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Introduction

Positron emission tomography (PET) has attracted increas-
ing attention as an advanced molecular-imaging technology.
PET utilizes radioactive tracers labeled with positron-emit-
ting nuclides such as 18F and 11C. The positrons emitted
in vivo reacts with neighboring electrons to lead to pair an-
nihilations, which produce couples of gamma rays in oppo-
site directions. The emitted gamma rays are detected with a
PET scanner that surrounds the subject to visualize the dis-
tribution of the tracers. As a technique that is minimally in-

vasive, PET has gained importance in modern clinical diag-
nosis. 18F-labeled deoxyglucose ([18F]FDG) accumulates at
metabolically active sites, allowing for tumor detection and
the evaluation of cerebral and cardiac functions.[1] Further-
more, pharmaceutical companies worldwide are starting to
utilize PET for pharmacokinetic monitoring of new drug
candidates.[2] In situ imaging of 11C-labeled neuroprotective
FK506 highlights the utility of PET technology in drug dis-
covery.[3]

Methods exist to synthesize 18F-labeled complex organic
molecules, as illustrated by the success of [18F]FDG-based
PET technology; 18F-based PET tracers play key roles in
PET bioimaging. However, the development of fundamental
new chemistry to synthesize tracers that contain common el-
ements such as carbon, nitrogen, and oxygen instead of fluo-
rine would have a big impact in the field.[4] 15O is ubiquitous
in biologically active compounds, and is therefore an ideal
element. The 2-min half-life of the oxygen-15 isotope is
much shorter than the half-lives of the commonly used posi-
tron-emitting isotopes (11C 20 min, 13N 10 min, and 18F
110 min) and represents a unique merit of the 15O-labeled
tracer for biological studies. For instance, its rapid decay will
allow repetitive PET measurements, leading to quicker diag-
nosis by the use of a wider variety of short-lived PET trac-
ers. The short half-life is a drawback too. The 2-min half-life
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of 15O makes the chemical synthesis of its labeled com-
pounds a formidable challenge. Chemists have only several
minutes for the synthesis and purification, including the
time necessary for generation of 15O from 15N (a few mi-
nutes) in a cyclotron and mass transfer from the cyclotron
to the chemical laboratory (�1 min) as well as from the
chemical to the biological laboratory where the PET imag-
ing is carried out. It is therefore not unreasonable that, since
a progress report in 1975 on an attempted synthesis of 1-
[15O]-2-deoxy-d-glucose from H2

15O made from H2 and
15O16O gas,[5] there has been no further mention of the
actual synthesis of 15O-labeled organic molecules other than
a synthesis[6] of 1-[15O]butanol.[7] The synthesis of 15O-con-
taining complex organic molecules has not yet been ach-
ieved.
For the synthesis of an 15O-labeled complex organic mole-

cule to be possible and practically useful, it must be exceed-
ingly rapid and clean. In the light of the importance of
[18F]FDG in PET, we chose 6-[15O]-2-deoxy-d-glucose
([15O]DG) as our first target to establish the feasibility of
the required ultrarapid organic synthesis. To this end, we de-
veloped some time ago a radical oxygenation reaction of
alkyl halides to the corresponding alcohol with air, Bu3SnH,
and a small amount of azobis(isobutyronitrile) (AIBN, radi-
cal initiator)[8] and used it for 17O- and 18O-labeling of com-
plex organic molecules.[9] These reactions are useful in tradi-
tional organic synthesis, but have been found useless in the
synthesis of [15O]DG because of slow reaction and low effi-
ciency of oxygen uptake. For the reaction to be useful for
15O-labeling, a number of fundamental problems needed to
be resolved: 1) Drastic reduction of the reaction time from
over 10 h under air to a few minutes, fighting against the
low concentration of the 15O16O gas supplied from the cyclo-
tron, for instance, as a 1.5:98.5 O2/N2 mixture with an
15O/16O ratio of about 10�8 :1, and only as a batch flow of
less than 2-min duration instead of a continuous supply;
2) erratic induction time inherent to radical chain reactions,
thus requiring careful control of the reaction so that the rad-
ical reaction proceeds only during the time when the 15O16O
gas is supplied from the cyclotron; 3) the use of unprotected
sugar as a substrate to avoid loss of time in deprotection;
4) enhancement of the reaction selectivity; and 5) a variety

of synthetic and operational issues related to radioactivity
and automation. We have overcome these difficulties and
developed ultrarapid synthesis and bioimaging of [15O]DG,
the details of which are disclosed herein.[10]

Results and Discussion

Synthesis of Unprotected Iodosugar Precursor

The iodosugar 1 (Scheme 1) that we decided to use as a
starting material is a known compound.[11] The patent litera-
ture synthesis of 1 comprises protection of the anomeric hy-

droxy group of 2-deoxy-d-glucose (DG!2), iodination of
the 6-OH group (2!3), and hydrolysis of the anomeric
acetal (3!1). Initially, however, we could not reproduce the
iodination reaction. A complex mixture containing 5 was ob-
tained instead. We reasoned that the triiodide 4 formed be-
cause of the use of excess I2 (4 equiv), PPh3 (3 equiv), and
imidazole (8 equiv), which gave the olefin 5. After careful
optimization of the conditions, we established a reproduci-
ble, large-scale preparation of 1 by reducing the amounts of
the iodination agents.[12] Isolation of 1 was another problem,
as it decomposed upon complete removal of water from its
aqueous solution at a temperature higher than 40 8C. Careful
evaporation of water below 30 8C allowed us to obtain 1 as a
white powder.

Radical Hydroxylation Reaction with Cold O2 in the
First-Generation Reaction Vessel

With 1 in hand, we initiated the study to synthesize [15O]DG
by the radical-hydroxylation reaction. Scheme 2 outlines our

Abstract in Japanese:

Scheme 1. Preparation of iodosugar 1.
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working mechanism of the radical hydroxylation of 1 to give
[15O]DG. The key steps are 1) rapid generation of radical 8
and 2) efficient capture of 8 with O2. An expected by-prod-
uct is 2,6-dideoxy-d-glucose (7) through simple reduction of
8 with nBu3SnH. The hydroperoxide 6 initially formed
would be reduced in situ to [15O]DG by the excess nBu3SnH
in the reaction, or by a reducing agent added after the reac-
tion. We needed to avoid borohydride[8,9] that was used in
the original procedure, as sodium borohydride would reduce
the masked aldehyde group in DG. Instead, we decided to
use milder reducing agents such as triorganophosphine.
The first set of experiments were run with “cold” [16O]O2

diluted with N2 (50% v/v) (Scheme 3). On the basis of the

configuration of our homemade automated synthesizer[13]

for “hot” [15O]O2 experiments, we designed the first-genera-
tion vessel shown in Figure 1a. The reactant solution was
placed in the inner vessel, and the oxygen gas was intro-
duced from the bottom through a teflon tube (f=0.5 mm)
to trap the oxygen gas efficiently. To dissolve polyhydroxyl-
ated 1, polar solvents such as ethanol and N,N-dimethyl-
ACHTUNGTRENNUNGformamide (DMF) were examined. A higher temperature
(e.g., 60 8C, referring to the temperature of the air flow

through the outer tube of the glassware; in the cold experi-
ments, an oil bath was used for heating) was necessary to
complete the reaction quickly in a few minutes. The radical
oxygenation reactions proceeded with 50% O2 to afford
DG in fair yield. However, the result was disappointing
when the reaction was performed with 1.5% O2 in N2, a
concentration closer to the one used in the hot experiments.
We surmised that the effective concentration of the oxygen
gas was too low to oxygenate the radical intermediate in
competition with reduction by tin hydride, which existed in
large excess.

Radical Hydroxylation with 1.5% O2/N2 in the
Second-Generation Reaction Vessel

The second-generation reaction vessel was designed (Fig-
ure 1b). The vessel is taller than the first-generation reactor
and holds a larger amount of solvent. The solvent can retain
the oxygen gas more effectively in the reaction medium. We
used a mixture of a fluorous solvent and a polar solvent to
dissolve both oxygen and the hydroxy sugar 1.[14]

Table 1 summarizes the results of the cold experiments in
the new vessel. The sugar 1 (0.2 mmol) was dissolved in a
mixture of benzotrifluoride (PhCF3; 7 mL)

[15] and ethanol
(1 mL) to obtain a homogeneous solution (Table 1, run 1).
The induction period was lengthened to 4 min, as the con-
tents of the larger vessel takes longer to heat. Once the re-
action started, however, it was complete in 2 min, and the
reaction produced DG in 3% yield. When the concentration
was doubled, the yield increased to 10% (Table 1, run 2).
Further increase of the concentration improved the yield of
DG (Table 1, run 3). In run 3, isopropyl alcohol was used as
ethanol tended to be lost during the 10-min reaction time.
To enhance the solubility of oxygen gas, a mixture of PhCF3
and a highly fluorinated perfluorodecaline (C10F18) was used
(Table 1, run 4). The reaction in PhCF3/C10F18/iPrOH mixed

Scheme 2. Mechanism of radical hydroxylation of 1

Scheme 3. Reactions in the first-generation reaction vessel. Conditions:
O2/N2 (200 mLmin

�1), nBu3SnH (0.43 mmol), AIBN (0.01 mmol), solvent
(1.0 mL), 60 8C, 3 min, then nBu3P (0.60 mmol in 0.50 mL of ethanol),
60 8C, 10 s.

Figure 1. Special reaction vessels for ultrarapid radical hydroxylation
made up of two glass tubes of different diameters and teflon tubes.
a) First generation, b) second generation. In the cold runs, an oil bath
was used for heating instead of warm air.
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solvent provided DG in the highest yield of 18% after
3 min accompanied by a large amount of reduction product
7.
Further optimization on the solvent system was per-

formed (Table 2). Doubling the amount of PhCF3 shortened
the reaction time, although the reaction did not go to com-
pletion (Table 2, run 1). Increase in the amount of tin re-
agent resulted in rapid consumption of the halide but gave
less of DG and more of 7 (Table 2, run 2). The choice of al-
cohol solvent turned out to be important. 2-Butanol is the
best alcohol to be used together with the fluorous solvents
(Table 2, runs 2–6).

Reactions in the Third-Generation Reaction Vessel
Equipped with Sintered-Glass Bottom

To improve the efficiency of oxygen uptake further, we used
a sintered-glass gas inlet instead of a teflon tube so that the
oxygen gas is introduced as extremely fine bubbles. The
third-generation reaction vessel is shown in Figure 2. The
new reaction vessel holds 30 mL of solvent. To compensate
for the slow warming of the reaction mixture, we used an
80 8C bath in the cold runs. With smaller oxygen gas bubbles
and increased solvent volume, the reaction gave DG in 30%
yield (Table 3, run 1). As the radical chain propagation
lasted for 2.0 min, the yield based on the oxygen gas sup-
plied during the propagation was calculated to be about
50%. Scaling up the reaction improved the oxygen uptake
to 70% (Table 3, runs 3 and 4). With efficient oxygen
uptake in hand, we started the hot experiments using
[15O]O2.

Table 1. Reactions in the second-generation reaction vessel.

Run 1
ACHTUNGTRENNUNG[mmol]

Solvent
[mL]

DG[a] [%],
ACHTUNGTRENNUNG[mmol]

7[a]

[%]
1[a]

[%]
t[b]

ACHTUNGTRENNUNG[min]

1 0.20 PhCF3 (7.0)+EtOH (1.0) 3, 0.006 3 94 4–6
2 0.40 PhCF3 (7.0)+EtOH (1.0) 10, 0.041 8 76 4–7
3 0.40 PhCF3 (3.0)+ iPrOH (1.0) 15, 0.059 13 70 4–8
4 0.40 PhCF3 (2.0)+C10F18

(1.0)+
iPrOH (1.0)

18, 0.071 73 2 3–6

[a] Yields are based on 1. [b] The time during which the radical propaga-
tion reaction was taking place. Reaction time of 4–6 min indicates that
the induction for the radical reaction was at 4 min and that the reaction
was finished within 6 min of the beginning of the heating of the vessel. In
this case, the duration of the radical chain reaction was 2 min. The dura-
tion of the radical reaction was determined by TLC monitoring every
1 min.

Table 2. Reactions in the second-generation reaction vessel.

Run Tin re-
agent [mmol]

Solvent
[mL]

DG[a] [%],
ACHTUNGTRENNUNG[mmol]

7[a]

[%]
1[a]

[%]
t[b]

ACHTUNGTRENNUNG[min]

1 0.80 PhCF3 (4.0)+
C10F18 (1.0)+
iPrOH (1.0)

18, 0.071 33 49 2–4

2 1.20 PhCF3 (4.0)+
C10F18 (1.0)+
iPrOH (1.0)

15, 0.061 74 5 2–4

3 1.20 PhCF3
(4.0)+C10F18
(1.0)+ tBuOH
(1.0)

11, 0.044 80 5 3–5

4 1.20 PhCF3
(4.0)+C10F18
(1.0)+nBuOH
(1.0)

6, 0.023 79 0 2–3

5 1.20 PhCF3
(4.0)+C10F18
(1.0)+nPrOH
(1.0)

11, 0.045 88 0 2–4

6 1.20 PhCF3
(4.0)+C10F18
(1.0)+2-BuOH
(1.0)

20, 0.079 63 10 2–4

[a] Yields are based on 1. [b] See Table 1, footnote [b].

Figure 2. Third-generation reaction vessel. a) Schematic drawing, b) a
close-up photo of the sintered-glass bottom, and c) an image of the
whole vessel. The internal volume of the vessel is about 0.05 L, 60% of
which can hold solvent for the reaction. The reaction vessel has a sin-
tered-glass filter (5–10-mm pore size) as the bottom of the reactor.
Oxygen gas was introduced as fine bubbles through the filter to maximize
oxygen uptake. The reaction mixture was heated with the aid of the
built-in air jacket outside the reaction vessel.
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Hot Experiments

The synthesis and purification were performed with a fully
automated, computer-operated synthesis machine (Figure 3).
The details of the experimental procedure are shown below
as they are essential to ensure the reproduciblity of the la-
beling experiments. Iodosugar 1 (274 mg, 1.00 mmol) in a

50-mL vial was first dissolved in 2-butanol (3.0 mL) under
nitrogen. a,a,a-Trifluorotoluene (20.0 mL), perfluorodecalin
(4.5 mL), and AIBN (4.0 mg, 0.025 mmol) were added se-
quentially to the vial. Tributyltin hydride (807 mL,
3.00 mmol) was introduced with a 100-mL microsyringe with
stirring, and the whole homogeneous solution was immedi-
ately transferred into the third-generation reaction vessel
(RV). The computer-controlled system was set ready for the
following synthetic operations: Proton bombardment on
target 15N2 gas in the cyclotron in a room next door separat-
ed by a 1.5-m-thick concrete wall was started at t=0 (valve
V1: close). At t=0.7 min, supply of both “cold” oxygen gas
(14N2=177 mLmin

�1 and 16O2=3 mLmin
�1) to the reaction

mixture (V2: open) and temperature-controlled air (80 8C)
to the jacket of RV were started at the same time so that
the radical chain reaction could be initiated just when the
[15O]O2 was supplied. The induction time finished at t=
2.2 min, and the hydroxylation reaction started gradually to
generate [16O]DG, peroxide 6, and 2,6-dideoxy-d-glucose 7.
At t=4.0 min, as the chain reaction became faster, the hot
gas [15O]O2/N2 was released from TA of the cyclotron
(20 mLmin�1, V1: open), mixed with cold O2/N2 gas through
V2, and sent to RV in the “hot” synthesis room
(200 mLmin�1). At t=4.7 min, the “hot” gas reached RV.
At t=5.3 min, the generation of 15O in the cyclotron was
stopped, but the gas continued to flow from the cyclotron
(V1, V2: open). At t=6.0 min, when the increase in radioac-
tivity of RV had nearly stopped, both the “hot” gas and the
air at 80 8C were stopped (V1, V2: close). At t=6.1 min, tri-
phenylphosphine (262 mg, 1.00 mmol in 1.5 mL of PhCF3)
was added to reduce immediately any remaining hydroper-
oxide 6 to [15O]DG. At t=6.3 min, the mixture was passed
through SG to retain [15O]DG on the silica gel and to elute
most of the tin and phosphine compounds as well as the sol-
vents. The [15O]DG adsorbed was washed out with saline
(3 mL), and was then passed through ODS and a sterile
filter to trap less-polar compounds in ODS. Thus, we ob-
tained, at t=7.0 min, 0.04 mmol of [15O]DG in saline
(3 mL). According to HPLC and NMR spectroscopic analy-
sis of cold experiments with the same reagents and setup,
this sample was entirely free of tin and phosphine com-
pounds, but contained 7 (0.04 mmol). The dideoxyglucose 7
did not contain 15O and hence did not affect the following
PET analysis. The mean radioactivity of the whole solution
in a syringe for administration was reproducibly 0.7 GBq at
t=8.0 min. The decay-corrected radiochemical purity was
about 70%, the remainder being 15O-labeled water (see
below). The reproducibility depended critically on the dura-
tion of the induction period, which could be controlled
through careful standardization of the chemical and instru-
mental details (see Experimental Section).
The solution of [15O]DG in saline was a 7:3 mixture of

[15O]DG (tR=4.5 min; see Experimental Section) and H2
15O

(tR=2.3 min). The SH2 reaction shown in Scheme 4
[16] inevi-

tably formed H2
15O via nBu3Sn

15OH. Complete removal of
the radioactive water remains a technical problem to be re-
solved when the present technology goes to a developmental

Table 3. Reactions in the third-generation reaction vessel.

Run 1
ACHTUNGTRENNUNG[mmol]

PhCF3
[mL]

C10F18
[mL]

2-BuOH
[mL]

DG [%],[a]

[%],[b] [mmol]
7[a]

[%]
t[c]

ACHTUNGTRENNUNG[min]

1 0.40 8.0 1.8 1.2 30, �50, 0.120 54 1.5–3.5
2 0.60 12.0 2.7 1.8 31, �50, 0.182 54 1.5–4.0
3 0.80 16.0 3.6 2.4 28, �70, 0.222 66 1.5–4.0
4 1.00 20.0 4.5 3.0 27, �70, 0.280 71 1.5–4.5

[a] Yield is based on 1. [b] Yield based on O2 provided during the reac-
tion period. [c] See Table 1, footnote [b]. The start and end of the reac-
tion were monitored by TLC at 0.5-min intervals.

Figure 3. System diagram for [15O]DG synthesis. TA= target area (10 mm
fN55 mm), TG= target gas cylinder (16O2/

15N2=1.5:98.5),
14N2=

14N2 gas
cylinder, 16O2=

16O2 gas cylinder, RV= the third-generation reaction
vessel (Figure 2), SG=Sep-Pak cartridge silica gel Vac 3cc, ODS= two-
in-series Sep-Pak cartridges C18 plus short. Valves are shown as triangu-
lar assemblies.
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stage. In this proof-of-principle experiment, H2
15O did not

hamper the bioimaging of [15O]DG (see below). Taking into
consideration the chemical yield in the cold experiments,
the mechanical loss during purification, the generation of
8 GBq of [15O]O2 at t=8.0 min, and the fact that only half
of the 15O in the 15O16O gas can be incorporated into the
sugar molecule (the remainder becomes H2

15O, 15OPPh3,
and (Bu3Sn)2

15O; Scheme 4), we calculated the yield of
[15O]DG based on [15O]O2 to be a very respectable roughly
80% before purification (for detailed calculations, see Ex-
perimental Section).

Imaging

A part (0.2 mL) of the solution of [15O]DG in saline was ad-
ministered to mice at t=8.1–8.2 min. Figure 4a shows an
image of [15O]DG in one of the mice obtained by planar
positron imaging system (PPIS)[17] between 15 and 30 min
after initiation of the administration. The image is very simi-
lar to that obtained with [18F]FDG (Figure 4b), which re-
flects the accumulations in the heart and the bladder. The
15O-labeled sugar thus visualized the glucose metabolism in
mice. The image completely differed from that visualized by
H2

15O (Figure 4c). The dissimilarity assured us that the
image in Figure 4a is due to [15O]DG and not H2

15O, and
that the imaging of [15O]DG was not much affected by the
H2

15O in [15O]DG.
Imaging in rats, which are larger than mice, with 3 mL of

the solution provided additional accumulations in the brain
and the kidneys (Figure 5a). The image is similar to that ob-
tained with [18F]FDG (Figure 5b).

The advantage of the short half-life of [15O]DG culminat-
ed in sequential [15O]DG–H2

15O–[18F]FDG measurements
(Figure 6). The three sequential measurements were per-
formed at intervals of five minutes to obtain the images; the
whole operation was complete within a few hours. This 15O-
labeling will make possible repetitive scanning and the use
of multiple PET tracers in the same body over a short
period, and hence should significantly expand the scope of
experimental protocols in animal PET studies. With these
results in hand, we are currently developing new analytical
protocols for 15O-based metabolic analysis.[18]

Conclusions

An exceedingly short-lived 15O-labeled PET tracer as com-
plex as [15O]DG has been synthesized. The labeled sugar is
already useful for in vivo PET imaging in small animals.
Thanks to the wide scope and chemoselectivity of the radi-
cal hydroxylation reactions in organic synthesis,[8,9] the pres-
ent method is applicable to the synthesis of various 15O-la-
beled PET tracers. The procedure for 15O-labeling is simple,

Scheme 4. Plausible mechanism for the formation of H2
15O, (Bu3Sn)2

15O
(a and b), and 15OPPh3 (c).

Figure 4. Typical planar positron images of a) [15O]DG, b) [18F]FDG, and
c) H2

15O in 6-week-old male mice taken by PPIS. Each image represents
the accumulation image from 15 to 30 min after intravenous injection of
the tracer into a tail vein. Red pixels indicate highest accumulation of
15O, followed by yellow, green, and blue the lowest. In a) and b), the red
and green pixels are located in the bladder and the heart, respectively.

Figure 6. Planar positron images of sequential [15O]DG–H2
15O–[18F]FDG

measurements (a)–c), respectively). The PPIS scans were performed
ACHTUNGTRENNUNGsimilarly.

Figure 5. Planar positron images of a) [15O]DG and b) [18F]FDG in a
9-week-old male rat.
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it involves just the passing of [15O]O2 through a mixture of
tin hydride and a precursor halide compound, which is car-
ried out with a fully automated machine. The whole setup
can be made into a robotic 15O-labeling machine. The one-
step synthetic operation is much less complicated than 11C-
labeling, which requires a multistep operation starting with
either 11CO or 11CO2

[4,19–21] but enjoys the merits of the
much longer half-life of the carbon isotope. The new 15O-la-
beling technique should promote the development of medic-
inal and biological investigations with 15O-labeled tracers
both in academia and in industry.
The synthesis of structurally complex 15O PET tracers

that have a half-life of only 2 min has been a challenge for
synthetic chemists in terms of overcoming time as a synthet-
ic difficulty. The work herein provides the first solution to
the problem that once appeared insurmountable.

Experimental Section

Instrumentation for Cold Experiments

1H NMR (400 MHz) and 13C NMR (100 MHz) spectra were recorded on
a JEOL EX-400 spectrometer in CD3OD as solvent, and the chemical
shift values are reported in d relative to CD3OD (3.30 ppm for 1H NMR
and 49.00 ppm for 13C NMR). TLC analyses were performed on commer-
cial glass plates bearing a 0.25-mm layer of Merck silica gel 60F254. Ele-
mental analyses were carried out at the Elemental Analysis Center of the
University of Tokyo. Flash column chromatography on silica gel 60
(spherical, neutral, 140–325 mesh, Kanto Chemical) was carried out ac-
cording to the method of Still et al.[22] The hydroxylation was performed
in the reaction vessels shown in Figures 1 and 2. For the cold experi-
ments, an oil bath was used to control the reaction temperature, whereas
in the hot experiments, temperature-controlled air was used for heating.
O2/N2 gas was introduced into the reaction mixtures by a mass-flow
system, SEC-400MARKS3 and PAC-S5, obtained from STEC Co. Ltd.
For solid-phase extraction to purify sugars quickly, Sep-Pak cartridges
(silica, long body) were purchased from Waters and were used after
being conditioned with 10 mL of toluene prior to use.

Chemicals

Chemicals and solvents were used as received. 2-Deoxy-d-glucose was
purchased from Aldrich. 2-Butanol, a,a,a-trifluorotoluene, and perfluo-
ACHTUNGTRENNUNGrodecalin were obtained from Kanto Chemical, Acros, and Fluorochem
Ltd., respectively. Triphenylphosphine and AIBN were purchased from
Wako Pure Chemical. Tributylphosphine was purchased from TCI.
nBu3SnH containing 0.5% 2,6-di-tert-butyl-4-methylphenol was obtained
from Aldrich (Catalogue No. 23478–8, 10 g). For reproducibility experi-
ments, the Bu3SnH sample must be used fresh from the bottle. Once kept
for more than a few days in a once-opened bottle, the “old” reagent
(even after careful distillation) caused low reproducibility of the radical
reaction. O2/N2 mixed gas was obtained from Takachiho Kagaku Kogyo.

Syntheses

1: 2-Deoxy-d-glucose (5.00 g, 30.0 mmol) was placed in a 100-mL round-
bottomed flask equipped with a Dimroth condenser. Hydrochloric acid in
methanol (10%, 60 mL) was added to the flask. After being flushed with
nitrogen, the mixture was heated at 50 8C, and the homogeneous solution
was heated at reflux for 10 h. After cooling to ambient temperature, sil-
ver(I) carbonate was added with vigorous stirring until generation of
carbon dioxide ceased. The mixture was passed through a pad of celite,
and the filtrate in a 1000-mL round-bottomed flask was concentrated in
vacuo and diluted with toluene (250 mL). The flask was flushed with dry
nitrogen, and imidazole (6.12 g, 90.0 mmol), triphenylphosphine (11.8 g,
45.0 mmol), and iodine (11.5 g, 42.0 mmol) were added successively.

After further addition of 200 mL of toluene, the mixture was heated at
70 8C for 2.5 h under nitrogen with vigorous stirring using a large stirrer
bar. The reaction remained heterogeneous. The toluene layer was trans-
ferred to a round-bottomed flask and concentrated. The remaining
gummy residue in the reaction flask was triturated with chloroform. The
suspension in chloroform was filtrated through celite, and the filtrate was
concentrated. The toluene and chloroform extracts were combined and
carefully purified by silica-gel chromatography (chloroform/methanol=
20:1). The chromatography fractions contained 5.9 g of 1-O-methyl-2,6-
dideoxy-6-iodo-d-glucose (20 mmol, 67% yield over two steps). Sulfuric
acid (0.5 molL�1, 200 mL) was added to the purified 1-O-methyl-2,6-di-
deoxy-6-iodo-d-glucose, and the mixture was heated at 80 8C with stirring
for 1.5 h. A clear solution was obtained as the reaction proceeded. After
the mixture was cooled to room temperature, sodium hydrogencarbonate
was carefully added portionwise to the acidic solution. Neutralization to
pH 7 was checked with indicator paper, and the mixture was then con-
centrated in vacuo (bath temperature 40 8C). Before complete removal of
solvent (10–20 mL), methanol (100 mL) was added to the flask to afford
a white precipitate (largely Na2SO4). Filtration through celite, concentra-
tion of the filtrate (bath temperature 30 8C), and silica-gel column purifi-
cation (chloroform/methanol=8:1) afforded 1 (4.2 g, 15 mmol, 50%
overall yield). Pure iodosugar 1, an amorphous white solid, is unstable at
over 40 8C and hence must be kept in a refrigerator under inert atmos-
phere. Spectroscopic data of 1 (mixture of anomers (shown below), a/b=

6:4 in CD3OD):
1H NMR (400 MHz, CD3OD): d=1.47 (ddd, J=10.0,

12.0, 12.4 Hz, 0.4H, Hb
b), 1.58 (ddd, J=3.6, 11.6, 12.8 Hz, 0.6H, Ha

b),
2.02 (ddd, J=0.8, 4.8, 12.8 Hz, 0.6H, Ha

c), 2.13 (ddd, J=2.0, 4.8, 12.4 Hz,
0.4H, Hb

c), 2.99 (ddd, J=2.4, 6.4, 8.8 Hz, 0.6H, Ha
f), 3.06 (dd, J=8.8,

8.8 Hz, 0.6H, Ha
e), 3.11 (dd, J=8.8, 8.8 Hz, 0.4H, H

b
e), 3.35 (dd, J=6.4,

10.8 Hz, 0.6H, CHa
2I), 3.38–3.46 (m, 0.8H, CH

b
2I and H

b
f), 3.50–3.61 (m,

1.4H, CHa
2I, CH

b
2I and H

b
d), 3.90 (ddd, J=4.8, 8.8, 11.6 Hz, 0.6H, H

a
d),

4.82 (dd, overlapping with CD3OH, H
b
a), 5.24 ppm (dd, J=0.8, 3.6 Hz,

0.6H, Ha
a). The coupling constants of H

b
b indicate the existence of two

axial protons in comparison with the coupling constants of Ha
b, providing

evidence for the assignment of a and b anomers. 13C NMR (100 MHz,
CD3OD): a anomer: d=9.16 (C6), 39.65 (C2), 69.16 (C3), 71.65 (C5),
77.41 (C4), 92.83 ppm (C1); b anomer: d 7.41 (C6), 41.92 (C2), 71.99 (C3),
76.49 (C5), 76.71 (C4), 95.03 ppm (C1); elemental analysis: calcd (%) for
C6H11IO4: C 26.30, H 4.04; found: C 26.49, H 4.33.

Reaction in Scheme 3: Iodosugar 1 (58.6 mg, 0.213 mmol) and AIBN
(1.6 mg, 0.010 mmol) were placed in a 5-mL vial. Ethanol (1.0 mL) was
added, and the mixture was sonicated to form a fine suspension. Tributyl-
tin hydride (115 mL, 0.428 mmol) was introduced by a microsyringe. Note
that addition by a normal syringe may cause initiation of the reaction
before bubbling to give only 7. The whole mixture was transferred with a
Pasteur pipette into the first-generation reaction vessel. The mixture was
then immersed in an oil bath (60 8C) with bubbling of mixed gas (O2/N2=
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50:50, 200 mLmin�1). After 3.0 min, tributylphosphine (0.15 mL,
0.60 mmol) in ethanol (0.50 mL) was quickly introduced to the reaction
mixture, and further bubbling and heating continued for 10 s. The mix-
ture was drained into a 20-mL round-bottomed flask, and the vessel was
rinsed with methanol (3 mL). Concentration followed by 1H NMR spec-
troscopic measurement of the crude oil revealed the formation of DG
and 7[23] in a ratio of 46:54. Silica-gel column purification (chloroform/
methanol=8:1) afforded 16.0 mg of DG (0.097 mmol, 46%) and 17.0 mg
of 7 (0.114 mmol, 54%).

Reaction in Table 1, run 4: Iodosugar 1 (108 mg, 0.400 mmol) and AIBN
(1.6 mg, 0.010 mmol) were placed in a 10-mL vial. Isopropyl alcohol
(1.0 mL), benzotrifluoride (2.0 mL), and perfluorodecalin (1.0 mL) were
sequentially added. Tributyltin hydride (215 mL, 0.800 mmol) was intro-
duced by a microsyringe. The homogeneous solution was transferred with
a Pasteur pipette into the second-generation reaction vessel. The vessel
was then immersed in an oil bath (60 8C) with bubbling of mixed gas (O2/
N2=1.5:98.5, 200 mLmin

�1). TLC analysis was done every 1 min, which
indicated that the reaction actually started at 3 min and was completed at
6 min after the heating started. After 10.0 min, tributylphosphine
(0.20 mL, 0.80 mmol) in benzotrifluoride (0.50 mL) was quickly added to
the mixture, and further bubbling and heating continued for 10 s. The
mixture was discharged into a 20-mL round-bottomed flask, and the reac-
tion vessel was rinsed with methanol (3 mL). Concentration followed by
silica-gel column purification (chloroform/methanol=8:1) afforded
0.071 mmol of DG, 0.292 mmol of 7, and 0.008 mmol of 1 (determined by
1H NMR, 1,1,2,2-tetrachloroethane as an internal standard).

Reaction in Table 2, run 6: Iodosugar 1 (108 mg, 0.400 mmol) and AIBN
(1.6 mg, 0.010 mmol) were placed in a 10-mL vial. 2-Butanol (1.0 mL)
was added, and 1 was dissolved. Benzotrifluoride (4.0 mL) and perfluoro-
decalin (1.0 mL) were then added. Tributyltin hydride (323 mL,
1.20 mmol) was introduced by a microsyringe. The solution was transfer-
red into the second-generation reaction vessel. The vessel was then
heated in an oil bath (60 8C) with bubbling of mixed gas (O2/N2=

1.5:98.5, 200 mLmin�1). TLC analysis was done every 1 min, which indi-
cated that the reaction actually started at 2 min and was completed at
4 min after the heating started. After 7.0 min, the reaction mixture was
transferred to a solution of triphenylphosphine (105 mg, 0.40 mmol) in
benzotrifluoride (0.50 mL). Concentration under reduced pressure af-
forded a mixture of oil and viscous residue. Toluene (7 mL) was added,
and the solution was passed through Sep-Pak Cartridge silica (long body,
conditioned with 10 mL of toluene prior to use). Here the gummy resi-
due, which consisted of sugars, was not soluble in toluene. The eluent
containing tin and phosphine compounds was removed. Again, toluene
was added to the gummy residue, and a toluene layer was passed through
the same cartridge. The cartridge was then washed with methanol (2N
5 mL) by using the same syringe that was employed to take up the solu-
tions of toluene. The methanol eluent was added to the gummy sugars.
Evaporation and 1H NMR spectroscopic measurement revealed that the
mixture consisted of 0.079 mmol (20%) of DG, 0.252 mmol (63%) of 7,
and 0.042 mmol (10%) of 1, in addition to traces of tin and phosphine
impurities.

Reaction in Table 3, run 2: Iodosugar 1 (162 mg, 0.600 mmol) and AIBN
(2.4 mg, 0.015 mmol) were dissolved in 2-butanol (1.8 mL) in a 20-mL
vial under nitrogen. Benzotrifluoride (12.0 mL) and perfluorodecalin
(2.7 mL) were then added. Tributyltin hydride (485 mL, 1.80 mmol) was
introduced by a microsyringe. The homogeneous solution was placed in
the third-generation reaction vessel. The reactor was then heated in an
oil bath (80 8C) with bubbling of 1.5% O2 in N2 (200 mLmin

�1). The sin-
tered glass provided very fine bubbles. TLC analysis was done every
0.5 min, which indicated that the reaction actually started at 1.5 min and
was completed at 4.0 min after the heating started. After 7.0 min, the re-
action mixture was transferred to a solution of triphenylphosphine
(157 mg, 0.600 mmol) in toluene (1.5 mL). The reaction vessel was rinsed
with methanol (10 mL) once. After concentration under reduced pres-
sure, toluene (10 mL) was added. The resulting supernatant was passed
through a Sep-Pak Cartridge silica (long body, conditioned with 10 mL of
toluene prior to use). Toluene (10 mL) was added again to the gummy
residue, and the toluene layer was passed through the same cartridge.

The cartridge was then washed out with methanol (2N5 mL). The metha-
nolic eluent was added to the gummy sugars. Evaporation and 1H NMR
spectroscopic analysis revealed that the mixture consisted of 0.182 mmol
of DG (31% based on 1, �50% based on O2 that passed through the so-
lution during the radical chain) and 0.402 mmol (67%) of 7, in addition
to traces of tin and phosphine impurities.

Instrumentation for Hot Experiments

Production of 15O was performed with 15N ACHTUNGTRENNUNG(p, n)15O reaction by proton
bombardment (12 MeV, 50 mA) of a 15N2 target containing 1.5%

16O2

using a cyclotron-target system (OSCAR-12, NKK/Oxford) at The Medi-
cal and Pharmaceutical Research Center Foundation. Typically, 3N
10 GBq of crude [15O]O2 was obtained at saturation (4.0 min after the be-
ginning of the bombardment). The [15O]O2 reached the RV without pass-
ing through soda lime and activated charcoal. The automated synthetic
apparatus, with which the “hot” syntheses were performed in a lead-
shielded hood, was made inhouse by Fujisawa Pharmaceutical Co.,
Ltd.[13] The labeling was performed with the synthetic system illustrated
in Figure 3. The third-generation reaction vessel (Figure 2) was used for
the hot radical hydroxylation. Sep-Pak cartridges, Vac 3cc and plus C18
short, for purification were purchased from Waters. The cartridges
Vac 3cc were conditioned with PhCF3 (10 mL). The cartridges plus C18
short were conditioned with methanol (10 mL) and saline (10 mL). Saline
was purchased from Otsuka Pharmaceutical Co., Ltd. Radioactivity was
measured with an RI calibrator (Capintec, CRC127R). Radiochemical
purity was determined by high-performance liquid chromatography with
an Agilent1100 HPLC system (Agilent Technologies Japan, Tokyo) and
an Aloka positron detector RLC-700 (Aloka Co., Ltd, Tokyo, Japan)
using a high-performance carbohydrate column (4.6 mmN250 mm,
Waters Corporation, MA, USA) eluted with 15% water/85% acetonitrile
at a flow rate of 2.0 mLmin�1.

Calculation of the Yield of [15O]DG Based on [15O]O2

The incorporation yield of [15O]DG based on 15O was calculated as fol-
lows: The mean radioactivity of the saline solution obtained was 0.7 GBq
at 8.0 min, 70% of which came from [15O]DG. Thus the radioactivity of
[15O]DG itself was calculated to be 0.7 GBqN70%=0.49 GBq at 8.0 min.
The cold experiment revealed that 0.27 mmol of DG was formed in the
reaction flask. Thus, the reaction flask in the hot experiment would have
0.49 GBqN0.27 mmol/0.04 mmol=3.3 GBq of [15O]DG at 8.0 min. On
the other hand, the cyclotron system produced 7.8 GBq of [15O]O2 at
8.0 min (3N10 GBq at 4.0 min) under the same conditions. In theory,
only half of the 15O produced is able to be incorporated into [15O]DG.
The theoretical maximum radioactivity of [15O]DG is thus 3.9 GBq at
8.0 min. Therefore, the incorporation yield of [15O]DG based on 15O was
calculated to be 3.3 GBq/3.9 GBq�80%.

Positron Imaging with [15O]DG, H2
15O, and [18F]FDG

The studies were performed on 6-week-old male mice with a body weight
of about (30�3) g and on 9-week-old male Wistar rats with a body
weight ranging from 192 to 216 g. All animals were housed in a room
maintained at (23�3) 8C with (55�5)% humidity, and with a 12-h light/
dark cycle (light on at 07:00 h). The minimum quarantine period was at
least 1 week before the experiment. The animals were housed five per
cage and allowed free access to food and water. All the experiments
were performed in accordance with the institutional guidelines of the Ex-
perimental Animal Committee of The Medical and Pharmacological Re-
search Center Foundation.

Each animal was anesthetized with intraperitoneal injection of ethylcar-
bamide (Wako, Osaka, Japan; 1.0 gkg�1) and fixed on an acrylic plate
placed at a central position between the detector units of a PPIS (IPS-
1000–6XII, Hamamatsu Photonics, Shizuoka, Japan).[17]

H2
15O (0.5 GBq) was prepared with an automated apparatus (JFE corpo-

ration, Tokyo, Japan). [18F]FDG (10 MBq for the rats, 1.0 MBq for the
mice) was made according to the conventional method.[24] [15O]DG
(mean radioactivity: 0.6 GBq/3 mL at t=8.1 min) was intravenously in-
jected manually from a tail vein over 0.4 min (3 mL for the rats) or
0.1 min (0.2 mL for the mice). Five minutes after the beginning of the in-
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jection, the animals were scanned with a 5-frame sequence lasting 25 min
(five frames, 5 min each). Five minutes after taking the final frame,
[18F]FDG was also injected, and the emission scan was similarly per-
formed. The array of [15O]DG, H2

15O, and [18F]FDG measurements was
similarly performed.
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