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Butanol was labeled with 150 using the reaction of tri-n-butyl borane with oxygen gas. The 
carrier-added synthesis and purification was accomplished in 4 min from the end of 
bombardment. The efficiency of radiolabel incorporation was 50%. The procedure described 
will produce [150]butanol in an amount and quality sufficient for positron tomographic use. 
This compound is immediately useful for blood flow measurement based upon previous 
validation of butanol labeled with other radionuclides for that purpose. 
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A 
i V n important function of positron tomography is 
the noninvasive assessment of regional cerebral blood 
flow (CBF). There are presently several methods for 
making this assessment, all of which rely on mathematic 
modeling of the distribution and/or kinetics of a partic
ular highly retained or freely diffusible tracer. These 
methods are well documented and remain a subject of 
current research (1-6). 

One of the more commonly used tracers for CBF 
measurements is oxygen-15- (lsO) labeled water. It has 
been suggested, however, that water is not the optimum 
tracer material since butanol may be much closer to 
the ideal for this purpose (7-70). The greater lipid 
solubility of butanol results in nearly complete free 
exchange into brain tissue. 

A difficulty that has prohibited the use of butanol, or 
any other alcohol, labeled with l 50 is that the methods 
available for synthetic incorporation of lsO have not 
been sufficiently rapid or efficient. The 2-min half-life 
of ) 50 has, therefore, prevented production by current 
methods of a quantity of tracer useful for positron 
tomography. A further constraint is that the tracer, once 
synthesized, must be amenable to rapid purification. 
The only available alternative has been to use the 
carbon-11- ("C) labeled compound (4-JO). Although 
convenient for synthesis, the longer half-life of ' !C (20 
min) is inconvenient in common medical imaging 
procedures that use several sequential measurements 
of flow and measurements involving other 
radiopharmaceuticals. 
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Recently, a communication by Kabalka (77) de
scribed an organoborane reaction that allows the syn
thesis of butanol in good yield from oxygen gas that 
would be suitable for use with 150. Further communi
cations (12,13) established the expected result that no 
change in the reaction is observed when the oxygen is 
labeled with 150 at low specific activity. Because of the 
very low quantity and specific activity of the oxygen 
gas used, and because of the lack of a suitable purifica
tion, the method as reported (12,13) is not suitable for 
synthesis of large quantities of butanol for positron 
tomography. However, the reported 50% radiochemical 
incorporation into pure labeled butanol was encourag
ing for further development. We report here reaction 
conditions, further observations, and purification 
methods for the use of this reaction for large scale 
sequential production of lsO-labeled butanol for 
positron tomography studies of human subjects. 

MATERIALS AND METHODS 

Tri-n-butyl borane (\M) in tetrahydrofuran (THF) 
was obtained commercially* and used without further 
purification. Argon gas (extra dry grade) was passed 
over dried 4A molecular sieves immediately before 
contact with the reagent. Reverse-phase SEP-PAKs 
were used according to manufacturer's instructions. 

The 14N(d,n)150 reaction on nitrogen gas containing 
1% oxygen was used for production of lsO-labeled 
oxygen. The target was 5 cm in diam and 10 cm long, 
pressurized to 4 atm. A bombardment of 10 /xA of 8 
MeV deuterons for 7 min typically produced 100 mCi 
of useful lsO measured at end of bombardment. 

Preparation of [i5OJbutanol was performed using the 
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published reaction (11): 

B (n-C4H9)3 
1. Q2 

2. H20> n-C4H9OH. 

The tri-n-butyl borane was prepared by evaporation 
of solvent from 1 ml of a \M solution in THF. This 
was done in a dried glass reaction vessel (4 ml) sealed 
with a teflon-backed silicone septum. Disposable 
needles (25G) were used to purge the vessel with argon 
before introduction of the reagent. A vacuum pump (1 
mmHg) equipped with a liquid nitrogen cold trap was 
then attached and a slow argon flow through the vessel 
was continued during the evaporation. 

After 20 min under vacuum, the vessel was pressur
ized to 2 psig with argon and the needles were removed. 
The reagent prepared in this manner was usable for 
several days, and could therefore be prepared in ad
vance. Any leakage of the seal and spoilage of the 
reagent was readily apparent from increasing cloudiness 
of the clear liquid reagent. 

The prepared tri-n-butyl borane in the reaction vessel 
was inserted in the system shown in Fig. 1. Disposable 
needles were used for entrance and exit lines. Two 
needles placed at the bottom of the vessel served to 
introduce labeled oxygen and to remove product. The 
system was purged in advance with helium gas, and 
helium gas flow was continued at ~5 ml/min. The 
vessel was cooled in an ice bath. 

The target gas was then introduced to the vessel at a 
flow rate of -300 ml/min. The amount of gas used is 
limited to the target volume (200 ml) at 4 atm of 
pressure (0.3 mmol 02). Under the conditions used, the 
target was emptied in ~2 min. 

After introduction of the target gas, the boron com
plex was hydrolyzed by addition of 1 ml sterile water 
and the solution was passed through a reverse phase 
SEP-PAK cartridge. The cartridge was then rinsed with 
1.5 ml sterile water and eluted with 5 ml of 10% ethanol 
in sterile saline. For in vivo use the eluent was passed 
into a sterile syringe through a 0.22-^m sterile filter. 

The product was analyzed by gas chromatography 
and high performance liquid chromatography (HPLC). 
Gas chromatographic conditions used were: 3% AN600 
on Anakrom A 2 meter column at 60°C. A flame 
ionization detector was used. Retention times were: 
butane 1.1 min, THF 1.5 min, butanol 2.0 min, boron 
compounds 4.5 to 5.3 min. Liquid chromatography 
conditions were: 15% acetonitrile in 0.0\Mammonium 
acetate at 2 ml/min through a 25 x 0.5 cm analytic 
CI8 reverse-phase column. Refractive index and radio
activity detectors were used. Retention times of radio
active products were: water 1.6 min, butanol 2.5 min. 
The only material present in sufficient quantity to give 
a mass peak on HPLC was butanol. 

RESULTS 

The reaction of oxygen with tri-n-butyl borane was 
found to be extremely rapid. As a result, the high flow 
rate through the reaction vessel did not significantly 
reduce the quantity of radioactivity that could be col
lected. Experiments were performed in which measured 
amounts of oxygen were passed through the vessel and 
measurements were subsequently made of the quantity 
of butanol produced. They showed that the reaction 
efficiency under the conditions used was >80%. 

Initial studies of the reaction mixture after hydrolysis 
demonstrated the presence of residual THF, butanol, 
boron compounds, and small amounts of butane from 
unreacted reagent. No butyraldehyde or butyric acid 
was observed. 

Two boron compounds were present in the mixture. 
The predominant material was a volatile white solid 
which converted on standing to a nonvolatile solid. 
Proton nuclear magnetic resonance (NMR) of the vol
atile material showed multiplets at 0.9, 1.3, and 2.1 in 
a pattern consistent with a B-Bu linkage. Quantitation 
was suggestive of B-Bu(OH)2. The nonvolatile material 
gave no proton NMR. Boron-11 spectra of the volatile 
compound showed an absorption at 33 ppm from bo-

Receiving Syringe 

Water 1.5 ml 

Rxn Vessel 

FIGURE 1 
Apparatus for butanol synthesis. 
Crossed circles denote valves with 
closed circles on common side. 
C-18 denotes reverse phase car
tridge 
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ron trifluoride etherate and the nonvolatile compound 
absorbed at 19 ppm. This result is consistent with 
identification of the volatile compound as B(OH)2Bu 
and the nonvolatile compound as B(OH)3. 

From the standpoint of in vivo use, small amounts 
of butane posed no real problem. Due to the 0.67 mmol 
of available oxygen, the maximum amount of butanol 
which could be produced was 1.2 mmol. In the final 
solution, this would give 5 ml of 0.24M butanol for a 
total dose of 89 mg of butanol. However, THF and 
boron compounds must be removed before use. It was 
found that a 2-g portion of any ion exchange resin could 
satisfactorily remove these impurities, leaving only bu
tanol in the solution. Application of this method for 
labeling, however, revealed a radiolabeled impurity 
which was not identified in previous work. This mate
rial was almost certainly lsO-labeled water. It was vol
atile upon distillation but not upon standing, eluted on 
the void volume of the HPLC in all solvent systems, 
and was not measurably retained by any amount of ion 
exchange resin. Neither butanol nor oxygen gas showed 
any signs of exchange with solvent water. When extraor
dinary measures (described below) were not taken to 
eliminate water from the system, this labeled impurity 
contained 50% of the radioactivity that was recovered. 

Several approaches were taken to avoid the co-pro
duction of water with the butanol. These included 
hydrolysis by freshly dried and distilled ethanol or 
methane sulfonic acid, and hydrolysis only after heating 
to 150°C in order to complete any rearrangement of 
boron intermediates. The latter approach had no effect, 
while the former ones, especially dry distilled methane 
sulfonic acid, were successful in producing radio-
chemically pure butanol on several occasions. Unfor
tunately, this result was not consistently reproducible 
due to the difficulty of keeping the apparatus, solvents, 
and reagents completely dry. 

Because water production could not be reliably elim
inated, a method was sought to remove it from the 
butanol. Passage of the reaction mix through a reverse-
phase cartridge resulted in retention of >90% of the 
butanol, while the labeled water passed off the cartridge. 
Subsequent washing with 10% ethanol in normal saline 
eluted the butanol with no detectable amounts of boron 
salts or THF, and completely free of 150 water. The 
purification procedure using a reverse-phase cartridge 
required < i min. The product was eluted directly into 
a syringe through a sterile 0.22-m filter. 

The radiochemical incorporation of 150 into butanol 
was 50%. The radiochemical yield (uncorrected) of 
purified butanol was 10% at 4 min after the end 
of bombardment. The maximum activity obtained 
routinely to date is 50 mCi ready for injection. 

DISCUSSION 

Ion exchange resin was useful for removal of boron 
compounds and residual THF from the butanol sam

ples. The amount of resin that was required was, in 
fact, less than the quantity calculated from the meas
ured capacity of the resin for ion exchange. This implies 
that the mechanism involved in removal of impurities 
is hydrophobic absorption to the resin, similar to 
reverse-phase chromatography. Ion exchange resin, 
however, does not retain butanol. 

The presence of labeled water in the product mix is 
not easily explained. Water is not formed by passage of 
oxygen gas through water, nor does exchange of labeled 
butanol with water occur. Therefore, exchange of la
beled oxygen in the intermediate boron compounds 
with water added for hydrolysis must occur. Although 
definitive proof does not exist, the accepted mechanism 
for the labeling reaction is: 

R3B + 0 2 -> R2B-0-0-R -* 

RB(OR)2 -> RB(OH)2 + 2 ROH. 

The net reaction resulting from this mechanism is: 

R3B + 0 2 + 2H20 -> 2ROH + RB(OH)2. 

One explanation for oxygen exchange is that the hy
drolysis may take place by attack of OH either on boron 
or carbon. This is supported by the observation that 
heating the complex to promote complete re
arrangement before hydrolysis occurs has no effect on 
water production. However, hydrolysis with dry meth
ane sulfonic acid or, to a lesser extent, ethanol resulted 
in radiochemically pure butanol. The difficulty with 
this approach is that the production system is not easily 
kept sufficiently dry. Therefore, the purity of the 
product is not reliable. 

It was found that a reverse-phase cartridge could be 
used to hold not only the hydrophobic impurities, but 
also the butanol itself. Labeled water of course was not 
retained. Less than 10% of the butanol produced was 
eluted with the water wash of 1.5 ml, while all of the 
labeled water was removed. Subsequent elution with 5 
ml of 10% ethanol in normal saline removed the bu
tanol, but allowed any previously uneluted impurities 
to remain on the cartridge. Passage of the final cartridge 
elution through a sterile 0.22-^m filter resulted in a 
sterile, pyrogen free injectable solution. 

The entire synthesis and purification requires 4 min 
from the end of bombardment, and is performed 
remotely in a shielded hood. 

The technique of using butanol for obtaining blood 
flow information has been validated using carbon-11-
labeled butanol (4,5,10). This method of producing the 
same tracer labeled with 150 will allow the same studies 
to be performed with the advantage that sequential 
studies may begin within 10 min after injection of 
butanol. 

FOOTNOTES 

* Aldrich Chemical Company, Milwaukee, WI. 
f Waters Associates, Milford, MA. 
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