highly
desirable synthetic pathways to achieve radiopharmaceuticals labeled with fluorine-18.
The only downside seen is that most fluorine-l 8 labeled electrophilic reagents derive
from [18FJF2which stiers from low speeific activity.

i. Preparation of Fluorine-l/l Labeled Elemental Fluoritie:
Tk simplest reagent in this class of pmeursors is [~8FJF2.It typically is produced

through the deuteron bombardment of a high-pressure neon gas target containing 0.1 to
2% of carrier F2. (Casella et al,, 1980) The method, however, suflers in specific activity
due to the carrier addition with practical limits around 12 Cihnmole. (Blessing et al.,
1986) Two variations on this approach involve proton irradiations of 180-enriched 02
gas targets. Both methods rely cm the tit that fluorine-18 will remain trapped on the
target walls when there is no carrier present during the irradiation to chemically scrub the
isotope. In the first approach a mixture comprised of hydrogen and helium gases is
swept through the target after bombardment while the target is heated to 600°C. The
fluorine-18 is reeovered as H[18F], and later converted to [*6FJFzthrough microwave
discharge using a mixture of 5% carrier F2 in helium (Stmatman et al., 1982) The rigors
of heating a target to such high tem~rature eventually take their toll on pressure seals
and internal surfices.

A seeond more practical variation on this concept involves the same target
irradiations as described in the first with the exception that a small amount of carrier Fz is
added to the target, and it is briefly re-irradiated. This mani ulation allows for relatively

F’efficient exchange of the fluorine+l8 producing a source of [ 8F]F2.(Nickels et al., 1984;
Soh and Berm 1986)

A more recent approach for generating higher specific activity [18F]Fz(1.5
Ci/~ol) involves a two-step process beginning with [18Flfluoride produced from the
180@,n)18F reaction on 180-enriched water. (Berm 1997) The aqueous fluoride
solutio~ as K18F, is mixed with kryptofix and acetonitrile followed by heating to dryness.
A small amount of methyl iodide in acetonitrile solvent is then added to the dry residue to
yield CH3[18F] within 1 minute, The CH3[18F]is flushed with neon gas into a quartz
discharge chamber containing 150 ninole of carrier F2 where the mixture is discharged at
20-30 keV, 280 ,@ for 10 seconds resulting in about 30% conversion of the original
[’sF]fluoride to [ F]Fz.

ii. Preparation of Fluoritie-18 Labeled Tr&h.zoromethylH~ojkorite:
Over the years, several other electrophilic [18F]fluorinating agents have been

successfidly preptied and applied in the laboratory. [18FlTrifluoromethyl hypofluorite,
CF30[18F], was the first in a line of a subclass of “milder” electropbilic fluoridating
agents that offered more regioseleetive control with less degradation to substrate.
(Neirinckx et al., 1978) The process of production involves eesiurn fluoride mediated
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reaction between F2 and carbonyl fluoride. The reaction is conducted within an F2-
passivated nickel irradmtion target, Without carrier present, the target walls will retain
all of the fluorine-18 radioactivity upon removal of the irradiation gas. The target is then
used as a reaction vessel rnto which cesi~ fluoride, F2 and carbonyl fluoride are
introduced. Optimal results are obtained within 15 minutes of reaction at 110”C
producing a 33% yield of CFsO[18F].

. . .
111. Preparation o~Fluorine-18 LabeledAcetyl H~$horite:

The preparation of this important precursor has been re-exarnined over the years
for a couple of reasons. Compared to []8F]F2,it is milder as a fluorinatiug agent. Perhaps
more importantly, it possesses a much ter volubility over a wider range of reaction

Tsolvents. In the original methodology, [1F]F2produced &om a neon gas target is slowly
emptied into a glass reaction vessel containing a solution of aqueous ammonium
hydroxide in glacial acetic acid. (Shiue et al., 1982)

~8F]Fz + CH3CO@IH4 ‘Ctic ‘Cid * CH3COZ18F + NI&i8F

Reaction is almost immediate yielding 40% CH3C02[18F]although ths process of
emptying the pressurized tar et in a controlled manner is a limiting fhctor. Most likely,

%any method for generating [1F]Fzwill suflice for this reaction although deuteron
irradiation on neon/F2 mixtures would seem the course to take. Preparation of this
precursor was greatly simplified and made more reliable by the development of a gas-
solid phase reaction. (Jewett et al., 1984; Chirakal et al., 1988)

~8F]Fz -I- AcOH*ACOK ~ CH3CO;8F + ~8F]HF*Ac0K

The method involves passing [18F]FZthrough a column containing a complex of alkali
metal acetate with acetic acid. The fluorine-111reacts, and is retained on the column as
CfiC0218F, which can be removed in an aqueous rinse.

iv. Preparation of Fluorine-18 Labeled Perchloryl Fluoride:
Perchlorofluoride, FC103, as an electrophilic reagent wilI react with

unfimctionaiized aryllithium compounds, such as phenyl lithi~ to produce modest
yields of the respective aryl fluorides. (Muchowski and Venuti, 1980) Even so, its
general utility as a lIuorine-18 labeling agent has never really been iidly exploited.
Examples where it has been successfidly used include the syntheses of [18F]-labeled2-
fluoroaniline, 2-fluoroanisole, and 3-fluoroveratrole m modest yields. (Fhrenkmdier et al.,
1983a)
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producing [18F]Ci03 involves passing [18F]F2through a column
containing KC103 maintained at 90°C.

[18F]FZ + KC103
900C 18

~ FC103 + K18F

Rapid on-line purification of the precursor is achieved by passing the effluent horn the
reaction column through a series of two soiid-phase scrubbers containing granular NaOH
and Na@@s. These scrubbers must be large enough to effectively remove any unreacted
F2 and chlorinated oxides that may form in the KC103 reaction. Although the reaction is
quantitative, only half the radioactivity ends up as [18F]C103 with the remainder
consumed as K[l*F].

v. Preparation of Fluwine-18 LabeledXenon D&luoride:
Like the preceding precursors, [18F]xenonditluoride, [18F]XeFz,has received only

limited attention where its efficacy for synthesizii [18F]-2-fluoro-2-deoxy-D-glucose
and L-[18F]6-fluorodopa has been demonstrated. (Sood et al., 1983; Firnau et al., 1980)
The precursor can be prepared through a couple of approaches. The most common
involves the thermal reaction between [18F]F2and xenon gas in a sealed nickel vessel
maintainedat 390”C.

f8F]Fz ~ Xe ?=* ~8F]XeFz

The reaction typically takes 40 minutes to achieve a 70% yield. However, due to
radioactive decay d&ing this reaction tiine a specific activity of only about 450
mCihmnol is achievable. (Chirakal et al., 1984) A second method involves isotopic
exchange between H[18F], or some similarly suitable Bronsted or Lewis acid such as
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[181?]SiF4or [131?lASF5,and XeFz. The reaction involves treating sulfhryl chloride
solutions of XeF2 with the radiolabeled acid in fluorinated ethylene propylene vessels.
(Schrobilgen et al., 1981) Yields are typically low (<30%) and erratic, and precursor
specific activity is low. A simpler approach involves [18F]fluorideicm exhange reaction
with XeFz that is catalyzed by the Cs+-Kryptofix 2.2.2. complex. (Constantinou et al,,
2001) The complex acts to ionize the XeF2 when the reaction is periiornwd in chlorinated
solvents such as methylene chloride or chloroform. The catalyzed exchange reaction is
much more efficient producing on average 60% yields of [18F]XeF2from 50 minutes of
reaction at room temperature, but doesn’t provide any advantage in specific activity as
approximately 50 mg of XeFz is needed in the exhange.

‘8F- + XeF2
Cs+– Krypotofm22’2

* /%]XeFz + “F”
CH2C122@C

vi Preparation of Fhorine-18 Labeled N.Fhoro~idhium Trlj7ate:
N-Fluoropyridtium salts have also been investigated as potential fluorine-18

radiolabeling agents. (Oberdotier et al., 1988a) [18F]-N-Fluoropyridiniumtriflate was the
first, and only, of a potential series of analogous %fluoro-compou.nds that was tested. It
can be readily prepared by direct reaction between [lgF]Fz and N-
trimethylsilylpyridinium triflate in acetonitrile solvent at -42°C yielding 46% of the
radiolabeled precursor with specific activity of 167 mCi/mol.

0 CH&N
+ + [18F]FZ .—>

o

18

+
+ FSi(CH3)3

N ‘OSOZCF3
-42° C

I N - OSOZCF3
Si(CH& 18 I

F

The precursor exhib~ high efliciertcy for reactrng with Grignard compound% related
carbanions, and enolates yielding the corresponding [*gF]-labeledproducts in high yields.
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N _OSOzCF3

MgCl

O*

18

0
F

TED?
o
0

(62%)

cI%(cH&h@cl

ether
* CHS(CH2)~8F

(78%)

l!2L_0 ocn3
CH@2 Q/18

OCHq
F

(67%)

vii. Preparation ofFluorine-18 Labeled I-Fluoro-2-~idone:
l-[l*F]Fluoro-2-pyridone as an electrophilk fluoridating agent also exhibits

excellent qualities in terms of its chemical reactivity to undergo efficient I*F-for-metal
exchange with or anometallic compounds. (Cherdor&r et al., 1988b) For exam le,

f P
reaction of 1-[1F]fluoro-2-pyridone with methyl lithium VW yield CH3[ *F]
quantitatively.

~

~8F]F,

CI?C13 “a
1’ + 18FSi(CH3)3

N OSi(CH3)3 No

c11’ + CH3Li

NO
18 I

F

ether
* CH~8F +

a N O-Li+

Carrier added l-[18F]fluoro-2-pyridone can easily be prepared in yields of 40-49%
(out of a maximumpossible yield of 50%) by bubbling [18F]FZthrough a solution of 2-
(trimethylsiioxy)pyridine in CFCIS, at low temperature. Typicall , the process takes

?’
about 1 hour which includes the time to irradiate and deliver [1F]Fz to the reaction
vmseL The pure precursor is obtained by subliming the crude reaction residue for 30
minutes.

viii. Preparation of Fluorine-18 Labeled N-Fluoro-N-Alkylsulfonamides:
The

agents that
alkylsulfonamides represents yet another Iini of-child” radiofluorinating
were developed to regiospwiiically react with a variety of carbanions and
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organometdlic compounds. [Satyamurthy et al., 1990a) As with the preceding
precursors, the stionamides are readily labeled with fluorine-18 by bubbling [*8F]Fz
through a solution of the appropriate sdfonarnide in Freon at -78”C. Reaction is almost
immediate, and the solvent easily removed through evaporation at room temperature.
The reaction residue can be taken up in some suitable solvent like ether for subsequent
reaction. Typically, 45V0 radiochmnical yields of the radiolabeled stionarnide can be
obtained, with subsequent reaction carried out in the same vessel in which the precursor
was prepared.

r--K

M=Li, MgBr

On testing reactivity of various stionatnides, endonorbornyl-p-tolylstionamide
exhibited the highest level toward exchange yield~ [18F]fluorobenzene in roughly 60°/0
yield.

C. Nucleophilic Fluorinatiug Agents Labeled with F1uorine-18

i. Preparation of Fluorine-18 Labeled Fluoride Ion:
Today, radiofluorinations based on nucleophilic processes rely ahnost exclusively

on no-carrier-added [lsl?lfluoride as the labeling precursor. For years, a number of
problems which greatly aflkcted [18F’lfluoridereactivity had to be solved in order for
radiochemists to successfidly move ahead with this precursor. Several papers discuss
these issues. (IWOW 1990; Bmdack et al., 1986; Gatley et al, 1986; Gatley and
Wn@nessy, 1981; Kilbourn et al., 1986; Coenem 1989)

One key issue is how to render the [18F]fluoridein a suitable solvent that is devoid
of an excess of water. Since the method of choice for producing no-carrier-added
fluorine-1 8 is the 180@,n)18Freaction on IsO-enriched water targets, it is necessary that
the fluoride and aqueous media be separated prior to subsequent chemistry. h is worth
mentiming that a cryogenic target design relying on a frozen state of IsO-enriched carbon
dioxide during irradiation generates reasonable yields of fluorine-lil, and provides an
easy way to separate the target material &om the radioisotope after bombardment.
(Firouzbakht, et aL, 1999b) Essentially, the target material is thawed and the enriched gas
recovered leaving the fluorine- 18 deposited on the walls. However, even m this instance,
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the [18F]fluoridewas recovered through basic aqueous rinses of the target bringing us
back to the same issue of anhydrous fluoride.

Typically, most nucleophilk radiofluorinations will tolerate trace levels of water
in the reaction medium so it is not essent~ and probably next to impossible to render the
[18F]fluorideentirely anhydrous. Simple distillation of the aqueous phase can lead to two
problems. On the one hand, recovery of the enriched water while maintaining isotopic

Pm ITMYnot be effective. More importantly, distillation can lead to a concentration of
anionic and cationic contaminants horn the target materials that can inhence reactivity
of the [18F]fluoride. (Nickles et at., 1986) Cations, especially A13+and Ca2+, will
probably impiige on reactivity the most.

A number of procedures have been described for isolating [18F]fluorideand target
water that render it in suitable reaction medm Typically, the target water is processed
through an ion exchange resin that provides a means not only to recover the target water,
but also a way to remove some of the target water ion contaminants that can impact on
reactivity. One way involves using Dowex AG1-X8 anion exchange resin. (Schlyer et
al., 1987; Jewett et al., 1988; Schlyer et al., 1990) Iriterestingly enou~ this resin seems
to have a high affinhy for metal cations, as well. Extensions of this approach have also
been described. One includes using Quarternary ammonium resins for isolation of the
[l%]fluoride from the target water, as well as for creating a reactive nucleophilic media
for subsequent chemistry. (lM.dholland et al., 1988; Mulholland et al., 1989)
Additionally, a supported aminopolyether can be used to a similar extent as the
Quarternary ammonium resin with perhaps some enhancement of fluoride reactivity.
-her et al., 1990) Ftilly, [18F]fluoridecan be extracted from target water using a
potassium ion/cryptand complex immobilized on a stationary support. (Jewett et al.,
1988) Two other approaches are worth mentioning because they don’t rely on a trapping
agent to achieve separation of the radioisotope and target water, One method utilizes
electrochemical deposition as a means to achieve reasonable extraction efficiency of
[*8F]fluoridefrom target water. (Alexoff et al,, 1989) By controlling the polarity on an
a plied potential across an electrochemical ce~ it is Possl%le to selectively deposit
P[ 8F]fluoride on the cell’s walls and later remove it with reasonable efficiency.

Utiortunately, the technique has not found wide-spread acceptance. The other method
rnvolves chemically converting the [18F]tluorideinto gaseous [i8F]iluorotrknethylsilane
to achieve separation The gas can be trapped in near anhydrous acetonitrile and
hydrolyzed back to fluoride using a small amount of base. (Gatley, 1989)

Another key issue is how to maintain [18F]fioride volubility. Whhout a doubt
this is the most important requirement for successfld nucleophilic rdlofluorinations. A
counterion is usually required that possesses sticient solubiity within the reaction
media to maintain fluoride solub~, as well. Typically, [18F]fluorideis extracted from
the anion exchange resin using a dilute alkali metal carbonate solutiom Typically,
potassium carbonate is preferred. However, the K+counterion possesses limited solubb
in some reaction solvents. Larger alkali metals such as cesium or rubidhun do offer some
enhancement to fluoride volubility although they are still limited in some respects. Even
so, these salts have been successfidly used in a number of radiofluorinations. (Shiue et
al., 1985; Shiue et al,, 1986% $hiue et al., 1986b)

A number of alternate methodologies have been investigated to provide
enhancement to volubility, as well as to reactivity. Some of these involve adding
completing agents to enhance cation volubility, while others explore difEerent cations
altogether. For example, addition of 18-crown-6 ether will greatly improve [18F]fluoride
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reactivity in certain instances such as radlofluorinating progesterone. (Irie et al., 1982;
Irie et az., 1984) Use of aminopolyether Kryptofix 2.2.2. as a cornplexing agent will also
improve K+ volubility, and greatly enhance nucleophilic radiofluorinations with
[18F]fluoride on both aliphatic and aromatic substrates. Examples of successfi.d
radiofluorinations include the preparation of [18F]-2-deoxy-D-rnannose, [18F]-2-deoxy-D-
glucose, [18F]-N-methylspiperone, [t8F]-spiperone, as well as [18F]-aliphaticcarboxylic
acids. (Block et al., 1986; Coenem et al., 19864 Hamacher et al., 1986% Hamacher et
al., 1986b, Hamacher et al., 1986c) A good choice for alternate cations includes the
tetraall@mmonium salts, I@ &methy~ ethyl or butyl). These salts are extremely
proficient at promoting nucleoph.ilic radiofluorinations without the need for additional
cornplexing agents. They also offer greater utility in terms of their ability to remain
solubilize in a variety of solvent classes. (Kiesewetter et al., 1986)

ii. Preparation ofFi?uorine-18Labeled Hydrogen Fluoride:
Fluorine-18 labeled hydrogen fluoride, H[18F], can be used in nucleophilic

radiofluorinations of aromatic compounds by the Schiemann or triazene decomposition
reactions akhough the former requires the presence of carrier, and neither reaction is
terribly efficient. (De lUei~ 1977; Ng et al., 1981; Barrio et al., 1983; Berridge et al.,
1985; Satyamurthy et al., 1990b)

Shortly after the development of the neon gas target for [18F’JF2production using
the 2!Ne(@x)18F nuclear reactio~ researchers quickly realized that in the absence of my
reactive scavenging gw, the fluorine-18 remains trapped to the inside walls of the target.
This phenomenon can be exploited as a way to prepare large quantities of presumably
anhydrous H[18F] for nucleophilic radiofluorinations. This process, however, involves
heating the target after irradiation up to 1000”C while flushing hydrogen gas through it.
(Wincheu 1976) The hydrogen gas reacts with the surfhce bound fluorine-18, and
allows it to be harvested as H[18F]. A similar strategy can be applied to irradiations of
oxygen-18 enriched 02 gas. Untiortunately, the rigors of heating a metal target to such
extreme temperatures will eventually take their toll on target surfiwe morphology, as well
as on target hardware, A more practical approach involves the addition of hydrogen gas
to the target during the irradiation, Non-heated recirculating gas targets work, but only
generate modest amounts of H[18F](20-30 nWi), (Tewson and Welch 1980; Levy et al.,
1982) By comb- the features of heating the target during the irra~lon along with
addhxg hydrogen gas to the neon will produce much larger amounts of H[18F]. (Blessing
et al., 1986; Clark and Buekin@anL 1982; Ehrenkatier et al, 1983& Kilbourn et d.,

1982) The advantage here is that the target doesn’t have to be heated to such extreme
temperatures as in the post-irradution treatment described above. Even so, this approach
is not terribly dependable for consistent recovery of no-carrier-added H[18F]. Improved
reliab@ can be achiev~ at the cost of specific activity, through the addfiion of smalI
amounts of wrier HF. Even so, controlling the amount of carrier introduced is not
trivial. Anhydrous HF gas is highly corrosive requiring suitable valves and plumbmg to
tiely manipulate small amounts of the material. A variation on this strategy USOS
mixtures of CFAand Hz in neon. Small but adequate amouts of c~er ~ me generated
in situ presumably through radiolysis. (Ferrieri et aL, 1982)
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D. Preparation of Fluorine.18 Labeled Alkylating Agents

Direct nucleophilic substitution with no-carrier-added [18F]lIuoride is ofien
diflicult and sometimes even impossible to carry out iucertain complex molecules. A
classic example is the aryl radiofluorination of phenolic compounds. Due to the acidity
of the phenolic hydrogen, abstraction of hydrogen by fluoride will dominate over
substitution. Researchers quickly realized that there was a need to expand the arsenal of
radiofluorinating agents beyond the scope of the simple electrophilic precursors, and
“naked” fluoride. An alternate labeling strategy evolved for introducing fluorine-18 onto
larger molecules by first attaching the radioisotope to a prosthetic group. One of the first
areas to be developed involved the preparation and application of bifimctional
[18F]fluoroalkanes. The intent here was to replace radiopharmaceuticals labeled with
[llC]alkyl iodides with near equivalent compounds labeled with longer-lived fluorine-18.

(CH&#!F + R-Z-H ~ R-Z-CH~8F + XH

Z=tictional groupscontainingN, C),S orC
n= 1-3

X=1, 13r,I

No-carrier-added CHzBr[18F] was the first to be prepared in this class of
precursor. (C!oenen et al., 1986b) It can be readily prepared by exchange of 18F-for-Br
through nucleophilic substitution of [18F]fluoridewith CH2Br2. Typically, the reaction is
carried out in anhydrous acetonitrile at 115°C, and the volatile radolabeled product -
collected cryogenically using liquid nitrogew The trick to getting an efficient reaction
here is to render the fluorine-18 in a reactive form. As described earlier, this is readily
accomplished by add% potassium carbonate and aminopolyether Kryptofix 2.2.2. as a
completing agent to the aqueous phase containing the fluorine-18. Yields of 62V0 can be
attained in this fhshion.

More recently [lsl?jfluoromethyl iodide, CH21[*8F],was prepared using much the
same strategy as descriid above where reactive [18i?Jfluoride is mixed with
diiodomethane. (Zheng and 13mridge, 2000) Although yields are not as high (40Y0 m 15
minutes time) as the bromide fo~ an advantage here is that cryogenic trapping of the
precursor does not have to be as rigorous. A dry ice bath at –20”C will periiorm nicely.
A number of applications for labeling with CH@*F] have also been tested and it seems
that the iodo form is slightly more reactive toward SN2 reactions.

.
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This class of precursor was quickly expanded to include [18F]fluoroalkaneswith
larger carbon side-chains, Eiowever, the size of the alkyl side-cha@ as well as the nature
of the leaving group, can strongly influence the nucleophilic substitution yield where
higher yields are usually obtained for larger side-chains, and for a sequence of leaving
groups Br < mesyl < tosyl.(Block et al,, 1987) The choice of starting material for larger
side-chains is somewhat independent of the leaving sulistituent, and can be made on the
basis of commercial availab~. It should be noted, however, that symmetrical
bistosyloxyalkams offer a greater advantage with respect to the stab~ of the educts and
the fluorirutted products when compared to the respective halides. Even so, the number
of sucoessfid ap lications of N+dkylation of neurotransmitter receptor active amides and

?mines using [1F]fluorwdkyl halides suggests that these precursors can work equally
well in many circumstances. (Shiue et al., 1987) Examples below illustrate that
radiolabeling of N-(3 -[18F]fluoropropyl)lorazepam and N-(2-[lgF]fluoroethyl) and N-(2-
[igl?lfluoroproyl) spiroperidols by this approach can be accomplished with very good
yields.

.. . .- ..*

..-.

---- . -.. .@

-.’-
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(CH2)S18FH

@

cl

(60%)

I(CH2):8F + F*!(cH2,3.N~J’H

I
(n=2~3)

. (!)o

(50%)

.

Successfid radiofluorination of H-acidic compounds can also be carried out usiug
[18F]fluoroalkylating agents. (Block et al., 1988a) As mentioned earlier, compounds in

this class, such as the pheno~ can not be radioflumiuated with “naked” fluoride.
However, it is possibIe to accomplish this task in high yields using suitable
[18F]fluoroaUcylatingagents. In this instance, the best no-carrier-added labeling yields
are obtained using tosylates as leaving groups.

18

Q

aminopolyether
FcH~cH20Tos + OH ~

222Kryptofix/K+ (3-0CH2CH;8F

(j(j%)
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The trifluoromethylstionates (triflates) are also good leaving groups for inducing
efficient nucleophilic exchange with [lsF]fluoride to yield the respective [18F]alkyl@ng
agent. Both 3-bromopropyl-l -triflate and 3-iodopropyl-l -triflate can be used as starting
materials for pre aring usefi.d amounts of the labeling precursors, 3-[18F]fluoropropyl

rbromide and 3-[1 F]fluoropropyl iodide. Their usefidness in radiofluorinations has been
demonstrated in the labeling of several diprenorphine derivatives, (Chesis and Welck
1990) of certain dopamine D-1 and benzodiazepine receptor radiol.igands, (Teng et al.,
1990) as well as in the labeling of certain derivatives of spiperone. (Oh et al., 1999)

E. Preparation of Flumine-ltl Labeled Acylating Agents

Developments in radiolabeled peptides and antibody flagments possessing
relatively & in vivo kinetics for receptor and immunoimaging quickly lead to a need for
ways to radiofluorinate large biologically active molecules at no-carrier-added levels.
While radiofluorination of peptides by electrophiiic fluorination has been shown to
proceed with reasonable efficiency, the process requires carrier fluorine which is not
tolerable m many instances, (Hebel et al., 1990) Chemists turned their attention to
developing a new class of labeling precursor based on no-carrier-added
[18F]fluoroacylatingagents. Agents in this class include [18F]fluorocarboxylicacids, their
esters and the acid halides.

In the early stages of development, fiuoroacylation with no-carrier-added 2-
[181?]fluoropropionicacid methylester was successfully applied to primary alcohols and
amines. (Block et al., 1988b)

H3C–&–-COOCH3 ~

b’ H3c;8f+~(cH2)@t3
H+

F

This synthetic scheme can be optimized for reactions with amines by incorporating an
additional step to convert the ester to its free acid form using base mixed with
dicyclohexylc&ldiknide. “

<

k.

.,

IiI y
OH- dicyclohexyl carbodimide

H3CT87—COOCH3 ~ H3CT8~—COO– ~
It#rq

F F
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The preparation of 2-[18F]fluoropropionic acid methylester is similar to what has
akeady been described for the [18F]fluoroalkylating agents. Activation by the
arninopolyether 2.2.2./KzCOs complex is used for the nucleophilic fluorine-1 8 exchange
in a-substituted acid esters. Increasing yields for formation of the precursor are found
with the sequence of leaving groups: I<<Cl~os<Br.

Unfortu.uately, there are lhnitations to this approach to ra&ofluorination of
peptides and proteins or even non-biological compounds of interest. The proficiency for
the [18Flfluompropionic acid methylester precursor to radiolabel secondary alcohols and
amines is considerably less than on primary substrates. In additio% it has not been
possible to sustain efficient nucleophilic substitutions on smaller acid moieties such as
the highly activated esters of bromoacetic acid. This shortcoming, however, can be
overcome using a variation involving activated esters and irnidazolides of [18F]aceticacid
or [~8F]propionicacid but at the expense of increased complexity to the radiosynthesis.
(Guhlke et al., 1994)

Additional applications for labeling monoclinal antibodies with 18Fcan be found
utilizing radiolabeled acylating agents such as the [18F]-N-succinimidyl 8-(4-
fluorobenzyl)amino substrates, (Garg et al., 1991) and [18F]-N-succinimidyl 4-
fluorobenzoate (Vaidyanathan and Zalutsky, 1992) that are prepared from 4-
[18F]fluorobenzoic acid. The process for radiolabelling the benzoic acid involves
[18F]fluoride substitution for trimethylammonium group on 4-formyl-N,N,N-
trimethylanilinium tri.flate followed by oxidation to the acid. More recently, a greatly
simplified one-step synthesis of [18F]-N-succioimidyl 4-(fluoromethyl)benzoate was
reported that involved nitro substitution using Kryptoiix 2.2.2/[ 18F_jand N-succinimidyl-
4-[(4-nitrobenzensulfonyl)oxymethyl@mzoate)benzoate to produce the acylating agent
in a radiochernicalyield of 18% within 30 minutes. (Lang and Ecke- 1994)

F. Fiuorine-18 Labeled Fiuoroaryl Precursors

A number of no-carrier-added fluorine-18 labeled aromatic compounds can be
made that add enormous versatility in the chemist’s arsenal of labeling synthons to allow
him to tackle rather complex muh-step syntheses of radiopharmaceuticals successfidly.
No-carrier-added synthesis of many of these key intermediates usually involves
nucleophilic aromatic substitution. This process most often proceeds with high efficiency,
and in high yield for radiofluorinations involving [18F]iluorideion displacement of either
a nitro group, halogen atom or a ~(CH3)3 group on an aromatic ring that is activated by
some strongly electron-withdrawing fimction such as a cyano, nitro or keto group.
(hgelini et al., 1985; Attina et al., 1983; Shiue et al., 1984) It has been possible to use
this reaction in the presence of electron-donating groups. (Ding et al., 1990)

i. Preparation of [18F]Y7uorobenzaldehydes:
[18F]Fluorobenzaldehydes are regarded as extremely usefkl precursors not only

for their ability to produce other radiofluorinating agents such as [18F]benzylalcohols and
[18F]benzylhalides, but also because they can be used directly in the preparation of some
rather complex radiopharmaceuticals. 4-[18F]Fluorobenzaldehyde was first successfidly
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used for the synthesis of the amino acid D,L-4-[18F]fluoroalanine. (Lemaire et al., 1987)
Other examples using either 4-[i8F]fluorobenzaldehyde or 6-[18F]fluoropipercmalinclude
the radiolabeling of L-6-[18F]fluorodopa (Lemaire et al., 1990), L-4-[18F]fluorotyrosine
(Lemaire et al., 1991), the MAO inhibitor [*8F]fluorodeprenyl(PIenevaux et al., 1991), as
well as the false adrenergic transmitter [18F]fluoronoreprinephrine. (Ding et al., 1991)
Reductive amination of these ftuoroaldehydes in the presence of suitable secondary
arnines can also be a good source of radiopharrnaceuticals possessing a benzyl amino
group. [18F]Fluorotropapride,a D2 antagonist, is prepared in this manner. (Damhaut et
al., 1991) Oxidation of” [18F]fluorobenzaldehydes by the Baeyer-Villiger reaction
followed by dealkylation using boron tribromide will also produce [18F]fluorocatechol.
(Chakraborty and Kilbourn, 1991)

[18F]Fluorobenzaldehyde is
?

ica.lly prepared in high yield by radiofluorination
of o- or p-nitrobenzaldehyde using [1F]fluoride activated with Kryptofix 2.2.2./K+ as a
cornplexing agent. (Lernaire et al, 1987; Lemaire et al., 1992)

o ;

!H

@

CH

[-@fi222 ]~8F]

I)MSO, 140”C

NOZ 1
“b

(s0%)

The reaction is typically carried out in 1 mL DMSO solvent using about 15 rng of the
corresponding nitroaldehyde. Reaction time is 20 minutes with heating in a closed vessel
at 130-140°C. The crude product is purified using a C-18 Sep Pak to extract the product
and tetrahydrofbran or some suitable solvent to eventually extract the aldehyde for
subsequent reaction. Radiofluorination yields in this step are usually >50Y0.

ii. Preparation of [18F~uorobenzylalcohols:
The [18F]fluorobenzykdcohols are important only in the sense that they are key

intermediates to generating [*gF]fluorobenzylhalides. These compounds are prepared
&om their respective [18F]fluorobenzaidehydes using the procedures described above.
However, purification of the mdiofluorinated aldehyde is not necessary after the first step
of the reaction as reduction to the alcohol can be carried out in the same vessel. The
contents must be cooled, however, at the end of the first step after which 10 mg
NaBH3CN and a trace of bromocresol green are added. The mixture must also be made
acidic (pH 4) typically by adding dilute HC1/methanol. (Hatano et al,, 1991) Reduction
using iithium aluminum hydride is also possible, but the added complexity to redder the
[18F]fluorobenzaldehyde anhydrous, as well as devoid of DMSO creates much more
complexity than is needed. A third approach is appealing because of its simplicity. The
method uses solid-phase reduction involving a small column of NaBF& supported cm
aluminum oxide. ‘(Lemaire et al., 1991) The reaction contents
[18F]fluorobenzaldehyde synthesis are simply passed
drying tube before entering the reduction column.
directly recovered ilom the column using THF solvent.
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111. Preparation of [18F]fluorobenzythalides:

Within the class of [18F]fluoroaryl precurors, the [*8F]fluorobenzylhalides are
perhaps the most versatile in the sense that they provide a widest range of usefi.d
radiopharmaceuticals by simple [i8F]fluorlxmzylation. The usefidness of
[~8F]fluorobenzylations in radiopharmaceutical synthesis was first demonstrated with the
preparation of several radiolabeled benzamide neuroleptics that exhibkxl high specific
b-toward D2-dopamine receptors invivo(Hatano ettd., 1991) Inadditiou several
other receptor Iigands have been prepared b this approach including 2- and 4-

{[*8F]fluorotropaprides(lk.mhauat et al., 1992), [1 F]NCQ 115 @la.lldinet al., 1994), and
p-[18F]fluorobenzyltrozamicol. (IMmge et al., 1994)

[18F]Fluorobenzylhalides can be prepared in a number of ways, most of them
involving complicitted multi-step reactions. All begin with the preparation of a
[18F]fluorobenzaldehydeusing the methods descriid above. From this point one of four
ways can be used to convert the fluomaldehyde into the appropriate fluorobenzyl halide.
The fist three methods require a reduction step to convert the aldehyde to the
corresponding alcohol. The best ways to accomplish this task have already been
described in the preceding section under [lsF]fluorobenzyl alcohols. In the first method,
which was tailored for making 4-[18F]fluorobenzyl iodide, the [18F]fluorobenzaldehyde is
reduced to the alcohol using a solution of lithium aluminum hydride in THF solvent.
(Mach et al, 1993) As mentioned earlier, care must be taken to remove excess water and ~
DMSO solvent from the proceeding reaction. Reduction occurs rapidly and efficiently at
room temperature with adequate stirring, after which the solvent is evapmated, The
radiofluorinated alcohol remains complexed as the lithium salt. Hydrolysis of the salt and
iodination of the fiwe alcohol is accomplished using hydroiodic acid (57’?/0)and reaction
for 3 minutes at 90°C. This can be carried out in the same reaction vessel as that used in
the aldehyde reduction. Mb the iodination reactiou the crude product is purified
through extraction with a C-1$ $ep Pak, A variation on this approach uses hydrobromic
acid, FI13r,in place of the hydroiodic acid to make [18F]fluorobenzylbromide. (Hatano et
al., 1991)

OH
I

~H2

H3@ = 18$3 ‘“,,@

(@%)
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In the second metho~ either thionyl chloride or thionyl bromide can be used in
place of hydroiodic or hydrobromic acids to convert the alcohol to the corresponding
halide. (?Hwanget al., 1991; Damhaut et al., 1992) This method offers a siight advantage
over the previous one in that the THF solvent used either in the reduction step or in the
[18F]fluorobenzylalcohol extraction does not have to be evaporated to dryness. Volumes
are reduced slightly and reaction carried out for 1-2 minutes at 110”Cin a sealed vessel.
Yields on average are slightly less than the previous metho~ but certainly adequate.

o OH x

6H
i

I
CH2
I

I
CH2
I

(30-50%)

reductive iodination of [18F]fluorobenza.ldehydeA third method involves direct
using diiodosikme, SiH212.(Lemaire et al., 1994; Dence et al., 1997) While the method
does eliminate the need for an intermediate reduction step, one must still isolate the
aldehyde iiom the DMSO solvent prior to the iodination step.

y f

CH CH2

b

SiH212

18
F -6 18

F

The last method offers one key advantage over the other methods in that the
processes are greatly simplified by utilizing a solid-phase reaction in the reduction step
followed by halogenation us@ dih@otri@enylphosphine, PH3PX2 (X=Br, I). The entire
process is amenable to system automation requiring about 30 minutes, Qwata et al., 2000)
Once the [18F’lfluorobenzaldehydeis made it is reduced to the alcohol using a solid-phase
reaction involving alumina supported NaBl&. This procedure was described earlier. The
halogenation step is carried out at room temperature in CHZClz using about lorng of
either PH3PBr2 or I?H3P12. Conversions of the alcohol to the bromide are near
quantitative for 2 minutes of reactio~ and somewhat less to convert to the iodide.

o
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Io Na3~ ●A1203

18
F

~

&H2 CH~
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Ph~PX2
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18
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111. Preparation of [18F]fluoroaMylben@lsuljonate esters:

An extension of the [’8F]benzylating agents includes the small group of
[*8F]fluoroalkylbenzylsuKonate esters which provide a way to attach radiofluorinated
aromatic groups with longer carbon side-chains. (Choe et al., 1998) The method for
making these precursors involves [lsF]fluoride displacement of the corresponding
bisulfonate ester. The incorporation of [18F]fluoride into l,4-benzenedimethanol
bimesylate or bitosylate is somewhat low (on average 32!40), but acceptable for
subsequent radiolabeling. In applicatio~ the [18F]fluoromethylbenzylsulfonate ester was
prepared and reacted with spiperone and l-phenylpiperizine to yield 3-N-(4-
[18F]fluoromethylbenzyl)spiperone and l-N-(4-[18F@uoromethylbenzyl)-4-
phenylpiperazine as products demonstrating the precuror’s efficacy for radiolabeling
amides and secondary mines.

ox

6
0

f8F]Fluoride
>

n-B~NOH,THF
5 b., 90°c

) @=Mes,Tos)

Xo

iv. Preparation of [18F]jluorohalobenzenes:

18
F

$

0

Xo

[“l?jl?luorohalobenzenes are usefhl precursors in the synthesis of a variety of
fluorine-18 Iabeled aryl-lithi~ aryl-magnesiurn and aryl-zinc compounds, which can &
used to fo~ carbon-carbon bonds through their reaction with suitable electrophilic
reagents. A number of methods exist for producing this class of precursor although only
two are acceptable for radiofluorination of receptor-based imaging agents.

The fist reported method rnvolved recoil labeling of halobenzenes using a target
comprised of an appropriate halobenzene mixed with hexafluorobenzene. (Berei et al.,
1974; Berei et al., 1987) Fluorine-18 was produced using the 19F(~2n)18Fnuclear
reaction. As is typical with this approach radiochemical yields of the
[18F]fluorohalobenzeneare <1% with low specific activity.

A second approachrelies on electrophilic fluorinationusing [~8F]Fzor [18F]acetyl
hypduorite on para-substituted phenyl derivatives of trn or other suitable metal.
(Coenen et al., 1987) While radiochernical yields are typically in excess of 60%, specific
activity of the ftnal product is usudy unsuitable to make this approach practicaL

A third approach involves nudeophilic substitution of no-carrier-added
[18F]fluorideproducing 4-[18F]fluorochlorobenzene in a 14% yield ailer a rather long (85
minute), and complicated three-step synthesis. (Feli~ 1988) The process involves
[18F]fluorideexchange on l,4-dinitrobenzene followed by reduction and diazotation to
yield [18F]-p-fluorobenzene-diamnium chloride. The key reaction in this three-step
synthesis is the reduction of the diazonium chloride using sodium cyanoborohydride.

The linal approach is very attractive because it requires only a single step
involving direct nucleophilic aromatic substitution of [*8F]fluoride on appropx’iate
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halophenyl-trimethykunmonium salts. The method was applied to the preparation of 4-
[l&F]fluorobromobenzeneand 4.[18F]fluoroiodobenzene in relatively high yield (50%).

(cH3)3N+h-

+

0

[18F]Fluoride
*

K+lKryptofk222

x

18
F

+

o
x

(X=Br,I) (An =Tf0,1-, TosO, MeOSOzO-)

v. Preparation of [18Ffluoroa@ketones:

Attempts to expand the scope of radiofluorinations of large biologically active
molecules resulted in the development of p-[18F]fluorophenacyl bromide as a
radiofluorinating agent. (Kilbourn et al., 1987; Downer et al., 1997 In additon to

)provid~ a means to radiofluorinate amine sites of large molecule, p-[1 F]fluorophenacyl
bromide can be potentially useful for alkylating the thiol of flee cysteine to form the
corresponding thioether, or the methionine residues of proteins. (Glasel et al., 196&
Kanstrup et al., 1993)

p-[18F]Fluorophenacyl bromide can be prepared by two methods both relying on
the intermediate synthesis of p-[18F]fluoroacetophenone. (Dence et al., 1993) The p-
[]8F]fluoroacetophenone is prepared by nucleophilic substitution of [18F]fluorideion for
the nitro group on p-nitroacetophenone. Typically, 55-60% radiochemical yields are
obtai&d in 5 minutes of reaction using microwave heatiug of a sealed 5 mL Rtmctivialm
containing 2 mg of substrate dissolved in DMSO. (Hwang et al., 1987) After reactiou
the p[18F]fluoroacetophenone is purified using a C-18 Sep Pak. The first method for
converting the radiolabeled acetophenone to p-[18F]fluorophenacyl bromide involves
dissolving the rntermdiate in THF containing a small amount (600 mg) of Perbromide on
Arnberlystw A-26 resin After 10 minutes of reaction at 60”C, the mixture can be easily
extracted with dilute thiosuMte solutio~ and purified by Sep-Pak to generate 65% yield
of the radiofluorinating precursor.

In a second less efficient method, the radiolabeled acetophenone is mixed in glacial acetic
acid treated with 10 mg of 4-(dimethylamiuo)pyridiniumbromide perbromide and heated
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for 10 minutes at 90”C. Final extraction generates about 42% of purified precursor,
somewhat lower than the resin approach but acceptable.

Iv. Conclusions

It is evident iiom this chapter that there is enormous flexibility both in the
selection of the nature of the radioisotope and ways to generate it, as well as in the
selection of the Iabeliug precursor to appropriately attach that radioisotope to some larger
biomolecule of interest. The arsenal of radiolabeling precursors now available to the
chemist is quite extensive, and without a doubt will continue to grow as chemists develop
new ones. However, the upcoming years will perhaps reflect a greater eflort in re-
existing methods for preparing some of those precursors that are already available to us.
For example, the use of solid-phase reactions to accomplish in a single step what would
nornudly take sevetal using conventional solvent-based reactions has already been shown
to work in many occasions. The obvious advantage here is that processes become more
amenable to system automation thus affording greater reliability in day-to-day operations.
There are perhaps other technologies in science that have yet to be realzed by the
chemist in the PET laboratory that could provide a similar or even a greater benefit. One
only needs to be open to new ideas, and imaginative enough to apply them to the
problems at hand.
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Table 1. Physical Properties of the Short-Lived Positron Emitters

Isotope Half-life Specific Maximum Range (mm) Decay
(mill) Activi@ Energy in Waterb Product

(Cihnmol) (MeV)
Fluorine-18 110 1.71 x 106 0.635 2.4 Oxygen-18
Carbon-l 1 20.4 9.22 X 106 0.96 4.1 Boron-1 1
Nitrogen-13 9.96 1.89 X 107 1.19 5.4 Carbon-13
Oxygen-15 2.1 9.08 X 107 1.72 8.2 Nitrogen-15
a. Theoreticalmaximumspecificaetivi~, inpractice,specificactivitiesaretypically5000timeslower

becauseofunavoklabledilutionwiththe stableelement.
b. Maximumlinearrange.
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Table2. Nuclear Reactions for Producing Carbon-11

Q-Value Threshold Cross
Particle Reaction (MeV) (MeV) Section Reference

(rob)

Y 12C(y,n)llC -18.7 18.7 4 Hylteq 1970

P llB@,n)llC -2.8 3.0 100 Hintz and
Ramsey, 1952

P 1°B(p,y)l*C o Crane &d
Lain5tse~ 1934
Aamodt et al.,
1952

12C(p,pn)11C -18.7 20.3 100P

“NQMX)*1C 2.9 3.1 250 Epherre and
Seide, 1971
Brill and Sa
1960
Brill and
Sun@ 1960
Wilkinsoq 1955
Hahn and
Ricci, 1966
B~ 1965

P

1$3(d@1’Cd 6.5 0 180

11B(d,2n)1*Cd -5.0 5.9 48

12C(d,p2n)llC
‘Be(3He,pn)l lC

d
3He

-20.9
7.6

24.4
0

61
113

3He
3He
3He
4He
4He

1°B(3He,pn)11C
*1B(3He,~2n)11C
12C(3He,He)liC
1GO(4He,24He)llC
9Be(4He,2n)l~C

1.2
-1.8
1.9

-5.3
-13.0

285
35’
260

49
17

0
2.3

0
6.3

18.8’

B~ 1965
Brili, 1965
Brill and
S- 1960

4He
4He
4He

10B(4He,p2n)**C
11B(4He,p3n)llC
12C(4He,4He,n)l lC

-19.6
-31.1
-18.7

27.4
42.4
24.9

50’
17a
48 Lindner and

Osboume, 1953
a. Theoreticalcross-sectioncalculatedaccordingto statisticalmodel.(VaalburgandPaans,

1983)

57



u -<

-.,41)!

Table 3. Nuclear Reactions For The Production of FIuorine-18

Particle Reaction Q-Value Threshold Reference
(MeV’) (MeV)

t

3He

3He

u

a
d

3He

3He

P

lbO(t,n)lgF
1GO(3He,p)18F

1GO(3He,n)18Ne--+18F

1bO(cx,d)18F

*bO(q2n) *8Ne+18F

‘%e(d, CX)18F

2!Ne(3He, cxp)l*F

2%e(3He, an) 1*Ne~18F

*80(p,n) l*F

1.270
2.003

-3.196

-18.544

-23.773

2.796

-2.697

-7.926

-2.436

0
0

3.795

23.180

29.716
0

3.102

9.115

2.571

Vera Rukq 1988
Nozaki et al., 1974;
Fitschen et al., 1977
Nozaki et al., 1974;
Knust and
Machu~ 1983
Clark and
Silvester, 1966
Nozaki et al., 1974

FIeluset al., 1979;
Casella et al., 1980;
Blessing et al., 1986
Backhausen et al.,
1981
Backhauseq et al.,
1981; Crouzel and
Comar, 1978
Ruth and Wo~1979;
Nickles et al.. 1984
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