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Abstract: Effective methods are needed for labelling acyclic ureas 

with carbon-11 (t1/2 = 20.4 min) as potential radiotracers for biomedical 

imaging with positron emission tomography (PET).  Herein, we 

describe the rapid and high-yield syntheses of unsymmetrical acyclic 

[11C]ureas under mild conditions (room temperature and within 7 

minutes) using no-carrier-added [11C]carbonyl difluoride with aliphatic 

and aryl amines.  This methodology is compatible with diverse 

functionality (e.g., hydroxy, carboxyl, amino, amido, or pyridyl) in the 

substrate amines.  The labelling process proceeds through putative 

[11C]carbamoyl fluorides and for primary amines through isolable 

[11C]isocyanate intermediates.  Unsymmetrical [11C]ureas are 

produced with negligible amounts of unwanted symmetrical [11C]urea 

byproducts.  Moreover, the overall labelling method tolerates trace 

water and the generally moderate to excellent yields show good 

reproducibility.  [11C]Carbonyl difluoride shows exceptional promise 

for application to the synthesis of acyclic [11C]ureas as new 

radiotracers for biomedical imaging with PET. 

Introduction 

Positron emission tomography (PET) uses well-designed 

radiotracers to image specific biological structures and processes 

in living animal and human subjects.[1]  Consequently, PET has 

become an established molecular imaging modality for 

biomedical research,[1-2] medical diagnosis,[3] and drug 

development.[4]  The short-lived positron-emitter carbon-11 (t1/2 = 

20.4 min) is attractive for labelling PET radiotracers, mainly 

because this radionuclide may in principle replace non-

radioactive carbon in any organic molecule.[5]  Nonetheless, 

carbon-11 must always be produced on-site from a cyclotron at 

the time of need.  Ensuing radiotracer synthesis, purification, and 

formulation for intravenous injection must also be completed 

rapidly, generally within only two or three half-lives of carbon-11 

(i.e., in < 1 hour).  The main cyclotron sources of carbon-11, from 

which all radiotracer syntheses must begin, are [11C]carbon 

dioxide and [11C]methane, each by the 14N(p,α)11C reaction on 

nitrogen doped with either oxygen or hydrogen, respectively.[5]  

Radiosyntheses must be reproducible and reliable, and amenable 

to automation within lead-shielded apparatus for personnel 

radiation protection.  Nowadays, many secondary labelling agents 

may be prepared from the primary cyclotron sources for labelling 

various chemotypes.[5]  Principal, among these secondary agents, 

is [11C]iodomethane for labelling at non-metal heteroatoms (e.g., 

N, O, and S) with [11C]methyl groups.[5c]  [11C]Carbon monoxide 

has featured widely for labelling carbonyl functionality.[6]  However, 

not all potential radiotracers have structures that may be labelled 

either efficiently or at all by existing methods.  

Unsymmetrical acyclic ureido groups are prevalent in drugs 

and drug candidates,[7] and in known and prospective PET 

radiotracers.[6b, 6c, 8]  Prior methods for labelling ureas with carbon-

11 have been based on coupling amines with [11C]carbon 

dioxide,[9] [11C]carbon monoxide,[10] or [11C]phosgene[8] (Figure 1).   

Use of cyclotron-produced [11C]carbon dioxide for labelling 

unsymmetrical ureas requires the use of a strong base [e.g., 2-

tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-

diazaphosphorine (BEMP)[9a-c] or 1,8-diazabicyclo[5.4.0]undec-7-

ene (DBU)[9d]] to capture [11C]carbon dioxide in solution.  A 

stochiometric amount of phosphoryl chloride relative to the first 

amine is also required to dehydrate the derived intermediate 

[11C]carbamate to a [11C]isocyanate for reaction with a second 

amine.  Because of the high reactivity of phosphoryl chloride, the 

dehydration step is incompatible with many functional groups and 

is vulnerable to moisture.  [11C]Carbon dioxide may also be used 

to produce either symmetrical[9d] or unsymmetrical[9e] [11C]ureas 

by use of a pair of Mitsunobu reagents, di-tert-butyl 

azodicarboxylate and tributylphosphine.  One primary amine plus 

one secondary amine must be used to achieve acceptable yields.  

Moreover, a strong base must still be used for initial [11C]carbon 

dioxide capture.[9e]  The need for complete removal of the added 

base and byproducts from the Mitsunobu reagents from the 

labelled product by rapid single pass HPLC can be challenging. 

Broad substrate scope has not been shown for this method. 

Palladium(II)-mediated conversion of [11C]carbon monoxide 

into [11C]ureas requires elevated temperature and produces 

mixtures of unsymmetrical and symmetrical [11C]ureas from 

dissimilar amines.[10]  Agents for trapping [11C]carbon monoxide 

need to be present along with a quite large amount of each amine 

(e.g., 90 µmol), all of which may exacerbate labelled product 

isolation by single pass HPLC.  Generally, at least one of the 

amines must be a primary amine.  Substrate scope is therefore 

rather limited.  This method has so far been little used for 

developing PET radiotracers.  

[11C]Phosgene was first described in the 1970s[11] and has 

since proved to be a useful labelling agent. [8]  Despite successive 

improvements,[12] all methods for [11C]phosgene synthesis remain 

complex, require highly specialized equipment, and must use 

hazardous chlorine gas.   Therefore, the use of [11C]phosgene has 

not been adopted by many laboratories.  Moreover, use of 

[11C]phosgene for [11C]urea synthesis has 
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Figure 1. Comparison of prominent methods for the synthesis of acyclic 

[11C]ureas from amines. 

several limitations.  Generation of a mixture of the desired 

unsymmetrical urea together with the undesired symmetrical urea 

often complicates purification and limits the yield.  Furthermore, 

synthesis of [11C]isocyanates as intermediates for [11C]urea 

synthesis from [11C]phosgene and amines is very sensitive to 

moisture[13] and often requires heating in the presence of a tertiary 

amine catalyst.[8a, 14]  Attempts have been made to use alternative 

precursors, such as N-organosulfinylamines[13a] or tertiary N-

benzylamines[15], to control the reactivity of phosgene in urea 

syntheses, but these approaches have gained limited traction in 

PET radiotracer synthesis. 

We recently reported a straightforward and efficient 

synthesis of a new labelling agent, [11C]carbonyl difluoride, from 

cyclotron-produced [11C]carbon dioxide by on-line conversion into 

[11C]carbon monoxide and then passage over silver(II) fluoride.[16]  

In this method, [11C]carbonyl difluoride is produced reliably in 

useful overall radiochemical yield and with high no-carrier-added 

(NCA) molar activity (> 200 GBq/µmol).  This new labelling agent 

has been shown to be very effective for 11C-carbonylation 

reactions giving intracyclic ureas, as especially exemplified by the 

synthesis of a -adrenergic receptor imaging agent, [11C](S)-CGP 

12177.[16]  Here we aimed to further explore NCA [11C]carbonyl 

difluoride as a labelling agent for acyclic ureas, especially 

unsymmetrical ureas. 

Results and Discussion 

We started our study by investigating the reaction of NCA 

[11C]carbonyl difluoride with aniline (10 µmol) in acetonitrile (0.5 

mL).  We postulated that symmetrical [11C]1,3-diphenylurea 

([11C]3) would be formed through successive formation of 

[11C]phenylcarbamoyl fluoride ([11C]1) and [11C]phenyl isocyanate 

([11C]2).  HPLC analysis of reaction mixtures after aqueous 

quench indeed revealed the formation of [11C]3 in moderately high 

yield (Table 1, entry 1) with only a trace of one of the postulated 

intermediates, the isocyanate [11C]2.  By contrast, prompt 

analyses of reaction mixtures before any aqueous dilution gave 

substantial isolated yields of [11C]2 (39 ± 8%; Table 1, entry 2).  

Peak streaking in the radiochromatograms (see Supporting 

Information, Figure S2) suggested that this yield was likely 

underestimated because of relatively slow hydrolysis of [11C]2 

throughout the reversed phase gradient HPLC analysis, which 

used an aqueous-organic mobile phase (H2O-MeCN, initially 50: 

50 v/v, and ending at 10: 90 v/v).  We concluded that the 

homocoupling of aniline with [11C]carbonyl difluoride to form the 

urea [11C]3 via the isocyanate [11C]2 was mediated rapidly by 

water during the reaction quench.  This conclusion accords with a 

study showing that ureas may be rapidly synthesized from 

isocyanates in high yields in cold (4-5 °C) water,[17] and reports of 

the promoting effect of bulk[18] or trace water[19] on symmetrical 

urea synthesis from isocyanates, including that of [11C]1,3-bis(2-

chloroethyl)urea.[13b] 

We surmised that [11C]2 was formed by spontaneous 

elimination of hydrogen fluoride from [11C]1.  This rapid isocyanate 

formation was somewhat unexpected because analogous 

isocyanate synthesis from phosgene typically requires heating 

and a tertiary amine catalyst.[8a, 14]  This observation contrasts with 

those on reactions between anilines and excess carbonyl 

difluoride in chlorobenzene and dichloromethane, which 

exclusively yield the corresponding carbamoyl fluorides in high 

yields.[20]  However, we did not test labelling reactions in either of 

these water-immiscible solvents.  Water-miscible solvents are 

preferable in carbon-11 chemistry because the reaction mixtures  

Table 1. Optimization of [11C]carbonyl difluoride trapping with aniline and [11C]3 

synthesis.   

 
Entry PhNH2 (µmol) Additive (µmol) Yield of [11C]3 (%)a 

1 10 0 64 ± 8b 

2 10 0 0 

(39 ± 8 of [11C]2)c 

3 2 Pyridine (1) 43 ± 1 

4 10 Pyridine (0.1) 76 ± 1 

5 10 Pyridine (1) 84 ± 1 

[a] Yields are mean ± range for n = 2.  [b] The reaction mixture was quenched 

with water 1 minute before HPLC analysis. [c] Isolated yield after direct injection 

of the crude reaction mixture into HPLC.  [11C]2 was likely continuously 

hydrolyzed during the analysis.  Total synthesis time was 5.5 minutes from the 
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release of [11C]carbon monoxide over silver(II) fluoride.  Synthesis and 

cryogenic isolation of [11C]carbon monoxide itself required 12 min.   

can be diluted with water and then purified with rapid single-pass 

reversed phase HPLC without first spending time to remove the 

solvent.  Moreover, an onerous need for automation of the solvent 

removal process is obviated.  

Although there is as yet no prominent example, some 

symmetrical [11C]ureas could become candidate PET radiotracers, 

and efficient methods for their radiosynthesis is therefore of some 

interest.  Tertiary amines and heterocyclic amines have been 

shown to improve the yields of symmetrical diaryl ureas from 

isocyanates.[19]  Therefore, we investigated whether pyridine 

could promote homocoupling of aniline to produce symmetrical 

[11C]3.  Use of 1 µmol of pyridine and 2 µmol of aniline in 

acetonitrile (0.5 mL) gave a moderate yield of [11C]3 (Table 1, 

entry 3).  The yield increased substantially when using a lower 

amount of pyridine (0.1 µmol) and a higher amount of aniline (10 

µmol) (Table 1, entry 4).  Use of pyridine (1 µmol) and aniline (10 

µmol) gave [11C]3 in yet higher yield (84%; Table 1, entry 5).  

These few experiments quickly confirmed the viability of reaction 

between [11C]carbonyl difluoride and anilines for synthesizing 

symmetrical [11C]ureas.   

Our main interest was to develop methodology for the 

synthesis of potentially more useful unsymmetrical acyclic 

[11C]ureas.  We considered that these might be accessed by 

treating intermediate isocyanates, generated from [11C]carbonyl 

difluoride and one amine, such as [11C]2, with a dissimilar amine.  

To test this possibility, we added benzylamine (1 µmol) after 

[11C]carbonyl difluoride had been fully introduced into a reaction 

mixture containing aniline (i.e., 5.5 minutes from [11C]carbon 

monoxide release).  The desired unsymmetrical urea [11C]4 was 

formed in very high yield from [11C]2 after just 1 minute and 

gratifyingly without the symmetrical byproduct [11C]3 (Table 2, 

entry 1).  A lower amount of aniline (5 µmol) gave a lower practical 

yield of [11C]4 (Table 2, entry 2) because of a lower trapping 

efficiency for the [11C]carbonyl difluoride.  A higher amount of 

aniline (20 µmol) did not improve the trapping efficiency (Table 2, 

entry 3) and gave some of the undesired [11C]3.  Inclusion of 1% 

water (5 µL, 0.28 mmol) did not lower the yield of [11C]4 (Table 2, 

entry 4), as would be the case with the dehydrative approaches 

to [11C]urea synthesis using [11C]carbon dioxide.  Therefore, we 

considered that high humidity or the use of lower quality non-

anhydrous solvents would be well tolerated.  In this regard, a 

substantial yield of [11C]4 was obtained even in the presence of a 

much higher concentration (5% v/v) of water (added as 25 µL; 1.4 

mmol) (Table 2, entry 5).  These findings of water tolerance are 

important because they indicate the radiosynthetic procedure is 

robust and readily amenable to automation for routine PET 

radiotracer production.   

Use of a different dipolar aprotic non-nucleophilic solvent, 

namely THF, produced a high yield of the target unsymmetrical 

urea [11C]4 (Table 2, entry 6), but with some accompanying [11C]3.  

Two other weakly nucleophilic dipolar aprotic solvents, DMSO 

and DMF, gave lower yields of [11C]4 and more of the symmetrical 

byproduct [11C]3 (Table 2, entries 7 and 8).  DMF is known to react 

with carbonyl difluoride to produce carbon dioxide in a difluoro-

decarbonylation reaction.[21]  Thus, difluoro-decarbonylation might 

be the cause for the lower yield of [11C]4 in DMF.  Possibly DMSO 

is also reactive towards [11C]carbonyl difluoride.  Consistent with 

this suggestion, a high proportion of radioactivity was retained in 

the reaction mixture as an unidentified polar byproduct when 

using DMF or DMSO as solvent (see Supporting Information,, 

Figures S13 and S14). 

Table 2. Optimization of [11C]carbonyl difluoride trapping with aniline, followed 

by spontaneous [11C]isocyanate formation, and coupling with benzylamine.  

 
Entry PhNH2 

(µmol) 

Solvent  

(0.5 mL) 

Yield of 

[11C]3 (%)a 

Yield of  

[11C]4 (%)a 

1 10 MeCN 0 ± 0b 84 ± 9b 

2 5 MeCN 0 ± 0 68 ± 9 

3 20 MeCN 2 ± 1b 82 ± 9b 

4 10 H2O/MeCN  

(1: 99 v/v) 

1 ± 0 91 ± 0 

5 10 H2O/MeCN  

(5: 95 v/v) 

1 ± 0 62 ± 2 

6 10 THF 4 ± 1 83 ± 2 

7 10 DMSO 20 ± 0 45 ± 1 

8 10 DMF 7 ± 3 39 ± 5 

[a] Yields are mean ± range for n = 2, unless otherwise indicated.  [b] Yields are 

mean ± SD for n = 3.  Total synthesis time was 6.5 min from the release of 

[11C]carbon monoxide.   

Having established a procedure for the synthesis of [11C]4 

in high yield, we then explored whether this procedure might be 

applicable to the synthesis of unsymmetrical [11C]ureas from 

diverse amines, including some bearing various functional groups 

that would be incompatible with earlier methods.  Treatment of the 

intermediate isocyanate [11C]2 with phenethylamine or 

cyclopentylamine, as examples of primary amines, gave excellent 

and high yields of the desired unsymmetrical [11C]ureas, [11C]5 

and [11C]6, respectively (Table 3), and with no symmetrical 

[11C]urea byproduct.  Likewise, the secondary amines, N-

benzylmethylamine and morpholine, gave the unsymmetrical 

[11C]ureas [11C]7 and [11C]8 in high and excellent yields, 

respectively.  Amines having a competing nucleophilic site, such 

as the arylamino group in 2-aminobenzylamine or the hydroxyl 

group in 2-(piperidin-2-yl)ethan-1-ol, gave the desired ureas, 

[11C]9 and [11C]10 in moderate and high yield, respectively, so 

demonstrating the preference of the intermediate to react with an 

aliphatic amino group over a less nucleophilic arylamino or 

hydroxy group.  Treatment of the intermediate isocyanate [11C]2 

in acetonitrile with the sodium salt of L-phenylalanine in 
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water/acetonitrile (100 µL, 1: 1 v/v) produced the desired urea 

[11C]11 in high yield, but with some symmetrical byproduct, most 

likely due to water mediated homocoupling.  Electron-deficient 4-

iodoaniline instead of aniline for [11C]isocyanate formation and 

use of benzylamine as second amine gave a moderate yield of 

the urea [11C]12.  Use of an arylamine with a very weak (p-fluoro) 

or strong (p-nitro) electron-withdrawing substituent for the 

[11C]isocyanate formation gave low and very low practical yields 

of the ureas, [11C]13 and [11C]14, respectively.  These decreases 

were primarily due to lower trapping efficiencies for [11C]carbonyl 

difluoride.  Use of 50 µmol of 4-fluoroaniline gave comparable 

yield of [11C]13, albeit with production of some symmetrical 

[11C]urea byproduct.  Gratifyingly, more reactive electron-rich 

anilines, such as 3,5-dimethoxyaniline, p-anisidine, and 3-

aminophenol, gave very high yields of the intermediate 

[11C]isocyanates, which reacted with benzylamine to give the 

respective [11C]ureas, [11C]15, [11C]16, and [11C]17 in high to 

excellent yields and without any symmetrical [11C]urea byproducts.  

Also a secondary aniline, N-methylaniline, reacted efficiently with 

[11C]carbonyl difluoride, presumably to form  

 

Table 3. Synthesis of unsymmetrical [11C]ureas by coupling anilines or aniline derivatives and aliphatic amines with [11C]carbonyl difluoride. 

 

[a] L-Phenylalanine in H2O-MeCN (1: 1 v/v; 100 µL) with 1 equiv. of NaOH.  [b] 50 µmol 4-fluoroaniline was used, giving a 57: 43 mix of [11C]13 to [11C]1,3-di-4-

fluorophenyl urea.  [c] 50 µmol 1,2-diaminobenzene and 1 µmol pyridine were used.  [d] HCl salt of hydrazine precursor in H2O-MeCN (1: 1 v/v; 100 µL) and 1 equiv. 

of KOH were used. [e] 50 µmol arylamine precursor and 10 µmol pyridine were used. Yields are decay-corrected and based on radioactivity recovered from the 

HPLC purification of a reaction aliquot (n = 2).  The synthesis time was 6.5 min from release of [11C]carbon monoxide.  

10.1002/chem.202100690

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



FULL PAPER    

5 

 

  

[11C]benzyl(methyl)carbamoyl fluoride, which upon treatment with 

a second nucleophilic amine, benzylamine, produced a high yield 

of the urea [11C]18.  Reaction of [11C]carbonyl difluoride with one 

example of an aniline bearing a meta electron withdrawing group, 

namely 3-cyanoaniline, gave a moderate yield of the desired urea 

[11C]19 after treatment of the labelled intermediate with 

benzylamine.  An aniline having a competing nucleophilic 

hydroxyl group, namely 2-(4-phenylamino)-ethan-1-ol, was 

readily converted into the desired unsymmetrical urea [11C]20 in 

moderate yield. 

The synthesis of unsymmetrical [11C]ureas from weakly 

nucleophilic anilines can be challenging.  Nonetheless, treatment 

of the isocyanate [11C]2 in situ with a five-fold excess of 1,2-

diaminobenzene and a catalytic amount of pyridine gave the 

desired diaryl unsymmetrical urea [11C]21 in high yield with no 

symmetrical byproduct.  As a further demonstration of the 

versatile reactivity of the [11C]isocyanate intermediates, treatment 

of [11C]2 with the free base of 2-chloro-phenylhydrazine 

(generated in situ) in water: acetonitrile (100 µL, 1: 1 v/v) gave 

[11C]22 in excellent yield and without any symmetrical byproducts.  

This reflects the high nucleophilicity of the hydrazine.  

The synthesis of a labeled inhibitor of protein arginine 

methyltransferase 3, [11C]UNC 2327 ([11C]23)[22], a potential PET 

radiotracer, was selected to further show-case the broad utility of 

this new methodology.  Outside its carbonyl group, 23 does not 

have other sites that are amenable to labelling with carbon-11 by 

other methodologies.  Labelling in the carbonyl group is also very 

challenging because the radiotracer must be built from an 

electron-deficient arylamine (benzo[d][1,2,3]thiadiazol-6-amine) 

and an aliphatic amine (2-amino-1-(piperidin-2-yl)ethan-1-ol) 

holding an amide functionality.  The amide functionality would be 

incompatible with any [11C]urea synthesis that depends on 

phosphoryl trichloride dehydration, as discussed earlier. 

Use of our standard labelling conditions produced a very low 

yield (2%) of [11C]23, likely due to the low nucleophilicity of the 

bicyclic arylamine.  Addition of pyridine (2 µmol) as catalyst 

improved the yield to 6%.  The symmetrical product was not 

formed to any large extent, again reflecting low bicyclic amine 

nucleophilicity.  A further five-fold increase of arylamine to 50 

µmol and of pyridine to 10 µmol, while still retaining the very low 

amount of the aliphatic amine nucleophile (1 µmol) gave [11C]23 

in a useful yield (44%). 

To further explore the use of [11C]carbonyl difluoride for the 

synthesis of acyclic [11C]ureas, we attempted to couple two 

aliphatic amines.  As expected, reaction between [11C]carbonyl 

difluoride and benzylamine (10 µmol) in acetonitrile (0.5 mL) did 

not stop at formation of the [11C]isocyanate, as with anilines, but 

proceeded to give the symmetrical 1,3-dibenzyl urea ([11C]24) in 

very high yield (Table 4, entry 1).  Even with a lower amount of 

precursor (1 µmol), [11C]24 was produced in high yield (Table 4, 

entry 2).  A further reduction of precursor, to achieve 1: 1 

stoichiometry between labelling agent and precursor, is not 

feasible in routine NCA radiochemistry because of the variable 

and uncontrollable amount of carrier that arises in cyclotron  

Table 4. Method development for synthesis of [11C]ureas from aliphatic amines. 

 
Entry R1 in tosylate (µmol) Additive (µmol) TE (%)(n) R2 in amine (µmol) R1NH11CONHR2 yield (%)(n) Product # 

1 Bn (10)a  - 93 ± 3 (2) - 88 ± 1 (2) [11C]24 

2 Bn (1)a - 85 (1) - 80 (1) [11C]24 

3 Bn (1)b,c  - 62 ± 5 (2) - NAd - 

4 Bn (1) - 65 ± 14 (5) c-Pen (10) 63 (1) [11C]25 

5 Bn (2) - 63 ± 7 (2) - NA - 

6 c-Pen (2) - 73 ± 15 (2) Bn (10) 59 ± 13 (2) [11C]25 

7 c-Pen (1)  - 74 ± 18 (2) Bn (10) 62 ± 17 (2) [11C]25 

8e Bn (3)  - 77 ± 2 (4) c-Pen (30)  61 ± 0 (2) [11C]25 

9 Bn (1) DMAP•TsOH (1) 43 (1) c-Pen (10) 13 (1) [11C]25 

10 Bn (1)  Pyr (1) 72 ± 3 (2) c-Pen (10) 60 ± 1 (2) [11C]25 

11 Bn (1)  Pyr (2) 87 ± 4 (13) c-Pen  (10) 83 ± 2 (3) [11C]25 
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[a] 10 µmol free base.  [b] HCl salt.  [c] Suspension.  [d] Product is [11C]benzyl isocyanate.  [e] 1.5 mL MeCN.  Synthesis time: 5.5 plus 1 min from release of 

[11C]carbon monoxide.  TBAC = t-butylammonium chloride;  TE = [11C]carbonyl difluoride trapping efficiency;  NA = Not applicable;  c-Pen = cyclopentyl; Pyr = 

pyridyl.  Superscript values in parentheses are numbers of experiments.  Yields are mean ± range for n = 2 and mean ± SD for n > 3.  

carbon-11 production.[16]  Instead, we attempted to control the 

reactivity of the first amine so that the reaction stopped at the 

intermediate [11C]carbamoyl fluoride or [11C]isocyanate.  One 

approach that has been used with some success when using 

[11C]phosgene as labelling agent is to use a salt of the amine in 

suspension.[8a]  Treatment of benzylammonium chloride (1 µmol) 

suspended in acetonitrile (0.5 mL) with [11C]carbonyl difluoride, 

produced the intermediate [11C]benzyl isocyanate in the absence 

of the symmetrical urea, [11C]24, as confirmed with HPLC analysis 

(Table 4, entry 3; also see Supporting Information, Figure S52). 

However, alkylammonium chlorides have limited solubility in 

acetonitrile.  Moreover, running carbon-11 chemistry in 

suspensions is undesirable because the amount of precursor in 

solution is unknown and because solids are ill-suited for easy 

product separation or analysis with HPLC.  We therefore 

investigated the use of alkylammonium tosylates as much more 

soluble salts for these reactions.  Treatment of benzylammonium 

tosylate (1 µmol) in acetonitrile with [11C]carbonyl difluoride 

resulted in high trapping efficiency for [11C]carbonyl difluoride and 

in [11C]benzyl isocyanate as the main product.  Addition of 

cyclopentylamine in ten-fold excess then produced [11C]25 as the 

main product (Table 4, entry 4).  Before investigating substrate 

scope in more detail, we wanted to improve trapping efficiency 

and [11C]isocyanate formation.  We found that doubling the 

precursor concentration did not improve trapping efficiency (Table 

4, entry 5).  Reversing the order of amine addition and use of the 

tosylate salt of cyclopentylamine as trapping agent gave similar 

yield.  Addition of 5- or 10-fold excess of benzylamine gave the 

unsymmetrical urea [11C]25 with good selectivity (Table 4, entries 

6 and 7, respectively).  

We hypothesized that the volatility of [11C]carbonyl difluoride 

(b.pt., ‒85 °C) limits its time in solution for reaction with the first 

amine and that this could be the cause of lower yields from poorly 

nucleophilic amines.  To increase the residence of [11C]carbonyl 

difluoride in solution, we increased the solvent volume three-fold 

to 1.5 mL while maintaining the precursor concentration at 2 

µmol/mL.  As a result, the trapping efficiency increased 

appreciably (Table 4, c.f., entries 8 and 4).  However, these 

increased amounts of reagents might make purification of a PET 

radiotracer product more difficult.  Instead, we saw the possibility 

of adding an agent that might sequester [11C]carbonyl difluoride 

in solution.  We considered adding the common acylation catalyst, 

4-N,N-dimethylaminopyridine (DMAP), but this would be 

expected to deprotonate the alkylammonium salt precursor and 

lead to formation of symmetrical products.  Therefore, the tosylate 

of DMAP was tested, but this gave a low yield of [11C]25 (Table 4, 

entry 9).  Pyridine is not basic enough to deprotonate aliphatic 

amines to a significant extent, whereas it would be expected to 

retain [11C]carbonyl difluoride in solution based on its transiently 

reversible reaction with acetyl groups.[23]  Therefore, pyridine (1 

µmol) was added to benzylammonium tosylate precursor and the 

[11C]carbonyl difluoride trapping efficiency improved appreciably 

(Table 4, entries 10).  A further increase in amount of pyridine to 

2 µmol increased trapping efficiency yet further and gave 

excellent yield of unsymmetrical [11C]25 (Table 4, entry 11). 

Having established a protocol for the synthesis of 

unsymmetrical [11C]ureas from aliphatic amines in the presence 

of pyridine, we explored substrate scope (Table 5).  Addition of 

ambidently nucleophilic 2-aminobenzylamine to [11C]benzyl 

isocyanate intermediate produced a high yield of the 

unsymmetrical urea [11C]26 in which the arylamino group was 

retained.  2-aminobenzylamine had to be added in the second 

step because the reversed order of addition leads to 

intramolecular reaction to produce a cyclic [11C]urea in high 

yield.[16]  Likewise, addition of ambident secondary amine, 2-

(piperidin-2-yl)ethan-1-ol to [11C]benzyl isocyanate intermediate, 

produced the urea [11C]27, with a retained hydroxy group, in high 

yield.  Pyridinyl and other heterocyclic groups are abundant 

among drug molecules.  The unsymmetrical urea, [11C]28, which 

carries a terminal 3-pyridinyl group, was produced in high yield 

from [11C]benzyl isocyanate intermediate.  Yield was 

progressively lowered by reversed addition of amine components, 

by omission of pyridine, and by both.  Only primary amines can 

form isocyanates.  Treatment of benzylammonium tosylate with 

[11C]carbonyl difluoride followed by excess N-benzylmethylamine 

gave [11C]29 in high yield.  Nonetheless, reversed order of amine 

component addition, where the secondary ammonium tosylate 

salt was used, still gave a moderate yield.  An excellent selectivity 

was observed in both cases showing that the reaction proceeds 

well through either [11C]isocyanate or [11C]carbamoyl fluoride 

intermediate.  The highest yield of [11C]29 was however obtained 

in the presence of pyridine with N-benzylmethylamine as second 

amine component.  

The synthesis of the unsymmetrical ureas [11C]26‒[11C]29 

from primary benzylamine and secondary N-benzylmethylamine 

components was tested in the absence of pyridine and gave 

generally decreased yields.  Yields were decreased yet further if 

pyridine was omitted in reversed amine addition mode. 

[11C]30 was obtained in excellent yields from the 

intermediate [11C]benzyl isocyanate by treatment with 2-(4-

aminophenyl)ethylamine, again showing the preference of the 

intermediate to react with an aliphatic amino group over a less 

nucleophilic arylamino group.  In the attempted synthesis of 

[11C]31, the tosylate salt of the amine precursor in the absence of 

pyridine trapped [11C]carbonyl difluoride very inefficiently and 

produced only trace product.  However, addition of pyridine 

increased the trapping efficiency markedly and also the yield of 

[11C]31.  Likewise, an exceptionally high yield (91%) of the 

unsymmetrical urea [11C]32 was obtained as a result of efficient 

trapping of [11C]carbonyl difluoride into phenethylammonium 

tosylate solution in the presence of pyridine.  Yield was much 

reduced in the absence of pyridine.  Overall, for the syntheses of 

[11C]26–[11C]32, selectivity for the desired unsymmetrical 

[11C]ureas over the undesired symmetrical [11C]ureas exceeded 

90%. 

The soluble epoxide hydrolase inhibitor, [11C]AR-9281 

([11C]33), has potential for PET imaging in Alzheimer’s and 

Parkinson’s disease.[24]  The urea carbonyl group of 33 is a 

potential site for labelling by using [11C]carbonyl difluoride, 

although challenging due to steric hindrance.  The tosylate salt of 

1-adamantylamine in the presence of pyridine retained 62% of the 

radioactivity introduced as [11C]carbonyl difluoride.  After adding 

1-acetyl-4-aminopiperidine for the usual 1-minute reaction time, 

[11C]33 was obtained in only 11% yield, but along with a 45% 

isolated yield of [11C]1-adamantyl isocyanate.  A duplicate 

experiment with 30-minute reaction time gave an improved yield  
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Table 5. Synthesis of unsymmetrical [11C]ureas by coupling aliphatic amines with [11Cc]arbonyl difluoride. 

 
[a] No pyridine.  [b] Reversed order of amine addition.  [c] Three times the volume (1.5 mL) was used with retained concentration of precursor and reagents.  [d] 

Heating for 5 min at 75 °C was used.  [e] The second amine was added from H2O: MeCN (1: 1 v/v; 300 µL).   Each yield was determined after HPLC purification of 

a reaction aliquot. 

 

of [11C]33 (40%), but still with 29% intact [11C]isocyanate (co-

injection in Supporting Informstion, Figure S51).  Slow reaction 

had also been evident during the preparation of reference 

compound 33 (see the SI).  Addition of a large quantity of 1-acetyl-

4-aminopiperidine to speed up the reaction was impractical.  

Instead, reaction volume was increased to 1.5 mL with retained 

concentrations of precursor and reagents.  This gave improved 

trapping efficiency (86%) in the presence of pyridine.  Surprisingly, 

heating the reaction mixture at 75 °C for 5 minutes only marginally 

improved the yield to 22%.  The relatively minor influences of 

increased time and temperature suggested that [11C]urea 

formation accelerated after the aqueous quench and that water 

acts as a catalyst, as alluded to in the synthesis of [11C]3 (Table 

1, entry 1).  We considered that pyridine might not be an efficient 

acylation catalyst in this case and might only be serving to retain 

[11C]carbonyl difluoride in solution.  Therefore, we excluded 

pyridine and added the second amine from water (150 µL) plus 

acetonitrile (150 µL).  [11C]Carbonyl difluoride trapping efficiency 

was maintained.  The reaction mixture was heated to 75 °C for 5 

minutes and gave the desired urea [11C]33 in high yield (80%) with 

only trace unreacted [11C]isocyanate.  This again highlights that 

water is an effective promoter of [11C]urea formation. 

Conclusion 

The exploration of [11C]carbonyl difluoride for acyclic [11C]urea 

synthesis revealed wide substrate scope and good reproducibility.  

This new methodology is compatible with a range of functional 

groups and with both aliphatic amines and anilines.  Reactions 

proceed via [11C]carbamoyl fluoride and for primary amines, 

[11C]isocyanate intermediates.  Pyridine is effective for enhancing 

entrapment and utilization of [11C]carbonyl difluoride when using 

amine tosylates as soluble precursors.  This methodology is 

highly promising for complex PET radiotracer production.  

Although elaborate amine substrates having limited reactivity may 

require some optimization of reaction conditions, such as reaction 

temperature, number of equivalents, and acylation catalyst or 

water addition, high yields are still attainable.  These approaches 

to optimization are demonstrated here and their careful 

consideration should enable fast and trouble-free application. 

Moreover, the simplicity of this overall procedure should render it 

to be readily transferable to a GMP environment, although this 

has yet to be attempted.  

Experimental Section 

Full details are presented in Supporting Information.  The production of 

[11C]carbon dioxide and the synthesis of [11C]carbon monoxide, 

[11C]carbonyl difluoride and the typical synthesis of an acyclic [11C]urea 

including yield measurements are as follows. 
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[11C]Carbon Dioxide Production. [11C]carbon dioxide was prepared by 

the 14N(p,)11C nuclear reaction by bombarding a nitrogen-1% oxygen gas 

target (2.1 MPa) with a beam of protons (16 MeV, 5 µA) from a cyclotron 

(PETrace; GE) for 5 min, typically generating 2 to 3 GBq of [11C]carbon 

dioxide with a molar activity between 18 and 45 GBq/µmol. 

[11C]Carbon Monoxide Synthesis. Cyclotron-produced [11C]carbon 

dioxide was converted into [11C]carbon monoxide using a modified Synthia 

radiosynthesis apparatus. [11C]Carbon dioxide was first trapped on 

molecular sieves (13X) from the released nitrogen-oxygen target gas. The 

sieves were then purged with helium to remove residual oxygen. The 

molecular sieve trap was then heated to 280 °C while being purged with 

helium to release the [11C]carbon dioxide into a small stainless steel cryo-

trap filled with silica immersed in liquid nitrogen (–196 °C). The stainless 

steel cryo-trap was then heated to release the trapped [11C]carbon dioxide 

into a stream of helium that was passed through a heated molybdenum 

column (875 °C). The generated [11C]carbon monoxide was separated 

from residual [11C]carbon dioxide by passage over sodium hydroxide 

coated on silica (ascarite) and then concentrated within a second stainless 

steel cryo-trap filled with silica immersed in liquid nitrogen. The full process 

typically required 11 to 12 min from the end of radionuclide production and 

gave [11C]carbon monoxide in 71 ± 2% yield (mean ± SD; n = 37), based 

on the proportion of the total radioactivity (decay-corrected) that was not 

immobilized on ascarite. 

Synthesis of [11C]1-Benzyl-3-phenylurea ([11C]4).  [11C]Carbon 

monoxide was passed over solid silver(II) fluoride and bubbled (5 mL/min) 

through a solution of aniline (10 µmol) in acetonitrile (0.5 mL) for 5.5 min.  

Benzylamine (1 µmol) in acetonitrile (0.1 mL) was added to the reaction 

mixture.   

Radio-HPLC Analysis and Yield Measurement. An aliquot of the 

reaction mixture was diluted with water and injected onto HPLC. The 

amount of isolated radioactive product was compared to that of the decay-

corrected amount of radioactivity injected onto HPLC to give the 

radiochemical purity of the labelled compound in the reaction mixture. This 

purity value was multiplied by the efficiency of the initial trapping of 

radioactivity in the reaction vial (decay-corrected and assumed to be all 

[11C]carbonyl difluoride), thus giving a measure of the radiochemical yield 

of the labelled compound based on [11C]carbon monoxide. Only negligible 

amounts (< 0.1%) of radioactivity adhered to needles, stainless steel lines, 

and the silver(II) fluoride column. The full process from end of cyclotron 

irradiation to HPLC injection takes less than 20 minutes. 
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