
The 2-'8FDG method, first described in 1976 (1â€”4)
has generated widespread interest in the application of
this technique to the measurement of regional glucose
metabolism in a wide variety of human diseases as well
as in the location and quantitation of normal cortical
activity (5â€”13).As a result, many cyclotron (accelera
tor)-PETT centers have either instituted, or are in the
process of instituting, the system of targetry and syn

thesis required for producing this radiotracer (14â€”16).
These 2-'8FDG synthesis systems are based on minor
modifications of the originally reported 2-'8FDG syn

thesis (2,3). A major problem in meeting increasing

demands for this tracer is that many cyclotron-PElT
centers have the new generation of medical cyclotrons,
which do not provide the optimal deuteron energies for
â€˜8Fproduction via the 20Ne(d,a)'8F reaction (17). This,
coupled with the low chemical yield from the original

2-'8FDGsynthesis(â€œ@sl0%),imposesa limitationonthe
capabilities for many centers to synthesize sufficient
2-'8FDGfor their ownneedsandhasnecessitatedthe
procurement of 2..'8FDG from centers such as Brook
haven National Laboratory (BNL) by collaborating
institutions within a 2-3-hr shipping radius. For this
reason, the development of an improved synthesis of
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2-'8FDG would make it possiblefor institutions with
small medical cyclotrons or other accelerators to produce
sufficient quantities of 2-'8FDG for their own daily use,
and would allow the production of multiple-dose batches
of 2-'8FDG by institutions with cyclotrons of higher
production capacity.

The recent report of the synthesis of acetyl hypoflu
orite (CH3CO2F) (18,19), a new electrophilic fluo

rinating reagent, prompted our investigation of the use
of this reagent in â€˜8F-radiotracersynthesis. We report
here the synthesis of â€˜8F-labeledacetyl hypofluorite,
CH3C0218F (1), from [â€˜8F]F2and its use in the syn
thesis of 2-deoxy-2-['8F]fluoro-D-glucose (4) in an
overall radiochemical yield of â€˜â€”â€˜20%(Fig. I ) (20,21).
In addition, experiments are described showing a striking
difference in products formed when 2 is present during
the addition of [â€˜8F]F2,compared with the addition of
2 to preformed CH3C0218F.

METHODS

Materials. Glacial acetic acid, aqueous ammonium
hydroxide (58%) and 3,4,6-tri-O-acetyl-D-glucal (TAG)
(2) were purchased commercially and were used without
further purification. Authentic samples of other com
pounds used in this work were synthesized according to
literature procedures.

Chromatography. Gas-liquid chromatographic
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FIG.1. Synthesisof 2-deoxy-2-[18F]flu
oro-o-@lucose from 18F-Iabeled acetyl hy
potluorite.5

analyses (GLC) were carried out with a gas chromato

graph equipped with a thermal conductivity detector.

Radioactivity was assayed as described previously (22).
HPLC analyses were carried out with a liquid chroma
tograph equipped with a radioactivity monitor.*

Thin-layer chromatography of 2-'8FDG was per
formed as described previously (2,3). Analysis of crude
reaction mixtures before hydrolysis were carried out on
plastic-back TLC platest with ether-hexane (2:1) as
solvent.

Synthesis of CH3C0218F (1) from [â€˜8F1F2.[â€˜8F]F2
(â€˜--â€˜30â€”40@tmole),prepared as described previously (17),
was purged from the target through a glass reaction
vessel containing a solution of aqueous ammonium hy
droxide (0.010 ml) in glacial acetic acid (1 5 ml) over a
period of 25 mm to give a solution ofCH3CO218F. The
vessel (0.43 in. i.d. X 9 in. high) was fitted with a Teflon

frit (0.43 in. diameter) through which 12 small holes
(0.0145 in.) were drilled. This design provided efficient
gas dispersal.

The yield of CH3C0218F produced by this method
was determined by transferring the acetic acid solution

into excess of 1 M K! solution and titrating the liberated
12 with 0.01 N Na25203. The chemical yield was 80%
(24-32 zmole) and the radiochemical yield was 40%. For
the synthesis of 2-'8FDG, the acetic acid solution con
taming CH3CO2'8F was used immediately after purging
of the target contents was completed.

Synthesis of 2-deoxy-2-['8Fjfluoro-i-glucose (4) from
â€˜8F-labeledacetyl hypofluorite (1). To a solution of I
(24â€”32 @tmole), prepared as described above, was added

25 mg of TAG in 1 ml of acetic acid. This solution was
evaporated to dryness, 3 ml of 2 N HC1 was added, and
the mixture heated at 120Â°for I 2 mm. Activated char

coal ( 10 mg) was added, the acid was evaporated, and
3 ml of aqueous acetonitrile (0.3% H20) added; the
mixture was then transferred to a column (0.75 X 10cm)
ofsilica gelt followed by a 2-mi rinse with the same sol

vent. The column was eluted with the same solvent, a
forecut (6.5 ml) taken and discarded, and the product
eluted with â€˜-.â€˜l5 ml of solvent. The solvent was evapo
rated, I ml of H20 (USP) added, and this was also

evaporated. Saline was added and the solution passed
through a Millipore filter (0.22 gm). Thin-layer chro
matography (CH3CN : H20, 95:5) showed the product

to have a radiochemical purity of >98%, the impurities
probably being partially hydrolyzed 3. Indeed, when the
forecut was re-hydrolyzed, it was partially converted to
2-'8FDG. It should be noted that the TLC of the crude
hydrolysis mixture shows impurities that have Rf values
lower and higher than 2-'8FDG. These impurities were
removed by flash chromatography. The formation of the
trimethylsilyl derivative, and radiogas chromatography
of the product as described previously (23,24), showed
the radioactivity to be congruent with the mass peaks
corresponding to the silylated a- and f3-anomers of 2-
I 8FDG. Radio-HPLC (carbohydrate analysis column,1

85Â°CH20, flow 0.6 ml/min) also confirmed the identity
of the product as 2-'8FDG with retention time of 8 mm.
The retention time of the impurity is longer than that of
2-'8FDG.

The absence of 2-deoxy-2-[' 8F]fluoro-D-mannose
(2-'8FDM) wasverified by synthesizingthis compound
independently from 2-deoxy-2-fluoro-3,4,6-tri-O-ace
tyl-/3-D-mannopyranosyl fluoride (2,3), forming its
trimethylsilyl derivative and analyzing by gas-liquid
chromatography (GLC) (10% SE-30, 6 ft X â€˜/8in; flow
20 ml/min; 180Â°).The retention times of the silylated
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derivatives of 2-FDG were 24 mm (a) and 30 mm (/3),
while the retention times of 2-FDM derivatives were 25
mm (a) and 35 mm (/3).

From 24â€”32jzmole of acetyl hypofluorite used in this
synthesis, 12-16 Mmole of 2-FDG (2.2-2.9 mg, 50%
chemical yield) is produced. The radiochemical yield is
20%, based on total@ 8F recovered from the target. Thus
from 350 mCi of â€˜8F,45 mCi of 2-'8FDG is obtained at
the end of a 70-mm synthesis (EOS). This corresponds
to a specific activity of 15.5-20.5 mCi/mg at EOS.

Reaction of 3,4,6-tri-O-acetyl-D-glucal(2) with [â€˜@F]F2
in acetic acid/ammonium hydroxide. [â€˜8F1F2was purged
from the target through a solution of 10 mg of 2 and
0.010 ml of ammonium hydroxide in 15 ml of acetic acid.
The acetic acid was evaporated and the residue triturated
with ether. The ether solution was analyzed by GLC
(10% SEâ€”30,10 ft X â€˜/8in; flow 26 ml/min; 200Â°)for
mass and radioactivity, and by thin-layer chromatog
raphy (T1C) [silica gel platest, ether:hexane (2: 1)], and
showed the presence of 3, 5, 6, and unidentified mass
peaks. The mass profile of the gas-chromatographic
analysis of the ether solution is shown in Fig. 2A. Ra
dioactivity was associated with 3, 5, and 6.

Reaction of 3,4,6-tri-O-acetyl-D-glucal (2) with
â€˜8F-labeled acetyl hypofluorite. â€˜8F-Labeled acetyl
hypofluorite was prepared as described above and a so
lution of 10 mg of 2 in 1 ml of HOAc was added. The
solvent was removed and the residue triturated with
ether. The ether solution was analyzed by GLC for mass
and radioactivity and also by TLC using the solvent
system described above. The crude reaction mixture

contained only one radioactive product which was
identified as the a-tetraacetate, 3, from its nmr spectrum
which was compared to the nmr spectra of both a mix
ture of a and /3-tetraacetates and pure /3-tetraacetate
prepared as previously described (25). The absence of
5and6wasconfirmedbyG1C(10%SE-30,10ft X â€˜/8
in; flow 26 ml/min; 200Â°)and T1C. The mass profile of
the gas-chromatographic analysis is shown in Fig. 2B.
In one experiment, 5 was allowed to stand with a solution
of ammonium acetate in acetic acid overnight or under
reflux for 1 hr. The reaction mixture was worked up in
the usual manner and subjected to G1C analysis, which
showed that 5 was unchanged and no 3 was formed by
this treatment.

In another experiment, CH3C0218F was prepared as
described above and the resulting solution divided into
two aliquots. One was added to KI and titrated with
0.01 N Na25203. The other was added to 2 followed
immediately by the addition of KI/starch. The aliquot
that was added to 2 did not oxidize K! to 12,showing that
the reaction of CH3C0218F with 2 is rapid at room
temperature.

RESULTS AND DISCUSSION

Acetyl hypofluorite is a new electrophilic fluorinating
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FIG.2. Massprofileofgas-chromatographicanalysisof(A)crude
reactionmbthaeof 3,4,6-trl-O-acetyl-D-glucalwith [1@F]F2In acetic
acid/ammonium hydroxide, and (B) crude reaction mixture of
3,4,6-trl-O-acetyl-o-glucal with CH3CO21@F.Numbers assocIated
with mass peaks refer to compoundnumbers(see Fig. 1).

reagent, the synthesis and reactivity of which was de
scribed recently by Rozen and coworkers (18,19). Like
F2, it @5formally a source of F+, but shows some impor
tant differences in reactivity in that it appears to be a
milder and more selective reagent. For example, the
addition of acetyl hypofluorite across the double bond
has been shown to be stereospecific (syn addition) and
regiospecific. We have used this reagent for the synthesis
of 2-deoxy-2-[' 8F]fluoro-D-glucose.

Unlabeled acetyl hypofluorite was prepared from the
reaction of elemental fluorine (5â€”8%in N2) in acetic
acid/sodium acetate/freon-li mixture (18,19). The
â€˜8F-labeledreagent was produced similarly but with
some modifications, which were required because the
[â€˜8F]F2produced is highly diluted (<0.1% in neon).
Yield optimization studies (26) resulted in a procedure
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for synthesizing CH3C0218F in â€œ@-â€˜80%yield by simply
purging the contents of the Ne/F2 target (â€˜@.â€˜40zmole
F2) through ammonium acetate in acetic acid and a
highly dispersed gas flow. The yield of 1 is highly de
pendent on the nature of the cation, with ammonium
salts giving consistently higher yields than sodium salts
(26). Since the various salts probably exist as ion pairs
in acetic acid, the observed differences in yield of I may
be due to different properties of these ion pairs.

The reaction of CH3C0218F with 3,4,6-tri-O-ace
tyl-D-glucal (2) further supports the selectivity of â€˜8F-
labeled acetyl hypofluorite when compared with [â€˜8F]F2.
The addition of [â€˜8F]F2to 2 in freon-i 1 solutions forms
two adducts of [â€˜8F]F2(5 and 6) in a 3:1 ratio (2,3)
whereas the addition of CH3C0218F to 2 gives only one
adduct 3. This is probably due to the larger size of
acetyl hypofluorite relative to elemental fluorine, re
suiting in its selective addition to the less hindered side
of the molecule.

Another interesting and important aspect of this re
action is the difference in products depending on whether
TAG is present during the addition of [â€˜8F]F2or is added
after the reaction of [â€˜8FJF2with acetic acid. This is
shown in Fig. 1. In the former case, adducts of [â€˜8F]F2

are formed in addition of the adduct of CH3C0218F. In
contrast, the addition of TAG to a preformed solution
of CH3C0218F results in only one product, 3, which is
directly converted to 2-'8FDG. Gas-liquid chromatog
raphy of the crude reaction mixture in each case is shown
in Fig. 2. These results indicate that [â€˜8F]F2reacts with

TAG to form adducts 5 and 6 at a rate competitive with
its reaction with CH3CO2NH4 to form CH3C0218F. For
this reason, it is essential that TAG be added after
CH3C0218F formation. The formation of only one ad
duct increases the yieldof 2-'8FDG and greatly simpli
fies the experimental setup.

Using this procedure, the radiochemical yield of 2-
â€˜8FDGis â€˜-.-20%.The synthesis time is 70 mm from
EOB, and 2.2-2.9 mg of 2-'8FDG is produced.
Therefore, â€˜@-â€˜350mCi of [â€˜8F]F2at EOB can be used to
prepare â€˜-@â€˜45mCi of 2-'8FDG at EOS.

The search for new and improved syntheses of 2-
â€˜8FDGis an important effort, and a number of possible
approaches can be found in the literature. The first 2-
â€˜8FDGsynthesis (3) was @modeledon the reaction of 2
with CF3OF, reported in 1969 (25,27). Other syntheses
of unlabeled 2-FDG involved the opening of an epoxide
with KHF2 (28) and electrophilic fluorination with XeF2
(29). The literature contains numerous other reactions
involving 5N2 or similar substitution reactions at C-2

(30). Clearly, any viable new synthetic strategy leading
to 2-'8FDG would require that the precursor form of â€˜8F
be readily available. Anhydrous [â€˜8FIHFand [â€˜8F]F2
are the two most reasonable candidates for precursor.
Since very high specific activity is not required for the
2-'8FDG method, the present technique and material

associated with [â€˜8F]F2 production and delivery to a
synthesis system make it the more attractive candidate.
However, two recent preliminary reports of fluoride
substitution reactions at C-2 ofdeoxyglucose precursors
leading to 2-deoxy-2-fluoro-D-glucose also hold promise
as potentially useful routes to 2-'8FDG (31â€”32).An
advantage of using H'8F or â€˜8F would be that radio
chemical yields of 100% are theoretically possible
whereas a maximum radiochemical yield of 50% is in
evitable with both [â€˜8F]F2and â€˜8F-Iabeledacetyl hy
pofluorite.

SUMMARY

The new synthesis of 2-'8FDG is an attractive one for
a number of reasons, not the least of which is that it can
be implemented immediately by institutions already
producing 2-'8FDG. This is possible because the same
precursor, [â€˜8F]F2, and commercially available sub
strate, 2, are used. The only change in the experimental
setup is the elimination of one chromatography column

and the use of a reaction vessel designed for more effi
cient contact between the [â€˜8F]F2leaving the target and
the acetic acid solution. These simplifications in exper
imental setup, including the elimination of all cryogenic
methods, will expedite automation of the synthesis.

The yield of 2-'8FDG using this method is â€˜@â€˜20%,a
factor of two higher than the previous synthesis. This
increased yield makes certain the production of sufficient
quantities of 2-'8FDG from [â€˜8F]F2available from the
new generation of small cyclotrons (i.e. 16 MeV p and
8 MeV d) to allow its routine daily use in clinical envi
ronments.

Under current BNL production conditions, a routine
delivery of 39-45 mCi of 2-'8FDG at EOS from 300-
350 mCi of [â€˜8F]F2at EOB are part of the daily BNL
production routine. An immediate increase in yields of
2-'8FDG would be possible by increasing [â€˜8F]F2pro
duction. Further improvements in CH3C0218F synthesis

and in the synthetic procedure could contribute to further
increases in 2-'8FDG yields, should that be desirable.

Under current BNL research protocols, 45 mCi will
allow the study of three subjects in one day using PElT
III, which requires â€œ@-â€˜2hr per study. However, the new
multislice PET instruments will reduce the time and the
amount of activity required, thus allowing an even
greater number of human studies to be carried out with
each batch of 2-'8FDG.

* BertholdLB 503.
t Eastman.

t Merck No. 9385.
Â§Bio-Rad HPLC.
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