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Abstract An efficient method to radiolabel symmetrical [11C]ureas us-
ing 1,8-diazabicycloundec-7-ene (DBU) and cyclotron-produced
[11C]CO2 has been developed. [11C]urea derivatives were obtained when
aliphatic and aromatic amines were used with excellent radiochemical
yields (RCYs) of over 70%. The mechanism of the reaction is proposed
on the basis of control experiments. This simple and robust methodolo-
gy provides a powerful tool to prepare 11C-labelled ureas previously in-
accessible by existing methods and enable their utilisation for in vivo
molecular imaging applications.

Key words carbon-11, carbon dioxide, Mitsunobu reaction, symmet-
rical urea, DBU

Positron emission tomography (PET) is a molecular im-
aging technique that is increasingly being used for diagno-
sis, biological research and drug development studies.1
Short-lived carbon-11 (t1/2 = 20.4 min) is one of the most
commonly used radioisotopes for PET imaging. Carbon-11
(11C) is produced by a cyclotron in the form of [11C]CH4 or
[11C]CO2 by the 14N(p,α)11C nuclear reaction.1 From a syn-
thetic perspective, both products are converted into more
reactive secondary synthons such as [11C]methyl iodide,
[11C]methyl tosylate for radiolabelling.2 Although these sec-
ondary synthons are undoubtedly useful they require time-
consuming processing. Therefore, the development of
methods to radiolabel compounds directly and efficiently
with [11C]CO2 is of significant interest.1–3 Due to low CO2 re-
activity, there are only a handful of radiosynthetic methods
available to incorporate [11C]CO2 directly into target mole-
cules of interest.4 A challenge that needs to be addressed
when developing synthetic methods with 11C is that reac-
tions are typically performed with reactants and support-
ing reagents in large excess compared to the 11C synthons
(typically [11C]CO2 is used on a nanomolar scale).

We have recently developed a method to radiolabel
asymmetric ureas with 11C using [11C]CO2 directly from the
cyclotron (Scheme 1).5 However, when the method was ap-
plied to the synthesis of symmetrical ureas, low radio-
chemical yields (RCYs) were observed.

Scheme 1  Synthesis of asymmetric [11C]ureas using [11C]CO2

We hereby report a new development of the previous
methodology that allows the radiolabelling of symmetrical
ureas in moderate to excellent RCYs using a Mitsunobu re-
action.

Initially, 11C-radiolabelling of bis(4-methylpiperazin-1-
yl)methanone ([11C]1) was performed in two steps. Cyclo-
tron-produced [11C]CO2 was bubbled in a solution contain-
ing N-methyl piperazine (18.3 μmol), 1,8-diazabicycloun-
dec-7-ene (DBU, 0.8 μmol) in acetonitrile (MeCN, 300 μL) at
room temperature (r.t.). The solution was heated at 50 °C
and Mitsunobu reagents, di-tert-butyl azodicarboxylate
(DBAD, 36.6 μmol) and tributylphosphine (PBu3, 36.6
μmol), dissolved in MeCN (100 μL) were added. The mixture
was stirred for 4 minutes at 50 °C.5 Following this proce-
dure, [11C]1 was obtained with a RCY of 31% (Table 1, entry
1). RCY was determined by radio-HPLC and defined as the
amount of labelled [11C]urea as a percentage of the cyclo-
tron-produced [11C]CO2 trapped in solution.

To optimise the RCY of [11C]1 further, the effects of vary-
ing reaction time, solvent, temperature and reagent con-
centrations were studied.
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Changing the reaction time from 5 to 15 minutes had no
effect on the RCY (Table 1, entry 2). Next, screening of dif-
ferent solvents was carried out. [11C]1 was not obtained
when toluene, THF, and DMF were used as solvent (Table 1,
entries 3–5) whereas DMSO (Table 1, entry 6) afforded the
desired product with low RCY (24%). MeCN (Table 1, entry
1) produced the highest RCY (31%). Therefore, it was select-
ed as the solvent of choice for further investigations.

We have previously reported that a reaction tempera-
ture of 50 °C is optimal for the formation of asymmetrical
[11C]ureas.5 A similar trend was observed for the synthesis
of symmetrical [11C]ureas whereby the RCY decreased from
31% at 50 °C to 14% at 25 °C (Table 1, entries 1 and 7).

Increasing the concentration of the secondary amine
did not improve the RCY noticeably (Table 1, entry 8). How-
ever, increasing the concentration of DBU from 0.8 μmol to
3.4 μmol (Table 1, entry 9) significantly increased the RCY
from 35% to 84% while trapping the [11C]CO2 efficiently
(95%). The increase in RCY can be explained by the influ-
ence of DBU on the reaction mixture as it promotes the for-
mation of the carbamate anion (intermediate I, Scheme 2).
A further increase in DBU concentration from 0.8 to 6.8
μmol caused a drop of the RCY to 15% (Table 1, entry 10).
The latter may be due to high concentrations of DBU se-

questering protons needed for the protonation of Mitsuno-
bu intermediate I (see Supporting Information, Figure SI2)
resulting in the low RCY.

In attempts to increase the RCY further, DBU was re-
placed with another trapping reagent, 2-tert-butylimino-2-
diethylamino-1,3-dimethylperhydro-1,3,2-diazaphos-
phorine (BEMP).4 High [11C]CO2 trapping was obtained
when BEMP was used however, no [11C]1 was observed (see
Supporting Information, Table SI1 and Table 1, entry 11).

To explore the applicability of the developed method,
the optimised conditions were applied to the radiolabelling
of various symmetrical ureas using a range of aliphatic and
aromatic amines (Table 2). High RCYs (>80%) of the desired
[11C]ureas were observed for primary and secondary
amines such as 1-tetrahydroisoquinoline, benzylamine and
cyclohexylamine (2–4). The less reactive aromatic amine
aniline was also tested and interestingly, 5 was obtained
with a high RCY of 79%. The effect of functional groups on
aniline was studied. Aniline derivatives bearing electron-

Table 1  Reaction Optimisation to Radiolabel [11C]16

Entrya Time (min) Trapping reagent Solvent RCY (%)b

 1  5 DBU MeCN 31 ± 8

 2 15 DBU MeCN 33 ± 2

 3  5 DBU toluene  0

 4  5 DBU THF  0

 5  5 DBU DMF  0

 6  5 DBU DMSO 24 ± 12

 7c  5 DBU MeCN 14 ± 1

 8d  5 DBU MeCN 35 ± 3

 9e  5 DBU MeCN 84 ± 4

10f  5 DBU MeCN 15 ± 7

11  5 BEMP MeCN  0

12  5 – MeCN  0
a Reaction conditions: [11C]CO2, amine (18.3 μmol), DBU (0.8 μmol), Mitsu-
nobu reagents (36.6 μmol) in MeCN (400 μL) at 50 °C for 5 min.
b RCY was determined by radio-HPLC (n = 3).
c Reaction was performed at 25 °C.
d Further 18.3 μmol amine was added after trapping.
e Amount of DBU used was 3.4 μmol.
f Amount of DBU used was 6.8 μmol.
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Table 2  11C-Radiolabelling of Different Symmetrical Ureas7

Compounda [11C]Urea RCY (%)b

2 88 ± 6

3 85 ± 5

4 83 ± 2

5 79 ± 14

6 70 ± 2

7 72 ± 6

a Reaction conditions: [11C]CO2, amine (18.3 μmol), DBU (0.8 μmol), Mitsu-
nobu reagents (36.6 μmol) in MeCN (400 μL) at 50 °C for 5 min.
b RCY determined by radio-HPLC (n = 3).
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donating (OMe, 6) or electron-withdrawing (NO2, 7) groups
in para position were radiolabelled in over 70% RCYs. Inter-
estingly, similar RCYs were observed for the synthesis of
[11C]3 when the Mitsunobu reaction time was reduced to
one minute.

The reaction for the synthesis of symmetrical [11C]ureas
is proposed to occur in three steps (Scheme 2): (i) formation
of intermediate I from [11C]CO2 and amine in the presence
of DBU; (ii) reaction of I with the Mitsunobu reagents giving
intermediate II; (iii) formation of the urea by nucleophilic
attack of an another amine on II. The formation of interme-
diate I requires the concomitant presence of an amine and
the trapping reagent DBU (see Supporting Information, Ta-
ble SI1 and Table 1, entry 12). These results are in agree-
ment with the previously proposed trapping mechanism
whereby the amine traps the [11C]CO2 forming a zwitterion
which is deprotonated by DBU giving a carbamate anion
(intermediate I).8 When Mitsunobu reagents are added to
the reaction mixture, a phosphine oxonium ion (intermedi-
ate II) is formed (see Supporting Information, Figure SI2). In
the last step, intermediate II reacts with another molecule
of amine producing the [11C]urea.

In conclusion, a rapid method to radiolabel symmetrical
ureas with 11C has been developed, significantly improving
previously reported routes.5 The method incorporates
[11C]CO2 directly from the cyclotron into primary and sec-
ondary amines to form the corresponding [11C]ureas. Ali-
phatic, benzylic and aromatic molecules were radiolabelled
with high RCYs greater than 70%. The developed method
avoids the need for converting short-lived [11C]CO2 into
other reactive radiolabelling species and enables the oppor-
tunity to study the fate of urea-containing molecules (e.g.
Suramin,9 1,3-dibenzylurea10 and 1,3-dicyclohexylurea11) in
vivo using PET.
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