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1 | INTRODUCTION

1.1 | Production and applications

Carbon-11 (*'C) is

an unstable positron-emitting

| Antony D. Gee

[*'C]Carbon dioxide ([*'C]CO,) and [*'C]carbon monoxide ([''C]CO) are 2
attractive precursors for labelling the carbonyl position (C=0) in a vast range
of functionalised molecules (eg, ureas, amides, and carboxylic acids). The devel-
opment of radiosynthetic methods to produce functionalised ''C-labelled com-
pounds is required to enhance the radiotracers available for positron emission
tomography, molecular, and medical imaging applications. Following a brief
summary of secondary ''C-precursor production and uses, the review focuses
on recent progress with direct 'C-carboxylation routes with [*'C]CO, and
"'C-carbonylation with [''C]CO. Novel approaches to generate [''C]CO using
CO-releasing molecules (CO-RMs), such as silacarboxylic acids and disilanes,
applied to radiochemistry are described and compared with standard [*'C]CO
production methods. These innovative ["'C]CO synthesis strategies represent
efficient and reliable ["'C]CO production processes, enabling the widespread
use of [''C]CO chemistry within the wider radiochemistry community.

KEYWORDS
[**c]co, [M'C]CO,, ' C-carbonylation, 'C-carboxylation, 11C-labelling, carbon-11, CO-releasing

molecules, PET

produced in the gas target when the proton bombardment
of "N occurs in the presence of traces of oxygen (0.5%-
1%) or hydrogen (5%-10%), respectively.' One of the main
challenges in ''C-chemistry is the development of rapid,
versatile, and reliable methods to integrate these primary

isotope of carbon with a half-life of 20.4 minutes. It is gen-
erally produced using a cyclotron by the proton bombard-
ment of **N according to the following nuclear reaction:
“N(p, ®)''C. The 2 major primary "'C-precursors used
in radiosynthesis are [*'C]CO, and [''C]CH,. These are

The copyright line of this article was changed on 26 April 2018 after orig-
inal online publication

"C-precursors into functionalised molecules.” Despite the
low reactivity of [*'C]CO, and [''C]CH,, an extensive
number of methods have been developed to label
functionalised 'C-molecules from these ''C-precur-
sors.”® [*'C]CO, and [*'C]CH, can be also transformed
into more reactive secondary ''C-precursors, Scheme 1.
These, however, often require significant processing times
and vary in yields.
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["'CHCN ("'cicoct,

SCHEME 1 Primary and secondary **C-precursors

1.2 | [“'C]methyliodide, ['C]lmethyl triflate,
["'C]hydrogen cyanide, ["'C]phosgene

1.2.1 | [*"C]methyl iodide and ["'C]methyl
triflate

One of the most widespread ''C-incorporation methodol-
ogy uses [''C]methyl iodide ([''C]CH;I) as a ''C-methyl-
ation reagent. ["'C]CH;I can be generated via the “wet”
method or the gas-phase method. The first approach
involves the reduction of cyclotron-produced [''C]CO,
with LiAlH, followed by reaction with HI, Scheme 2 (A).°
The second method is based on the gas-phase iodination
of [''C]CH,, which can be formed directly from the cyclo-
tron or by reduction of [''C]CO, in the presence of hydro-
gen gas on a nickel support at high temperatures, Scheme 2

1) LiAIH,
Melco, —  ~  [YCICHl
2) Hi
(B) cyclotron-produced
l2
of H}' [11C:ICH4 —o"' [11C]CH3|
["'cjco, ~Ni, 400 °C 700-725 °C
(C) AgOTf
["CICH3lI [''CICH,;0TF
160-200 °C

SCHEME 2 Production of C-methylating reagents

(B).”® The ["'C]CH, is then exposed to gas-phase radical
iodination using iodine vapour at 700°C to 725°C to yield
the desired labelling agent [''C]CH;I, Scheme 2 (B).

[*'C]Methyl triflate ([*'C]CH;0Tf), another *'C-meth-
ylation reagent, is generally prepared by passing gaseous
[*'C]CH;I over silver triflate at 160°C to 200°C, Scheme 2
(C).° Due to its higher reactivity than ["'C]CH;I, this
labelling agent has recently found increased utilisation.

''C-Methylation reactions generally involve nucleo-
philic substitution of ["'C]CH;I or [''C]CH;OTf with a
primary amine, alcohol, or thiol group to form the corre-
sponding secondary amine, ether or thioether, Scheme 3
(A). This approach requires the trapping of the ''C-meth-
ylation reagents in a solution of the precursor followed by
heating for a short period of time. Due to its simplicity,
"1C-methylation is widely used for research and clinical
production of functionalised ''C-tracers as extensively
reviewed in the literature.>*>'%'® The recent develop-
ment of “loop” chemistry has enabled technical and yield
improvements in ''C-methylation reactions.?

“Loop” " C-methylation involves depositing a solution
of the reagents in a thin film on the inside of an HPLC
loop. The passage of [''C]CH,I or ["'C]CH;OTf through
this loop produces the methylated ''C-product.’® This
approach allows a high reactive surface area, minimal
technical handling, and simplified ''C-product purifica-
tion leading to improved ''C-methylation reaction yields.

'C-Methylation has also been applied in palladium-
mediated cross-coupling reactions for ''C—C bond forma-
tion to radiolabel molecules of interest with ''C in specific
positions. Good functional group tolerance has been shown
using organostannanes as precursors in Stille cross-coupling
reactions, Scheme 3 (B).***' [''C]CHsl is typically trapped
in a solution containing a Pd-complex and a co-ligand.
This mixture is then transferred in a vial containing the
organostannane and heated for a few minutes (2-5 minutes).
Despite the broad functional group compatibility, toxic trace

11
(A) [""CICHsl
or
["'CICH,OTf . H
2 = 2] —_— .S~ * “OA
R SH or R-NHz or Rr-OH R-°TCH; or R-N~CH, or rR-O CH,
with * =11C
(B) ;
s SnR' ['cICH3l —CHs
£ : e
R Pd-complex, co-ligand, additives R/ =
(©€) ;
["'ciCH4l

B(OH), QJ%
ICE T
R
R

SCHEME 3
organostannanes; (C) Suzuki cross-coupling with boron compounds

Pd-complex, K salt
100 °C, 90 s at 50 W

R

1C-methylation reactions: (A) nucleophilic substitution on thiols, amine, and alcohols; (B) Stille cross-coupling with
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amounts of stannanes are difficult to remove completely
from the reaction mixture and may raise concerns about
this methodology for in vivo applications.

The Suzuki cross-coupling reaction using boronic
acids and boronic esters as precursors is an alternative
route to *C—C bond formation which avoids concerns
about using organostannane reagents, Scheme 3
(C).2°2*% In analogy to the Stille coupling, [''C]CH;I is
added to a solution containing a Pd-complex, the boronic
acid (or boronic ester), and a potassium salt. This mixture
is then heated (eg, by microwave [MW] activation), and
the reaction is quenched with water, Scheme 3 (C).

1.2.2 | ["'C]hydrogen cyanide

[''C]Hydrogen cyanide ([''C]HCN) is another useful sec-
ondary ''C-precursor for the synthesis of functionalised
"C-tracers.***® It is commonly produced by the

T
NC 1A _etinminemi i
NH/Pt ['C]1-succinonitrile
[‘l"C]CHa — [11C]HCN
1) Pd, R-X 0
2)Na,CO3 ngNHz
['"Clamide

SCHEME 4 Production of [**C]JHCN and its use in **C-cyanation
reactions

" ["Clureas
R NP ° /
R Ry, AL,

i - | ["'Clamides

AN

["'Ccarbamales

["'cicH, — [“'clccl, — [''Clcocl;

SCHEME 5 Production of [**C]COCI, and subsequent synthesis
of [*!Clureas, [**C]carbamates, and [**C]amides

A rRMY ——— R
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conversion of ['*C]CH, in the presence of NH; over plat-
inum at high temperatures, Scheme 4.>° ["'C]HCN can be
used for ''C-cyanation reactions, such as for the produc-
tion of [*'C]1-succinonitrile**® or converted to other func-
tional groups, such as [*'C]amides,>*" Scheme 4.

1.2.3 | [“'C]phosgene

[''C]Phosgene ([''C]COCI,) is usually produced by the
chlorination of [**C]CH, to [**C]CCl, followed by oxidation
to [''C]COCL,.** Thanks to its high reactivity, [*'C]COCI,
can be utilised for the synthesis of functionalised [*'C]
ureas, [''C]carbamates, and [*'CJamides via formation of
the corresponding [''C]carbamoyl chlorides, Scheme 5.*
However, the production of ["'C]COCI, has been found
to lack reliability and reproducibility at some radioche-
mistry sites, limiting its widespread use in ''C-chemistry.**

1.3 | Direct 'C-carboxylation

Despite its low reactivity and solubility in organic sol-
vents, the direct incorporation of cyclotron-produced
[''C]CO, is of great interest because, in principle, rapid
synthesis times might be achieved with a reduced number
of reaction steps and technical processing. Several meth-
odologies have been developed to access a vast range of
"C-tracers, including [''C]carboxylic acids, [*'C]esters,
[*'Clamides, [*'C]amines, ['!CJureas, [''C]carbamates,
and ["'Clacid chlorides.>**** The direct carboxylation
of Grignard reagents with [*'C]CO, enables the rapid syn-
thesis of [''C]carboxylic acids and [*'CJacid chlorides,
Scheme 6 (A). These have been shown to be useful ''C-
reagents for the synthesis of functionalised radiopharma-
ceuticals, such as ["'CJWAY 100365.* The produced

o
HO, H’ RJ“LOH
— -
o [""Clcarboxylic acid
"cjco, 'S
*“OMgX
1) HCl o

2) SOCl, R™CI
["'Clacid chloride

. 0 R" R"
R'R"NH ; NaBH :
(B) —A- }"_N. L T AN
R R’ R R'
["'Clamide ["'Clamine
SCHEME 6 (A) and (B) [*'C]CO, (©) it ‘ ) ; o
fixation using Grignard regents; (C) [*'C] HSC’LI ﬂ. Lgﬂ" O )J\
CO, incorporation into organolithium *
["'CJacetone

reagents
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"C-carboxylate intermediates can also be utilised to yield
the corresponding [''Clamides from the reaction with pri-
mary and secondary amines, Scheme 6 (B). Furthermore,
the synthesised [*'C]amides can be subsequently reduced
yielding the corresponding [''C]amines, Scheme 6 (B).?

Using a similar approach, organolithium reagents
readily react with [''C]CO, producing the corresponding
[*'C]ketones. For example, [''Clacetone is obtained from
the coupling of [''C]CO, with methyllithium followed by
hydrolysis, Scheme 6 (C).> ['"C]Acetone has
itself been utilised as a useful labelling intermediate in
1C-chemistry.***°

Grignard and organolithium reagents are often used
in "'C-chemistry due to their great reactivity as nucleo-
philes for [''C]CO,. However, as a consequence of their
reactivity, these reagents do not have wide functional
group compatibility and readily react with atmospheric
CO, lowering the molar activity (A,,) of the final ''C-
tracer. This aspect restricts the functionalised ''C-mole-
cules achievable using this methodology. In addition, the
required careful handling under inert atmosphere limits
the routine applicability of these reagents.’?

Other carboxylation methods using [''C]CO, have
been developed in order to overcome the limitations of
Grignard and organolithium reagents. An example is the
copper-catalysed incorporation of [*'C]CO, into the more
stable and less moisture sensitive boronic esters yielding
functionalised [''C]carboxylic acids, Scheme 7.>*” These
can be subsequently transformed to [''Clesters or [*'C]
amides, Scheme 7.3° However, 1 drawback of this meth-
odology relies on its restriction to benzyl and unsaturated
aliphatic boronic esters.

As discussed earlier, 2 main challenges in the trapping
of ["'C]CO, are its solubility in the reaction media and
its low reactivity towards nucleophiles. The advent of
fixation agents, such as 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU) and 2-tert-butylimino-2-diethylamino-1,3-dimethyl-
perhydro-1,3,2-diazaphosphorine (BEMP), has overcome
this issue and has enabled the further development of
new synthesis methodologies for functionalised ''C-tracers,
such as ["'C]carbamates and [*'Clureas.>*>**® An example

11
o [''cico, o
é copper catalyst
] =0 metal fluoride, base/ligand | "*"0OH
A A
R DMF R
["'C]carboxylic acid
o} o
| X 0R' | R * NR',
R/ = R/ =
["Clester ["'Clamide
SCHEME 7 [*'C]CO, incorporation into benzyl boronic esters

["'cjco, 0

DBU,DMF  R. /IL A~

R-NHR' + CI” R ———  NTOT R
A

[''C]carbamate

SCHEME 8 Direct fixation of [*'C]CO, yielding [**C]carbamates

is the 1-pot synthesis of a wide range of [*'C]carbamate
esters under mild reaction conditions utilising [*'C]CO,
and DBU as a trapping reagent, Scheme 8.>*%

It has been found that by stoichiometric control of the
reagents, the [''C]carbamate salts can be dehydrated to
[*'CJisocyanates and transformed into ["Clureas or
[''C]carbamates, Scheme 9.** Despite the broad applica-
bility of this methodology, low yields were obtained for
the more unreactive aromatic amines.

Two novel methodologies based on [''C]CO, trapping
in the presence of BEMP and subsequent addition of
Mitsunobu reagents have been developed, Scheme 10 (A
and B) to expand the range of functionalised [*'CJureas.***’
A similar approach has been also recently discovered for the
synthesis of [''Clamides via rapid addition of Grignard
regents after Mitsunobu reaction, Scheme 10 (C).* These
direct [''C]CO, fixation methodologies are attractive alter-
natives for the synthesis of functionalised ['Clureas and
[*'Clamides compared with the [*'C]COCl,-based methods.

(o]
RNH, R AR
H H
asymmetric [''Clurea

1 1''cico, o
BEMP RNH. A
R-NH, N=C=0 2 R'N - N_R
2)POC, g ¥ N*N
symmetric [''Clurea

o

ROH :
RHJJ\D,R

[''C]carbamate

SCHEME 9 Synthesis of ["Clureas or [*C]carbamates from
[*'C]isocyanates

A R
(A) H 1) DBU, [''CICO; Ho
Mo o o oNe | o3 08 NN
R R R 2) Mitsunobu reagents 11;
asymmetric [1'Clurea
®) -
H 1) DBU, [''C]CO, fo
IEaAT =] e ——————— . " * ~eyn
R™ R" 2)Mitsunobu reagents ~ R'™ " R
o]
symmetric ["'Clurea
(©)
1) DBY, ['c]CO, o
-NHz  2) Mitsunobu reagents R'ALN’R
3) BrMg~gr H
[''Clamide

SCHEME 10 (A) and (B) Synthesis of asymmetrical and
symmetrical [*'CJureas via Mitsunobu reaction. (C) Synthesis of
[*C]amides via Mitsunobu reaction
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Based on the potential of Mitsunobu reactions, a con-
tinuous-flow loop setup for [''C]CO, trapping and [''C]
ureas synthesis has been recently presented by Downey
et al.°>>! This work demonstrated the rapid and efficient
[*'C]CO, trapping in DBU/amine solutions (average of
78%) at a high delivery flow rate (70 mL/min) within a
low volume polymer loop (150 uL). This [''C]CO, trap-
ping system was integrated into a continuous-flow ''C-
labelling of a model symmetric urea, N,N’-[''C]
dibenzylurea via Mitsunobu reaction, Scheme 11. N,N’-
[*'C]Dibenzylurea was obtained in high decay-corrected
radiochemical yield (RCY) of up to 72% and crude radio-
chemical purity (RCP) of up to 83% under ambient tem-
perature and pressure within short synthesis time
(<3 minutes from end of delivery [EOD]).>!

A very similar approach has been recently reported by
Dahl et al to produce a diverse range of compounds,
including ['!'C]carbamates, ["'Cloxazolidinones, and
[''C]ureas in good decay-corrected RCYs (18%-50%) and
high isolated RCPs (>99%).>> This work together with
the results presented by Downey et al demonstrates the
utility of a simple and efficient “in-loop” [*'C]CO, trap-
ping method allowing the reliable production of a diverse
array of 'C-products with minimal loss in radioactivity.
This approach might be useful in a routine environment
for positron emission tomography (PET) tracer
development.

2 | [""C]JCARBON MONOXIDE ([''C]
CO)

2.1 | Production: Oven-based method

[*'C]Carbon monoxide ([*'C]CO) was one of the first '*C-
tracers used for blood volume measurements in
humans.> ["C]CO is generally produced by the gas-
phase reduction of cyclotron-produced [''C]CO, on a
metal surface (zinc or molybdenum) placed in a heated
quartz tube at high temperatures, Scheme 12.°*’

One of the first developed [*'C]CO synthesis method-
ologies was the reduction of [*'C]CO, to [*'C]CO on a
zinc heated column (400°C) followed by concentration
of the produced [''C]CO on a silica column. This method

©/\NH2

N

DBU, [''c]cO;

CH4CN

o}
o
H

AN o

Wi LEY_Radiopharmaceuticals

Zn/400°C

cjco, — —
[7CICO; —rogs0c

["'cjco

SCHEME 12 Reduction of [M'C]CO, to [*'C]CO on a metal
surface

produced low [''C]CO yields and low trapping efficiency
(~10%) for 2 main reasons:

1. the high flow rate used (100-200 mL/min) to deliver
[*'C]CO to the reaction vial,

2. the re-oxidation of ['C]CO to [*'C]CO, upon heating
of the silica column.”

These factors triggered the development of improved
[''C]CO gas handling systems.

The pre-concentration of [''C]CO, prior reduction
and the introduction of a ['!C]CO recirculation unit
allowed [''C]CO yields of up to 70%.°>*" Furthermore,
reduced delivery flow rates (20-30 mL/min) improved
the ["'C]CO trapping efficiency in organic solvents.>

A further development in [''C]CO chemistry was the
introduction of high pressure micro-autoclaves and
“loop” synthesis systems. These assured an efficient
[''C]CO trapping in the reaction mixture thanks to a very
low gas-phase volume and a higher reaction efficiency
due to the greater reactive surface area and elevated
pressures.®

Methods for the reduction of ['C]CO, using zinc
ovens often suffer from the degradation of the metal sur-
face by formation of zinc oxides over a few [**C]CO pro-
duction cycles. Zinc columns require frequent changes,
cleaning, and careful pre-purification of the [''C]CO, in
order to assure reproducible ["'C]CO yields.****° In
addition, the melting point of zinc (420°C) is close to the
temperature required for the [**C]CO, reduction to occur
(400°C). Therefore, the inadvertent overheating of the
zinc column during the process is a risk to the robustness
of this method.>®

The use of molybdenum as a reducing metal in high-
pressure systems has recently shown more reproducible
[*'C]CO yields compared with the zinc method.>* Molyb-
denum is known to readily react with [''C]CO, to form

0
OO

N,N-["'C]dibenzylurea

Mitsunobu reagents

CH4CN

N

Trapping Loop

SCHEME 11
by Downey et al

N7

Reaction Loop

[*'C]CO, trapping loop combined with a reaction loop for the Mitsunobu reaction yielding N,N’-[*'C]dibenzylurea presented
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[*'C]CO and molybdenum oxide with a maximum effi-
ciency at 850°C.>® The latter has also shown reducing
properties towards [''C]CO, vyielding [''C]CO, which
might improve the performance of the system and avoid
repeated maintenance.’® This methodology enables the
production of [''C]CO in yields of up to 70% over several
production cycles.>* In addition, the high melting point of
this metal (>>850°C) avoids the risk of catalyst melting
during the conversion process.

Zinc and molybdenum ovens are used as the standard
method for generating [*'C]CO from [*'C]CO,. However,
the need of dedicated infrastructure for these oven-based
methods often limits the use of [**C]CO chemistry within
the wider radiochemistry community.

An innovative [''C]CO production methodology has
been recently developed under mild reaction conditions
via electrochemical conversion of [*!C]CO, to [''C]CO
catalysed by nickel and zinc complexes.®® Despite the
appealing features of this method, only low ["'C]CO
yields were achieved (~10%). Therefore, novel [''C]CO
synthesis methodologies based on simple laboratory
setups leading to comparable [''C]CO yields to the stan-
dard oven-based methods are required to enhance the
availability of [*'C]CO for **C-tracer development.

diopharmaceuticals

2.2 | Y C-Carbonylation reactions

Because of the ubiquity of the C=0 functional group in
many biologically active molecules, the chemical versatil-
ity of CO and the potential of palladium-promoted car-
bonylation cross-coupling reactions have made [''C]CO
an attractive tool for the development of ''C-chemistry
methodologies. To date, [''C]CO has been used for direct
"C-carbonylation reactions producing a vast range of '*C-
compounds, such as [*'C]amides, [*'C]ureas, [*'C]carbox-
ylic acids, and [*'C]esters, Scheme 13.>*3>°73%6172 Com-
pared with traditional chemical methods, a major
challenge in radiochemistry is the reaction stoichiometry,
because in radiochemistry the amount of *'C produced is
generally in the nano-picomolar range (10~°~10~" mol).
Even “low levels” of impurities in the reagents and sol-
vents used may be present in excess compared with the
radiolabelled starting material. As a result, reactions
working on a traditional chemistry scale can fail when
translated to tracer radiochemistry, affecting the outcome
of the radiolabelling reactions employed.

2.3 | Mechanism of "'C-carbonylation
with [*'C]CO

In radiochemistry, [''C]CO is typically delivered in a
stream of nitrogen, helium, or xenon gas into a vial or a
micro reactor containing carbonylation reagents: a palla-
dium ligand complex, an organic halide and an amine
or an alcohol. The reaction mechanism starts with the oxi-
dation of the palladium/ligand complex due to addition to
the organic halide, Scheme 14. It proceeds with the [''C]
CO insertion into complex I yielding intermediate [''C]
II. Subsequent nucleophilic attack of an amine or an alco-
hol to the palladium centre gives intermediate ["'C]III
with elimination of the corresponding halogen acid. The
subsequent reductive elimination of the palladium/ligand
complex from intermediate ['C]III produces a [carbonyl-
"'Clamide or a [carbonyl-''Clester with regeneration of
the reduced palladium/ligand complex, Scheme 14.
Low pressure Pd-mediated and Rh-mediated ''C-
aminocarbonylations have shown to be adaptable to a
broad range of applications, such as the production of
[''Clamides and [''C]ureas.> Because of the high solubil-
ity of xenon in organic solvents, the use of this gas as a
[''C]CO delivery vector enables the transfer of [*'C]CO
into small volumes without a build-up of pressure.*® This
methodology is appealing as it does not require additional
CO trapping reagents to efficiently trap [''C]CO in the
carbonylation reaction vessel. Other work has shown the
application of a photoinduced radical-mediated ''C-
alkoxycarbonylation reaction to generate [*'C]esters. This
approach affords functionalised aliphatic [*'C]esters from
primary, secondary, and tertiary alkyl iodides.”* However,
it requires specialised equipment for the photoinduction
of the ''C-carbonylation reaction.

R-X
Pd(0)/Ligand
"Reductive elimination” "Oxidative addition”

Ligand ngand Ligand
(‘e | R Pd(ll) & Pd(ll) ; 1
o

T or T NR', rRPA

“Insertion"

R,NH 'cjco
"Nucleophilic attack” or

R'OH

ngand
qun
[“C]II

SCHEME 14
[*'CJamides and [*'C]esters

HC-Carbonylation reaction mechanism leading

JOL SCHEME 13 Potential *'C-labelled
TR compounds using [*'C]CO
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3 | CO-RELEASING MOLECULES
(CO-RMS)

Carbon monoxide-releasing molecules (CO-RMs) are
compounds able to release carbon monoxide under
specific conditions. Past studies have shown the applica-
tion of CO-RMs in medicine as therapeutic agents’*”>
and in synthetic chemistry as CO trapping-releasing
agents.®”’®* The synthesis of metal carbonyl complexes,
such as rhuthenium-CO and copper-CO complexes, and
their application as in situ CO-releasing molecules have
rapidly increased.®®®*®® These complexes are able to
release CO under physiological conditions® or by addi-
tion of a competing ligand.®® The latter approach was suc-
cessfully applied to ''C-chemistry using a copper(I)
tris(pyrazolyl)borate ligand (so-called “scorpionate”
ligand), Scheme 15. This complex efficiently trapped
[**C]CO, and by addition of PPh; as a competing ligand,
[*'C]CO was released and subsequently utilised for in situ
"C-carbonylation reactions yielding functionalised [''C]
amides, Scheme 15.%°

Using a similar approach, recent non-radiochemical
studies have focused on in situ CO production mediated
by molecules able to release CO upon heating. For exam-
ple, boranocarbonates have demonstrated the ability to
release CO during thermolysis, Scheme 16. These com-
pounds have been successfully applied in radiochemistry
for the production of **™Tc-complexes used in radiophar-
maceutical applications.’” In addition, THF-BH; has
been implemented in ''C-chemistry due to its ability to
readily retain [''C]CO via the formation of solvent-

Copper scorpionate- o
©/' . HzN/\© [''CICO complex @AEKQ
Pd catalyst, PPh,
SCHEME 15 Copper scorpionate-["'C]CO complex and in situ
1C-carbonylation reaction

.

co H*/Aa
H3BCO ——= HCCO" + CO + Hy + [B(OH),]"

HyBTHF

SCHEME 16 Borocarbonates complexes as CO-RMs

SCHEME 17 COware 2-chamber
system”%; COgen®? (first chamber) for ex
situ carbonylation reactions (second
chamber)

COware two-chamber
system

Wi LEY_Radiopharmaceuticals

soluble adducts, such as BH;-[''C]CO (b.p. —64°C). [''C]
CO was trapped in organic solvents at ambient tempera-
ture and pressure in high efficiency (>95%) and utilised
in subsequent palladium-mediated ' C-carbonylation
reactions.”®

Many other CO production methodologies utilising
aldehydes, carbamoylsilane, carbamoylstannanes, formic
acid, and its derivatives have been developed and applied
to the synthesis of carbonyl functionalised mole-
cules.””®>%! A recent work demonstrated the ability of 9-
methyl-9H-fluorene-9-carbonyl chloride (named “COgen”
upon commercialisation) to release CO via a palladium-
catalysed decarbonylation reaction performed at 80°C,
Scheme 17.°*°* The combination of this CO-releasing pro-
cess with a CO-consuming reaction in an isolated 2-cham-
ber system enabled a high trapping of the produced CO.
This methodology was also successfully applied to **C-
chemistry for the labelling of aryl amides with [carbonyl-
13Clcogen.”

4 | NOVEL [''C]CO PRODUCTION
METHODOLOGIES

4.1 | Silacarboxylic acids as CO-RMs

Other examples of useful CO-RMs are silacarboxylic acids
and disilanes.”®”® These have been recently used as in-situ
CO sources for ex-situ transition-metal catalysed carbon-
ylation reactions.”®7%%

Past works have shown that silacarboxylic acids
degrade upon heating (150°C-200°C) with elimination of
CO and formation of the corresponding silanol, disiloxane,
and the isomeric silyl formate, Scheme 18 (A).”*%’
Subsequent studies demonstrated that silacarboxylate
esters undergo degradation in a similar manner,
Scheme 18 (B).”® In addition, silacarboxylic acids have
shown to lead the corresponding silanol derivative with
production of CO in the presence of a base (eg, NaOH),
Scheme 18 (C).7*°

The degradation of these compounds was
hypothesised to proceed through the attack of a lone pair
of electrons of the oxygen atom of the OR’ group to the

1st Chamber

0, Pd(dba), (5 mol%)
Cl P(tBu); (5 mol%)

DIPEA (1.5 equiv.)
. coorcico | + .
Dioxane, 80 °C

COgen
or
[3C-carbony/|COgen

2nd Chamber

Carbonylation or '3C-carbonylation
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silicon atom accompanied by elimination of the carbonyl
group as CO, Scheme 19. This internal rearrangement
was called the 1,2-Brook rearrangement due the intensive
studies on these compounds performed by Brook and co-
workers.'® Organosilicon compounds have since found
an extensive use in synthetic chemistry, such as in tandem
bond formation strategies.'® ' A similar chemical
behaviour has been observed for the same group's ele-
ments of silicon, such as germanium.”*'%*

The ability of silacarboxylic acids to release CO under
certain conditions and the high fluorophilicity of silicon
inspired the exploration of fluoride sources as activators
to trigger the release of CO from this class of com-
pounds.”® Friis and co-workers investigated different reac-
tion conditions, such as temperature, reaction time, type
of solvent, and activator on a number of silacarboxylic
acids. Their results showed Ph,MeSiCOOH as yielding
the most rapid decarbonylation with production of CO
using KF as an activator in dioxane. These reaction condi-
tions were successfully applied in different Pd-catalysed
carbonylation reactions in a 2-chamber system yielding
the corresponding carbonylation product.”®

The relevance of this CO chemical methodology
relies on:

1. the production of a controlled amount of CO using
easy-to-handle reagents,

2. no need of special infrastructure in laboratories
(eg, CO gas cylinder and CO gas detectors),

3. absence of a transition-metal catalyst,

4. release of CO at ambient temperature.

co
A / ey
(A) RsSICOOH R3SIOH + R3SIOSIR; + R;SIOCHO

co

A
(B) RsSICOOCH, L RsSIOCH;

co
.
(C) Resicoon —2R 2. gsion + Oor R'=H,CH,

SCHEME 18 (A) and (B) Thermolysis of silacarboxylic acids and
silacarboxylate esters; (C) base-catalysed CO elimination of
silacarboxylic acids

=C.. R \ _OR'
St f20” A /Si\.OR

R'=H, CH,

SCHEME 19
derivatives

1,2-Brook rearrangement of silacarboxylate

The 2 latter features distinguish silacarboxylic acids
from the previous presented CO-production methodolo-
gies (eg, COgen and boranocarbonates) and made this
class of compounds an attractive target for ''C-chemistry
application.

4.2 | Disilanes as CO, to CO reducing
agents

In parallel with the use of CO-RMs, others reported the in
situ chemical reduction of CO, to CO via molecules able
to react with CO,, remove an oxygen atom from CO,,
and release CO. An example is the copper complex (IPr)
Cu—O¢Bu. This is able to coordinate with diboron com-
pounds® and the structurally related boronsilane com-
pounds® to yield (IPr)Cu—Bpin and (IPr)Cu—SiMe,Ph,
respectively. These complexes have shown the ability to
coordinate CO, producing the corresponding intermedi-
ates (IPr)Cu—O,CBpin and (IPr)Cu—O,CSiMe,Ph at a
low temperatures (—80°C-0°C). Upon thermal decompo-
sition (rt), (IPr)Cu—O,CBpin and (IPr)Cu—O,CSiMe,Ph
release CO with formation of (IPr)Cu—OBpin or (IPr)
Cu—OSiMe,Ph, Scheme 20.3%%3

In order to simplify the catalytic protocol of this CO,
to CO reduction, Lescot et al reported that the presence
of Cu(OAc), and the bidentate ligand, DPPBz, with stoi-
chiometric amounts of disilane, (MePh,Si),, efficiently
reduces CO, to CO with production of the corresponding
disiloxane, Scheme 21 (A).”® By investigating the influ-
ence of different counterions of the copper salt used,
they hypothesised that the CO, to CO reduction process
could be catalysed in the absence of copper. This was
confirmed by the complete conversion of disilane to
the corresponding disiloxane with release of CO in the
presence of neat KOAc at 150°C, Scheme 21 (B). Further
reaction condition optimisation showed that fluoride
sources (eg, KF) led to increased reactivity at lower tem-
peratures (80°C). CsF was shown to be an excellent cat-
alyst for the reduction of CO, to CO at ambient
temperature with the disilane (MePh,Si),.”* Investiga-
tions on other disilanes showed that disilanes bearing
only methyl or phenyl groups were detrimental to the
reaction.”®

Fluoride-activated disilanes have also been utilised to
promote the carboxylation of organic halides under tran-
sition-metal free conditions.'®> The key aspect of this
method is the formation of a silyl anion triggered by fluo-
ride through the Si—Si bond cleavage.

The formation of metal-free silyl anions in the pres-
ence of disilanes and a catalytic amount of
tetrabutylammonium fluoride (TBAF) in aprotic solvents
(eg, HMPA) has been reported by past studies.'* In addi-
tion, the generated silyl anions were reacted with
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inB ) = a
(/Pr)Cu—0t-Bu % (IP)Cu—Bpin e IPr epr f Pr. .
: o] S~ 1
(A) PhMe,Si—Bpin < ks N\/',}' ;
UPHCu=OtBU = (PACu—SiMePh o =P
: i-Pr
. ? o
(IPrCu—Bpin + CO, — i UJLO—Bpin CO + (pAcu” " Bpin
(B) .
: O
(IPr)Cu—S8iMePh + COp —= - UJL‘O-SiMegPh CO + (prcu” “SiMe,Ph

SCHEME 20 (A) Copper complexes coordinate with diboron and boronsilane reagents; (B) coordination with CO, and release of CO upon

thermal decomposition

Cu(OAc); (10 mol %)
DPPBz (11 mol%)

_— -

Ph
(A) co, + Pn-Si-si-Ph
P NMP, 150 °C

Ph 4
Ph—/Si-Si—Ph

Ph

(B) oy - KOAc (10 mol %)

NMP, 150 °C

DPPBZ = Eh
Ph-Si. : “Ph
co + pi 9 Ph !
Ph-Si_ A
Ph : Ph i
Vo dsadouitwisnaririanivagd
Ph s|
—si.
co + pnQ
Ph-Si__
PH

SCHEME 21 (A) Cu(OAc),/DPPBz complex. (B) KOAc catalysing the CO, to CO transformation via (MePh,Si),

aldehydes and 1,3-dienes to produce the corresponding
coupled organosilane products in good yields under
extremely mild reaction conditions.'*'%®

The ability of disilane species to be activated by hyper-
coordination has become an interesting property for the
development of new methodologies in synthetic chemis-
try and within the ''C-chemistry field.

4.2.1 | Bond energies in silicon chemistry

From the presented applications of silacarboxylic acids
and disilanes, it is evident that the fluoride anion can pro-
mote an intramolecular rearrangement of the Si—C bond
or the cleavage of the Si—Si bond. Both routes mediate
the formation of Si—O and Si—F bonds.

The formation of the strong Si—F bond can be used
as a driving force in silicon chemistry, such as in the
cleavage of the weak Si—Si bond (Si—F > Si—O
>> Si—C and Si—Si).'” In addition, Si—O bond-disso-
ciation energy >> Si—Si bond-dissociation energy indi-
cating that the Si—O bond-dissociation energy can also
be utilised as a driving force in silicon chemistry, such
as in the 1,2-Brook rearrangement catalysed by hydrox-
ide and the effect of KOAc on the CO, to CO reduction
via disilanes.”*’® The trend of the bond-dissociation
energies of silicon with halogens is as follows: Si—F
>> Si—Cl > Si—Br > Si—I.'* Therefore, the substantial
fluorophilicity and oxophilicity of silicon in conjunction
to its hyper-coordination properties"'®"'!  make

organosilicon compounds extremely interesting targets
for the development of synthetic and radiosynthetic
strategies.

4.3 | Conversion of [''C]CO, to ["'C]CO via
[*'C]silacarboxylic acids

An innovative rapid and reliable chemical conversion of
[''C]CO, to ["'C]CO mediated by [''C]silacarboxylates
and [*'C]silacarboxylic acids triggered by a stoichiometric
excess of TBAF has been recently reported by our group
and others, Scheme 22.'*2™* This work was inspired by
the previously presented non-radiochemical studies show-
ing silacarboxylic acids as efficient CO-releasing mole-
cules when in the presence of fluoride.”®””

In our laboratory, Ph,MeSiLi (2), synthesised from the
corresponding chlorosilane (1), was chosen for method
development after an initial screening of different silyl
lithium  derivatives. The  corresponding  [''C]

Ry=CHy, Ry =R, = Ph
Ry = t-Butyl, Ry = Ry = Ph

Q
Rss s

Si70H

o
R3~SiJ;.L09 or
g RqRs

RiR:

TBAF
20-60°C,3-6min carbonylation o

reagents "
* == R
SCHEME 22

R3- o Li ;
R
silacarboxylates

RyRz
[*'c]co, to

[*'C]CO conversion via [*'C]



al of

TADDEI AND GEE

% | WiLEY-L

diopharmaceuticals
silacarboxylate ([''C]3 and [''C]4) was obtained in good
to high RCY (~40%-80%) by coupling crude 2 with cyclo-
tron-produced [''C]CO,. [''C]CO production yields >50%
based on total [''C]CO, were obtained either with [*'C]3
or ["'C]4 within short synthesis time (3 minutes from
EOD) and mild reaction conditions (ambient tempera-
ture), Scheme 23. Mechanistic investigations revealed that
[*'C]CO yields of 80% + 20% from [*'C]4 could be pro-
duced within 3 minutes from EOD at ambient
temperature.''*

The utility of this [**C]CO synthesis process was con-
firmed by radiolabelling functionalised amides and esters,
N-[*'C]benzylbenzamide, [*'C]CX546 and [''C]tert-butyl
acrylate,’” in good RCY (>30%) and high RCP (>70%)
within 6 minutes from EOD, Scheme 23. The automated
synthesis system based on a 2-vial setup using an Eckert
and Ziegler Modular Lab apparatus has been successfully
tested'’? yielding N-[''C]benzylbenzamide and [''C]
CX546 in A, of ~60 to 90 GBq/umol.**®

This novel [''C]CO production methodology is based
on a simple labware setup and utilises mild reaction con-
ditions enabling the production of [''C]CO in different
laboratory configurations without the need for the tradi-
tional dedicated [''C]CO infrastructure (eg, oven-based
methods). However, this method requires the prior prepa-
ration of the silyl lithium precursor and addition of TBAF
post [1'C]CO, delivery, which may be a limiting aspect to
its applicability in a routine setting.

4.4 | Production of [**C]CO via fluoride-
activated disilanes

Due to the remaining caveats implied in the [*'C]CO syn-
thesis via [*'C]silacarboxylic acids, our group focused on
fluoride-activated disilanes as [''C]CO, reducing agents

to develop an improved [''C]CO synthesis methodology.
This work was inspired by the non-radiochemical studies
showing disilanes as CO, to CO reducing agents when in
the presence of a fluoride source.”®

(MePh,Si), (disilane a) was chosen as disilane for
method development and reaction optimisation. Various
fluoride sources were investigated showing TBAF as the
most efficient activator for [''C]CO release compared
with other fluoride salts. Different solvents were explored
revealing THF as the most efficient reaction media for this
process. It has been reported that polar aprotic solvents,
such as THF, increase the solubility of disilanes and the
reactivity of the fluoride anion.'°®"” 0.1 equiv. of TBAF
showed to be optimum for the [''C]CO, conversion. No
[*'C]CO production was observed in the absence of TBAF
or disilane or the TBAF/disilane complex. No [''C]CO
production was observed when other TBA salts (eg, TBAB
and TABCI) were used instead of TBAF. This demon-
strated the relevance of silicon's high fluorophilicity (Si-
F >> Si-Br > Si-Cl > Si-I)'” in the [''C]CO, to [''C]
CO reduction process. A [''C]CO yield of 59% from total
cyclotron-produced [''C]CO, was achieved by decreasing
the [*'C]CO, delivery flow rate from 60 mL/min to
10 mL/min. Various disilanes were investigated demon-
strating that by using (Me,PhSi), (disilane d), TBAF (0.1
equiv.), and THF, [*'C]CO, was converted to [''C]CO in
RCYs of 74 + 6% within 10 minutes from end of bombard-
ment (EOB) under mild reaction conditions (ambient
temperature) and at flow rate of 10 mL/min.'"®

The produced [''C]CO was used in a model ''C-
carbonylation reaction to yield N-[''C]benzylbezamide
in up to 74% RCY, RCP > 99%, and in an estimated A,
of 79 to 135 GBq/umol**® within 10 minutes from EOB,
Scheme 24 (A). In addition, [''C]tert-butyl acrylate
was obtained in acceptable RCY (> 10%) and high RCP

11¢1co (o] [0}
Si \Si’l‘l\o@ or \SiJ'J\OH

~e:-Cl Li
Si _— /Y —_— e P
PH Ph THE Ph Ph PH Ph PH Ph
1 2 [110]3 [11014
TBAF
20 °C, 3 min
Mcjco
HE HE Bl
3|5 0|5 Sl 5
1 ?
Ph™* H’\Ph \Aj\ok

N{"'C]benzylbenzamide

SRS®

[''CICX546

[C]tert-butyl acrylate

SCHEME 23 Produced ™C-tracers with
the [**C]CO synthesis process via [*'C]3
and [*'CJ4
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. TBAF (0.1 equiv.) Rivg;-Osg; Rt
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: a: [V'C]CO yield = 59%
: b: [''C]CO yield = 3%
: c: [V'C]CO yield = 35%
: d: [''C]CO yield > 74%
Y
[(Cinnamyl)PdCI],
Xantphos =
THE Ph™ "NHy * Phl Y Model reaction

N-['C]benzylbenzamide

SCHEME 24 [*C]CO, to [**C]CO via
fluoride-activated disilanes. (A) Model *'C-
carbonylation reaction; (B) tested **C-
carbonylation reaction

(> 80%) within 10 minutes from EOB, Scheme 24 (B). This
demonstrated the applicability of this [''C]CO synthesis
process to produce different compound classes.

This [*'C]CO, to [*'C]CO methodology utilises a sim-
ple 2-vial labware setup and readily available reagents
eliminating the remaining caveats of [*'C]CO production
via the ["'C]silacarboxylic acid methodology, such as the
time-consuming pre-synthesis reagent preparation (silyl
lithium precursor) and TBAF addition post [*'C]CO,
delivery.''®

5 | CONCLUSIONS

A broad variety of novel ['C]CO, fixation methods are
increasingly being utilised to incorporate cyclotron-pro-
duced [*'C]CO, directly into functionalised molecules
leading to a vast range of ''C-compounds, such as ['C]
amides, [''CJureas, and [*'C]carbamates. Improved syn-
thesis loop setups have shown to enhance the rapid and
efficient production of ''C-tracers with minimal purifica-
tion requirements and radioactivity losses. This is an
important feature in routine clinical productions of PET
tracers. Other [''C]CO fixation approaches have been
introduced over recent years, such as high-pressure appa-
ratus, low-pressure xenon systems, and photoinduction of
the ''C-carbonylation reaction. Furthermore, innovative
[''C]CO production methodologies are emerging as alter-
native process to the standard oven-based methods (Mo/
Zn). In particular, the [*'C]silacarboxylic acids to [*'C]
CO methodology and the fluoride-activated disilanes to
[*'C]CO process may enable the low-cost, widespread
use of [''C]CO in diverse laboratory environments for
PET tracer development without the need for specialist
platforms and infrastructure.

(B) o
\)!\O/k THF

[Y'Cltert-butyl acrylate

[(Cinnamyl)PdCl],
Xantphos

N
I OH + # "l | Tested reaction

Ultimately, this continued development and expansion
of 'C-chemistry will enhance the potential of PET tracer
development in both clinical and research environments.
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