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Positron emission tomography (PET) has emerged as a prevailing noninvasive research tool
to understand biochemical processes and elucidate molecular interactions relevant to human
health.[1] The enabling technology that underlies PET and other radiotracer imaging methods
is radiotracer chemistry. Thus, the continued success and expanded capability of PET relies
on the development of methods to incorporate positron emitting isotopes into compounds,
which for example, can serve as biomarkers for human disease. Arguably, one of the most
important isotopes for PET research is carbon-11 (t1/2 = 20.4 min) due to its ubiquity in
pharmacologically active compounds and its favourable physical properties.[2] However, only
a limited number of reactions that meet the special demands and constraints of carbon-11
chemistry have been developed.[3] Even fewer are routinely employed due to process
complexity and/or the requirement for special equipment. Recently, we have placed a focus
on developing chemical methods for carbon-11 labelling that can be easily and immediately
implemented[4] and herein we describe a new method that addresses the carbamate function
group.[5]

Synthesis with carbon-11 begins with a nuclear reaction (typically, [14N(p,α)11C]) using a
cyclotron that produces 11CO2 or 11CH4.[6] In most cases, this “starting material” must be
rapidly converted to a more useful reagent, for example 11CH3I,[7] which is then used to label
a precursor compound. The process of reagent synthesis alone can consume more than half of
the radioactivity (considering decay during reaction time x yield of each conversion step x
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trapping efficiency).[8] In this respect, chemical reactions that use 11CO2 or 11CH4 directly
have a clear advantage in terms of radiochemical yield and if properly designed, direct
incorporation strategies can eliminate or reduce the need for special equipment.

With this in mind, we have developed a one-pot, operationally simple method for the direct
incorporation of 11CO2 into carbamate-containing compounds. This functional group is an
attractive target for radiochemical incorporation in light of its versatility for modular
construction of organic compounds and its chemical and metabolic stability. Other methods to
label the carbamate carbon have utilized [11C]phosgene,[9] or [11C]carbon monoxide,[10] both
of which present technical difficulties and equipment needs that currently make their routine
use somewhat impractical.

Our development was guided by previous research using excess, typically high pressure, carbon
dioxide in a variety of chemical fixation reactions[11] including carbamate synthesis.[12]
However, at the outset we anticipated significant differences in reactions using trace carbon
dioxide (11CO2) at atmospheric pressure and recognized process differences that would dictate
general applicability and use of a new radiochemical method. Previous studies[13]
demonstrated the feasibility of using no carrier added 11CO2 in the conversion of amines to
isocyanates and ureas. Encouraged by these studies, we examined a variety of reaction
conditions using substoichiometric 12CO2 in model reactions. In addition, we
optimized 11CO2 trapping efficiency at room temperature, capture flow rate, solvent and
catalyst/base identity through screening.[14]

From these preliminary experiments, we quickly identified DBU (1,8-diaza-bicyclo[5.4.0]
undec-7-ene) as both a superior trapping reagent and a catalyst for the reaction. Solutions of
DBU (100 mM) in MeCN, DMF, and DMSO trapped >95% of 11CO2 from a constant flow of
He (50 ml/min) whereas for comparison, solvent and solutions of DMAP (4-(dimethylamino)-
pyridine) or DABCO (1,4-diazabicyclo[2.2.2]-octane) trapped <10%.

Carbon-11 reaction optimization was carried out with operational simplicity in mind.
Conceptually, the reaction occurs as detailed in Scheme 1; however, it is most likely that many
equilibria exist in solution and that (bi)carbonate salts of DBU are important reactive
intermediates.[14,15]

In one-pot, solutions of benzyl amine (1), benzyl chloride (2), and DBU were combined and
the resulting solution was used to trap 11CO2 (10-40 mCi) from a constant stream of He (in <2
min) using a standard cone-bottomed glass vial with septum and screw cap. The inlet and outlet
lines were removed or closed and the reaction solution was heated. At the end of a given reaction
time, the reaction was quenched by the addition of excess acid and the amount of volatile
radioactivity (i.e. unreacted 11CO2) was determined. A sample was then analyzed by radioTLC
or radioHPLC for chemical identity and radiochemical purity. From these data, we calculated
radiochemical yield under various reaction conditions, Table 1.

The desired [11C]-carbamate was formed in high radiochemical yield in under 10 min at slightly
elevated temperatures, Table 1 entry 6. At room temperature the reaction occurred in lower
yield, but perhaps sufficient for labeling temperature-sensitive compounds. When compared
to other carbon-11 labeling methods, bear in mind that the entire process including trapping
and reaction time can be accomplished in less than 10 min. Therefore, non-decay corrected
yields (i.e. deliverable yields) are much higher for this direct 11CO2 method than for other more
time intensive labeling strategies.[16]

From this series of experiments we determined that radiochemical yield was more sensitive to
DBU and benzyl chloride concentrations than benzyl amine concentration. In the absence of
DBU a small amount of labeling was observed, however the trapping efficiency was poor. In
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the absence of benzyl amine, we observed <1% formation of [11C]-dibenzyl carbonate. This
may indicate that the soluble [11C]-carbonate salt of DBU is not participating or is alkylated
reversibly thus releasing 11CO2 upon acidification. The only productive (irreversible) and high
yielding pathway involved the amine. In fact, the use of a mixture of benzyl alcohol, benzyl
chloride, and DBU under the optimized reaction conditions provided less than 3%
radiochemical yield of [11C]-dibenzyl carbonate.

For the reactions we have reported in Table 1, we used dry solvents that were stored over
molecular sieves. However, we found that dry solvents were not necessary and even in the
presence of 10 mg of water, the reaction yields were comparably high. We have not eliminated
the possibility that water is important in the reaction and are working to perform the reaction
under rigorously anhydrous conditions to determine if water plays an essential role in the
mechanism. We have found that the use of NaOH (aq) in DMF under the same conditions is
not effective, but mechanisms involving water with DBU cannot be excluded. Clearly, the role
of DBU in sequestering CO2 either as a zwitterion or (bi)carbonate salt is important, but the
precise nature of this interaction and related reactive intermediate(s) cannot yet be discerned,
especially when tracer quantities (i.e. nanomoles) of 11CO2 are being employed.[14]

To probe the scope of this direct 11CO2 incorporation method, we examined the reaction of a
series of amines and alkyl halides, Table 2. Secondary and di-substituted amines formed the
corresponding [11C]-carbamates in good yields, Table 2 (entries 1-5). Less nucleophilic
amines, such as anilines, participated in the reaction but with lower levels of conversion under
these conditions. Given the simplicity of the reaction, direct use of 11CO2, and short reaction
times, we anticipate that even these lower radiochemical yields will be competitive with
alternative methods for carbamate labelling. We are currently investigating reaction conditions
and co-catalysts to increase the radiochemical yields for less nucleophilic amines and for
alcohols.[17]

In terms of electrophile scope, we examined the reaction of benzyl amine with a series of alkyl
halides, Table 2 (entries 6-10). For the desired 11CO2 reaction to occur in acceptable
radiochemical yield, electrophile reactivity had to be modulated so that competitive alkylation
of the amine or DBU and elimination of the alkyl halide were minimal. In general, alkyl
chlorides were better than the corresponding bromides. However in some cases, alkyl bromides
were more effective. In these cases, alkylation of the amine was not competitive, (Table 2 entry
8). Hence, the reactivity can be “tuned” by the choice of an appropriate nucleophile / leaving
group pair and we are now determining the extent to which we can develop rules to guide such
pair selections, thus expanding the scope and predictability of high yielding reactions.

Finally, to test the reaction in the context of a pharmacologically active compound with
potential as a PET imaging tracer, we labeled metergoline,[18] a serotonin (5HT) receptor
antagonist, Scheme 2. It is worth noting that benzyl carbamate containing molecules like
metergoline are attractive targets for this methodology because the labelling precursor (amine)
can be produced by deprotection using H2 and Pd/C. (We anticipate similar strategies for other
common carbamates, which are used as protecting groups.) The reaction setup was extremely
simple consisting of one vessel. 11CO2 was trapped in the 300 μL reaction solution (containing
100 mM DBU, 1 mg of the amine precursor, 100 mM benzyl chloride) directly from the
cyclotron target gases. Given the simplicity of the method and the short overall process and
reaction time from the end-of-bombardment (EOB), the radiochemical yield was excellent
(32% calculated to EOB). We have now scaled this reaction in terms of radioactivity using up
to 400 mCi of 11CO2 and can produce [11C]-metergoline at high specific activity (up to 5 Ci/
μmol) using less than 1 mg of precursor. (The evaluation of [11C]-metergoline as a radiotracer
for the 5HT receptor system in the brain will be reported elsewhere.)
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In summary, the direct incorporation of 11CO2 into the carbamate functional group has been
demonstrated. We are currently optimizing additional parameters to improve radiochemical
yield and reaction scope. However, the simplicity and efficiency of the reaction should
immediately provide new capabilities to carbon-11 chemists and expand the number and types
of molecules useful in PET and other radiotracer applications. We are currently working to
better understand the mechanism and the role DBU plays under tracer-scale conditions.

Experimental Section
Separate solutions (300 mM each) of the amine, DBU, and alkyl chloride were prepared in
DMF (that had been previously sparged with He gas to remove any CO2 from the atmosphere).
Aliquots (100 μl) of each solution were combined in a reaction vessel, which was then sealed
with a septum and screw cap. The resulting 300 μl solution (0.1 M in each reagent) was sparged
with He gas for 2-3 min. [11C]Carbon dioxide was released in a stream of He (~50 mL/min)
from an automated trap and release system and introduced to the reaction solution under
constant flow at room temperature. The amount of 11CO2 trapped was monitored and recorded
and the capture step continued until the radioactivity curve reached a maximum (typically <2
min). After removing the inlet and outlet needles, the sealed vessel was transferred into a
heating bath. Most reactions were carried out for 10 min at 75 °C. Other conditions are noted
in Table 1. To determine radiochemical yield, reaction solutions were placed in contact with
a miniature radiation detector and equipped with an inlet and outlet line using needles through
the septa cap. The solution was acidified with 100 μL of 1.0 M HCl (an excess relative to DBU
and amine). The residual 11CO2 trapped in solution was then removed from solution by
sparging with a stream of He gas (~50 ml/min). When the radioactivity in the solution became
constant (ignoring decay), an aliquot of the solution was analyzed by radio-TLC and/or radio-
HPLC. The percentage of radioactivity coincident with reference compound was multiplied
by the decay corrected percentage of radioactivity that remained in solution upon removal of
excess 11CO2.

Supplementary Material
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Scheme 1.
Conceptual mechanism for DBU-catalyzed incorporation of [11C]carbon dioxide
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Scheme 2.
Synthesis of [11C]-metergoline
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Table 2
DBU mediated incorporation of 11CO2: scopea

entry product %yieldb

1 60

2 48
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entry product %yieldb

3 16

4 7
16c

5 4

6 77±8d
33c

7 33
11c

8 12
69c
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entry product %yieldb

9 6

10 <1

[a]
All reactions were carried out with 100 mM of amine, alkyl chloride, and DBU in 300 μL of DMF.

[b]
Average radiochemical yield of two or more reactions.

[c]
Radiochemical yield for the corresponding alkyl bromide.

[d]
mean ± stdev (n = 10).
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