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Synthesis of Aliphatic [carbonyl-''C]Esters Using [''C]Carbon Monoxide
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Aliphatic esters were labelled with a short-lived radionu-
clide, 'C with t,, = 20.3 min, at the carbonyl position using
[*1C]carbon monoxide via rapid (6 min) photoinduced radi-
cal-mediated carbonylation reactions. The esters were pre-
pared from primary, secondary, and tertiary alkyl iodides,
and various alcohols, including tert-butyl alcohol and phenol.
The use of strong bases was necessary to achieve good radio-
chemical yields in short reaction times. Isolated decay-cor-
rected radiochemical yields were in the range of 40-68 %.

For example, methyl hydrogen dodecanoate was labelled at
the ester carbonyl in 61 % isolated decay-corrected radio-
chemical yield with a specific radioactivity of 158 GBqg/pmol
within approximately 25 min of the production of [**C]carbon
monoxide. Two ('3C)substituted esters were synthesised
using this method to verify the labelling position.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Positron emission tomography (PET) has been recog-
nised as a powerful tracer imaging technique. Apart from
its established use in life science research and as a diagnos-
tic tool in medicine,™'! there is growing interest in exploiting
its potential in drug development.” > The tracers for PET
are compounds labelled with short-lived positron-emitting
radionuclides, such as ''C, '8F, and 'O. Among these, ''C
has a unique position because of the synthetic diversity of
carbon chemistry. Carbon is present in virtually all bioac-
tive compounds, and labelling does not modify its chemical
properties. The short half-life of ''C (20.3 min) and its high
radioactivity have a major impact on the design of the label-
ling synthesis, making time an important parameter.[®! Ra-
diation safety requires that synthetic procedures be highly
automated. Consequently, the development of reliable
methods for the preparation of radiolabelled tracers may
play an important role in the successful application of PET
in biomedical research.

Several methods have been employed for synthesising
[carbonyl-''Clesters. Accelerator target produced ['!C]car-
bon dioxide is a simple labelling precursor used for this pur-
pose. The esters of the formula R[''C]JO,R’, having an alkyl
moiety R, were previously synthesised in multi-step reac-
tions, via either [carbonyl-''Clacylhalides!”! or [carbonyl-
"Clketenes!® as the acylating agents, and starting from the
appropriate Grignard reagents and ['!C]carbon dioxide.
["'C]Carbon monoxide, which may be prepared by the re-
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duction of ['!C]carbon dioxide,™ has found increasing use
in PET labelling chemistry with the development of tech-
niques for handling submicromolar quantities of [''C]car-
bon monoxide.l'% Transition metal-mediated carbonylation
has also been used to prepare [carbonyl-''Clesters.['!-1?] This
approach, however, is limited mainly to compounds in
which R is methyl or an aryl moiety, due to the competing
B-elimination, which is generally pertinent to the transition
metal-mediated reactions.!3]

The concept of using free radical-ionic reactions for the
preparation of carbonyl compounds from alkyl iodides and
carbon monoxide!'*!'3! has become a valuable complement
to transition metal carbonylations. The interest in applying
radical carbonylation in the !'C labelling was related to the
B-elimination, and the method was considered to offer po-
tential for widening the range of accessible labelled com-
pounds. This approach was recently introduced to the prep-
aration of !'C-labelled amides and carboxylic acids.!'®!”]

This study examines the application of free radical-medi-
ated reactions in the synthesis of aliphatic [carbonyl-''C]
esters from various alcohols, alkyl iodides, and ['!C]carbon
monoxide.

Results and Discussion

Several alkyl iodides (Figure 1) and alcohols (Figure 2)
were used to investigate the scope and limitations of free
radical-mediated [''C]labelling (Scheme 1).

On average, 108-10"° mol of ['!C]carbon monoxide, in a
ratio 1:100 000 to the carrier gas (He), was used in the syn-
theses. From the value of the total pressure in the reactor
(35-40 MPa), the partial pressure of ['!C]carbon monoxide
was estimated to be approximately 200-500 Pa. The concen-
tration of alkyl iodides was typically 0.2 mMm. The concen-

Eur. J. Org. Chem. 2005, 38303834



Synthesis of Aliphatic [carbonyl-''C]Esters Using ['!C]Carbon Monoxide FULL PAPER

O o
SOURNCIUS I &

Figure 1. lodides used in the labelling of [carbonyl-''Clesters.
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Figure 2. Alcohols used in the labelling of [carbonyl-'Clesters.

Table 1. Radiochemical yields for ''C-labelled esters.
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Rl + [''C]O + R'OH

11 '
base R[TCI0R

Scheme 1.

tration of higher molecular weight iodides, iodododecane
and l-iodoadamantane, was 0.1 mm. Simple alcohols may
be used as solvents in essentially microscale '!C-labelling
syntheses. On the other hand, the possibility of performing
a labelling reaction using an equivalent amount of an
alcohol as a reagent in an inert solvent was investigated.
This may be of interest in cases in which the alcohol is
either a solid or a high molecular weight complex com-
pound. The reactions were run for 6 min at 35 °C. All speci-
fied radiochemical yields are corrected for radioactive de-
cay.

NP

CH;0H

THF/C,HsOH (4:1)

KOH (0.1) 86£3 80t6 685 6013 3

LiHMDS (0.05) 84+1 93+3 78+2  534%3 3

Additive Convn. of  Purity’  Yield® Isolated N
Entry Labelled compound™ Solvent Wt
[mmol] CO™ [%] [%] [%o] Mo W
0]
1 \HKO THF LiHMDS (0.1) 84+1 9443  79+3 671 3
0 THF/allyl alcohol
2 . BuLi (0.07) 67+5 79+2  53+5 43+6 3
>_<* 5 _/\ (4:1)
5 O\
3 m MeOH - 1-73 81-96  1-64 uptod0 10
« O
4 m THF BuLi (0.1) 80+ 2 7342 58+3 4243 4
@]
« O
5a m \© THF/H,0 (4:1) KOH (0.1) 89 56 50 38 I
5b O THF BuLi (0.1) 73+4 85+3  63+5 51+£3 3
6a C'WO\ THF/H,0 (4:1) KOH (0.05) 78+ 11 80+4  62+6 S6%4 2
6b 0 THF/CH;OH (5:2)  BuLi(0.07) 82+5 79+3  65+3 36+3 3
Os O
7 C\s\j THF/CH,OH (5:1)  LiHMDS (0.02) 75+ 4 861 654 350%1 3
OH
o 0 *o\
@\K 7
(@]

[a] The position of ''C is denoted by an asterisk. [b] Conversion: percent fraction of reacted [''C]carbon monoxide. [c] Purity: percent
fraction of the ester product in the crude reaction mixture, determined by HPLC. [d] Decay-corrected radiochemical yield determined by
HPLC: “conversion” multiplied by “purity” and divided by 100. [e] Isolated decay-corrected radiochemical yield of the purified product.

[f] Number of runs.
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Previously, a similar reaction, but using amines as nu-
cleophiles, was investigated.!'® Carbonylation with amines
could be performed using alcohols as solvents, but without
the evident formation of ['!'CJesters as by-products, thus in-
dicating that the reactivity of alcohols was insufficient for
achieving good radiochemical yields in a short reaction
time.['® Indeed, when the labelling of esters was attempted
using pure alcohols as solvents, the radiochemical yields of
[M'Clesters from unfunctionalised iodoalkanes did not ex-
ceed 5%. The addition of bases was reported to be crucial
to the success of this synthesis with isotopically unmodified
carbon monoxide.'” However, none of the amines that
were employed (triethylamine, pyridine, DMAP, or DBU)
improved the yields under the ''C-labelling conditions, in
which ['!'C]carbon monoxide is in a limited supply com-
pared to the other reactants. The design of the synthetic
equipment was such that it was difficult to use inorganic
bases of low solubility, such as potassium carbonate, in the
appropriate reaction medium; however, the addition of
0.02-0.1 mmol of potassium hydroxide, which is sufficiently
soluble in lower alcohols, significantly improved the radio-
chemical yields (Table 1, entries 5a, 6a, and 8). Apparently,
the presence of small amounts of alkoxides is critical under
these conditions, to shift the overall equilibrium radical car-
bonylation processi?”! towards product formation. Another
strong base, lithium hexamethyldisilylamide (LiHMDS),
was also useful (Table 1, entries 1, 7, and 9). Acylation of
tert-butyl alcohol was more challenging. With the use of
LiHMDS and other bases the repeatability of the radio-
chemical yield was low. Improved results were achieved
using n-butyllithium (Table 1, entry 4). The corresponding
[''Clacids were occasionally observed as labelled by-prod-
ucts, probably due to small amounts of water present in
solvents or reagents.

The labelling of a phenol ester was considered to be diffi-
cult because of the more complex reactivity of phenols!]
than of aliphatic alcohols. Phenols, apart from being photo-
active themselves, have the potential to inhibit free radical
reactions owing to their relatively low H-O bond dissoci-
ation energies. Phenol is also an ambident nucleophile re-
acting either with oxygen or carbon. Finally, the product,
a phenol ester, is photo-labile and undergoes photo-Fries
rearrangement,?” as was confirmed by an independent ex-
periment. Indeed, the ''C-labelling reactions lead to the for-
mation of several [''Clproducts, the ratio of which varied
but did not clearly correlate with either the reaction condi-
tions or the purity of reagents. In this case, the use of n-
butyllithium was advantageous, as it allowed the reaction
to produce stable results (Table 1, entry 5b). Phenol ester
was also prepared in a good yield using aqueous THF solu-
tion (Table 1, entry 5a).

With 1-iodo-3-phenylpropane the conversion of ['!'CJcar-
bon monoxide was, in some cases, higher than 40% even
without the addition of a base (Table 1, entry 3). Though
the conversion rate varied more with the use of 1-iodo-3-
phenylpropane than with the use of other alkyl iodides, the
conversion of ['!C]carbon monoxide was distinctly higher
than when simple alkyl iodides were used.

3832 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The labelled product in a crude reaction mixture was
identified using HPLC by comparison with the retention
time of the reference: an identical, isotopically unmodified,
compound. The molecular masses of the labelled com-
pounds were then verified using LC-MS analysis.

The position of the ''C label was confirmed using NMR
spectroscopy. Two '3C-substituted compounds, ('*C)methyl
4-phenylbutanoate and ('3*C)3-phenylpropyl 2-methylpro-
panoate, were prepared on the same equipment in scaled-
up reactions by adding (1*C)carbon monoxide. The identity
of the compounds was confirmed by the '"H NMR spectra,
which showed splitting due to the "H-'3C couplings. Strong
carbonyl signals in the '*C NMR spectra appeared at the
same chemical shift as did the reference, isotopically un-
modified compounds.

Conclusions

Various alcohols, including zerz-butyl alcohol and phenol
were used in the labelling of aliphatic [carbonyl-'!Clesters
via radical-mediated carbonylation, together with alkyl io-
dides and [''C]carbon monoxide. High, up to 68%, decay-
corrected radiochemical yields were obtained in 6-min-long
reactions. This approach offers several advantages over syn-
theses based on the Grignard reaction, in terms of the
number of steps and the scope of the functional groups that
may be present in the substrates. As a one-pot, three-com-
ponent coupling procedure, it is adaptable for fast tracer
screening by simply replacing either the iodides or alcohols;
as a result, it is thought to be useful for the synthesis of
PET tracers. After appropriate modifications this method
should also be applicable to the synthesis using (}3C) and
(*C) carbon monoxide.

Experimental Section

The labelling reactions were carried out in a 270-pL stainless steel
autoclave equipped with an optical window to allow the irradiation
of the reaction mixture by a xenon lamp. [''C]Carbon dioxide was
produced with a Scanditronix MC-17 cyclotron at Uppsala Imanet.
The *N(p,0)''C reaction was employed in a gas target containing
nitrogen (Nitrogen 6.0) and 0.1% oxygen (Oxygen 4.8), that was
bombarded with 17 MeV protons. ['!C]Carbon monoxide was ob-
tained by the reduction of [''C]carbon dioxide, and handled as de-
scribed previously.'” Liquid chromatography analysis was per-
formed using a gradient pump and a variable-wavelength UV de-
tector in series with a B* flow detector. An automated synthesis
apparatus, Synthia,[*3! was used for LC purification of the labelled
products. Radioactivity was measured in an ion chamber (Veenstra
Instrumenten BV, VDC-202). In the analysis of the ''C-labelled
compounds, the retention times of isotopically unchanged reference
substances were used in identifying the labelled products. NMR
spectra were recorded on a Varian Unity-400 spectrometer in
CDCl; at 400 MHz for 'H and at 100 MHz for 3C, at 25°C.
Chemical shifts were referenced to either the solvent signal (6 =
77 ppm) or the residual solvent proton signal (0 =7.26 ppm). LC-
MS analysis was performed on Waters Quattro Premier micro mass
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coupled with a Waters Alliance LC instrument using electrospray
ionisation in the ESI- mode for methyl hydrogen dodecanoate and
the ESI+ mode for all other compounds. THF was distilled under
nitrogen from sodium/benzophenone.

11-Iodoundecanoic acid was prepared according to the published
procedurel?! from the corresponding bromide; other alkyl iodides
and alcohols were purchased and used as supplied without purifi-
cation if signs of decomposition were not obvious. The alcohols
were anhydrous grade and kept over 4-A molecular sieves.

Preparation of [carbonyl-''C]Esters. General Procedure: An alcohol
(200 pmol) or phenol (100 pumol) and an appropriate base (Table 1)
were placed in a capped vial (1 mL, flushed beforehand with nitro-
gen to remove air) and dissolved in THF (500 pL). In some cases
the alcohol was used as a solvent or co-solvent together with THF
(Table 1). An iodide (100 pmol) was added to the solution approxi-
mately 7 min before the start of the synthesis. The resulting mixture
was pressurised (over 40 MPa) in the autoclave containing [''C]
carbon monoxide (10-10-° mol) in helium. The mixture was irra-
diated with the light of an Xe lamp (280-400 nm) for 6 min at 35 °C
with stirring. The crude reaction mixture was then transferred from
the autoclave to a capped vial, held under reduced pressure. After
measurement of the radioactivity, the vial was purged with nitrogen
and the radioactivity was measured again. The crude product was
diluted with acetonitrile or methanol (0.6 mL) and injected on the
semi-preparative LC for purification. Analytical LC and LC-MS
were used to assess the identity and radiochemical purity of the
collected fractions. The radiochemical purity of the purified lab-
elled esters was over 97% in all syntheses.

(3C)3-Phenylpropyl  2-Methylpropanoate: ~ 3-Phenyl-1-propanol
(120 pL, 1.35 mmol) was dissolved in THF (320 uL) in a capped
vial (1 mL, flushed beforehand with nitrogen to remove air). The
solution of n-butyllithium in THF (2.5M, 65 pL, 160 umol) was
carefully added to the resulting solution. Isopropyl iodide (320
umol) was added approximately 7 min before the radiolabelling re-
action. The autoclave was filled first with [''C]carbon monoxide
(10 %-10° mol) in helium and then with ('*C)carbon monoxide
(approximately 40 pmol). After that, the solution of the iodide and
alcohol was transferred to the autoclave and the reaction mixture
pressurised to approximately 40 MPa. The reaction mixture was
irradiated (Xe lamp, 280-400 nm) for 1 h with stirring. During this
time the temperature rose from 35 °C to 55 °C. The crude reaction
mixture was then transferred from the autoclave to a capped vial,
held under reduced pressure. The crude product was diluted with
acetonitrile (0.6 mL) and purified by the semi-preparative LC. 'H
NMR (400 MHz, CDCl,, 25 °C): 6 = 7.33-7.24 (m, 2 H), 7.22-7.15
(m, 3 H), 4.09 (dt, Juc = 2.9 Hz, 2 H), 2.69 (m, 2 H), 2.55 (ds,
Juc = 7.0Hz, 1 H), 1.96 (m, 2 H), 1.18 (dd, Jyc = 4.9 Hz, 6 H).
13C NMR (100 MHz, CDCls, 25°C): 6 = 177.2 (strongest, car-
bonyl), 141.3, 128.43, 128.39, 126.0, 63.5 (d, Jcc = 2.7 Hz), 34.0
(d, Jec = 57.0 Hz), 32.2, 30.3 (d, Jcc = 2.2 Hz), 19.0.

(13C)Methyl 4-Phenylbutanoate was prepared in the same way from
1-iodo-3-phenylpropane (370 umol) without a base. The reaction
was run in methanol for 1 h. "H NMR (400 MHz, CDCl;, 25 °C):
0 =17.37-7.24 (m, 2 H), 7.22-7.15 (m, 3 H), 3.66 (d, Juc = 3.9 Hz,
3 H), 2.65 (m, 2 H), 2.33 (m, Jyc = 7.4 Hz, 2 H), 1.97 (m, Juc
= 44 Hz, 2 H). *C NMR (100 MHz, CDCls, 25°C): 6 = 173.9
(carbonyl).

Reference Compounds: Ethyl adamantane-1-carboxylate and methyl
4-chlorobutanoate were purchased, other compounds were synthe-
sised using known methods. The NMR spectroscopic data were in
accordance with published data. 3-Phenylpropyl 2-methylpropano-
ate!®! and allyl 2-methylpropanoate!®! were prepared according to
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the method presented in ref.[*’), methyl 4-phenylbutanoate®® and
methyl tridecanoatel®! according to ref.?%, zert-butyl 4-phenylbut-
anoatel®® according to ref.*'l, phenyl 4-phenylbutanoatel®®! accord-
ing to ref.??, and methyl hydrogen dodecanoatel*¥! according to
the method described in ref.34
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