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Carboxylation reactions are fundamental transformations in organic chemistry, enabling the synthesis of diverse and

valuable compounds, including polymers, pharmaceuticals, and agrochemicals. In recent years, carboxylation processes

DOI: 10.1039/x0xx00000x

proceeding via carbon isotope exchange or CO, transfer have received significant interest. These processes offer intriguing

decarboxylation/carboxylation reactivity and enhance existing carboxylation pathways, in particular by delivering efficient

and sustainable solutions for carbon isotope labelling. This review compares and contrasts the related fields of carbon

isotope exchange and transfer reactions involving CO,. We detail early developments to the most recent advancements and

discuss the advantages and limitations of each approach, in particular with regard to the efficiency of each strategy.

1. Introduction

Isotope chemistry represents a unique and essential field with
broad relevance in both academic research and industrial
applications. In  particular, the pharmaceutical
agrochemical sectors rely heavily on isotopically labelled
compounds.>? More specifically, "'C isotopes play a critical role
in therapeutic research, as the high sensitivity enables high-
resolution imaging and tracking using positron emission
tomography (PET) for biodistribution, pharmacokinectic and
receptor binding studies. The radioactivity facilitates the
detection and mapping of various cancers 3 On the other hand,
13C labelling, in addition to applications in structural elucidation
and mechanistic studies, has become a powerful bioanalytical
tool for investigating metabolic pathways, including studies of
cancer metabolism.* Meanwhile, *C-labelled compounds are
extensively used in in vivo metabolic (ADME) and
pharmacokinetic (DMPK) studies.® The long half-life (t;/, = 5730
years) and low-energy B-decay provide a safer and higher-

and

Thus, carboxylation technologies often present an ideal method
for introducing carbon isotopes.
considerations must be made when performing a process with

However, some distinct
labelled CO; in comparison to a standard carboxylation reaction
(Scheme 1A), namely; 1) labelled CO, gas is significantly more
expensive than non-labelled CO;, thus, maximizing the yield
relative to CO; is critical. 2) #CO, is radioactive, therefore,
methods using equimolar amounts of the labelled reagent are
preferred to avoid waste. The development of non-gaseous CO,
surrogates may also aid the handling of these hazardous
reagents and obviate the need for specialised gas handling
manifolds. 3) 11CO; is a short-lived isotope (ti/2 = 20 min), thus,
short reaction times are required. Recent years have seen the
emergence of carbon isotope exchange and transfer reactions
with CO; as useful strategies that satisfy these considerations
and will be the focus of this review (Scheme 1B and 1C). These
processes have the potential to directly label complex
carboxylic acids via single step synthetic routes, avoiding de
novo synthesis and thereby minimising waste and handling

4 P N .
resolution alternative to other isotopes.® Furthermore, isotopic steps. CO transfer addlhtlornwally_ offers F)ench we!glrmable

4 o . . . surrogates and near-quantitative incorporation, providing a
labelling is also valuable in agrochemical development, enabling . ] ) ]

4 detailed metabolic profiling and assessment of potential human 87" and Practlcal option for isotope labelling. ) .

4 In carbon isotope exchange, the unlabelled carboxylic acid 1
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and environmental exposure.”
Carboxylation is a cornerstone transformation in organic
chemistry, underpinning the preparation of various molecules,

functionality is swapped with labelled CO, gas to provide the
labelled carboxylic acid 2 (Scheme 1B). A simplified description

47 . . . . g of this process involves decarboxylation of 1 to remove the
including polymers, pharmaceuticals, and agrochemicals. labelled carboxvl Y foll b boxvlati ;
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synthesis, thereby improving the overall greenness of the
process. 3) If the carbon-isotope exchange is fast, it can be used
for 11C isotope labelling. A limitation of this method is that an
excess of labelled CO; is required to deliver high levels of
isotopic enrichment. This is because, upon decarboxylation, the
intermediate 3 can react with the unlabelled CO; that has just
been expelled (giving back the starting material 1) or react with
the desired labelled CO.. An excess of labelled CO; is therefore
required to favour the desired isotope exchange, but this can
add significant expense and waste. To improve the greenness of
this process, the excess/unused labelled gas could be recycled,
however, this is rarely demonstrated in the literature.!* Lower
equivalents of labelled CO; gas can be used, but at the expense
of lower isotope incorporations. Although highly enriched
isotopically labelled compounds are often not required, if the
exchange is particularly inefficient, the isotope level may not
meet the levels required for purpose. In this review, we focus
our discussion on carbon isotope exchange reactions involving
CO; to allow comparison with related CO; transfer reactions.
For carbon isotope exchange more broadly, we direct the
readers to several expert reviews.>12-14

A Labelled CO,
co, 3co, 14co, co,
Abundant, Cheap, Costly >£1,000/mmol, Radioactive
Non-hazardous ~£300/L Radioactive t1/2 =20 min
B Carbon Isotope Exchange
ﬂ 1}
+ *CO co, + ©
O % on ? ? O, oH
1 2
‘ =@y O@ +*CO, T
0] 3 (i)
(o CO, Transfer Reactions
o o
! x <, A
+ +
o%on T O o O “oH
4 5 6 7

- Co, O@ lO/x s O@ +CO,
3 ;

0] i o X 8 (iii)

Scheme 1. A) Comparison of labelled vs unlabelled CO,.
B) Overview of carbon isotope exchange reactions. C) Overview
of CO; transfer reactions.

The other strategy that will be discussed in this review is CO;
transfer, sometimes referred to as CO; shuttling (Scheme 1C).15
A simplified description of this process involves the release of
CO; from decarboxylation of a carboxylic acid-containing
molecule 4 (step i), followed by the capture of the CO, by
another species 5 via intermediate 8 to deliver the desired
carboxylated product 7 (step iii). As will be discussed in more
detail below, the intermediate 31° can also play a key role in the
reaction, for example by acting as a base/metalating agent (step
ii). We limit our discussion to CO; transfer reactions that are
isodesmic, i.e. the types of bonds that are made in forming the
products are the same as those which are broken in the

2 | J. Name., 2012, 00, 1-3

View Article Online
DOI: 10.1039/D6QO00133E

reactants.'® More specifically, reagent 4 contains a C—CO; bond
to deliver a C—CO; bond in product 7 (Scheme 1C). This allows
us to better compare the related areas of carbon-isotope
exchange and CO; transfer.'” CO, transfer presents several
benefits in comparison to traditional carboxylation pathways
including 1) the use of stable and weighable CO, surrogates.
This improves the practicality of the procedure as it avoids the
handling of gaseous reagents. This also presents safety benefits,
for example by avoiding the use of high-pressure apparatus and
the possibility of asphyxiating gas leaks. In addition, high
vacuum transfers that are used when performing isotope
labelling, including the liberation of #CO, from labelled barium
carbonate and subsequent condensation with liquid nitrogen,
are avoided. 2) As the reagent can be weighed on the bench, it
allows the equivalents of the labelled reagent to be easily
controlled, thereby minimising costs and waste. 3) Due to
inherent differences in the mechanisms, transfer reactions lead
to higher (often full) isotope incorporation over carbon-isotope
exchange. 4) We have largely described the benefits of CO,
transfer reactions in the context of carbon isotope labelling,
however, these methods can also find use in carboxylation
reactions more generally as they provide practical and easy-to-
handle CO, surrogates. Drawbacks include the need to prepare
the carboxylating agent, which can add steps on to the synthesis
whilst increasing costs and waste. Similarly, this can prevent
applications in 11C labelling due to the short lifetime of this
isotope, however automated processes, may offer solutions to
this problem.® The atom economy of the process is also lower
in comparison to using CO; gas, however, these drawbacks can
be offset by practicality and cost benefits, especially when
performing isotope labelling.

o} o}
R *CO, (4 atm) R
oM OH
R? 280-440 °C, 1-2 h R?
9 10
M = Na, K % yield, (% “C)
) Q 10a, Ry = H, Ry = H 98% (85%)
Rj/lLOH 10b, R; = CHj, R, = CH, 78% (61%)
) 10c, Ry = (CHy)1oCH3, Ry =H  95% (75%)
R
m i i
OH HOJLM’,,[LOH
10d,R=H 91% (80%) 10f, n=4 90% (35%)

10e, R=Cl 81% (74%) 10g9,n=5 86% (60%)

Scheme 2. Thermally induced '4C isotope exchange of
carboxylic salt 9.%°

2. Carbon Isotope Exchange Reactions
2.1. Early reports on carbon isotope exchange

One of the earliest examples of carbon isotope exchange via
carboxylation dates back to 1974 when Szammer and co-
workers postulated a process driven by thermal exchange for
incorporating 4C isotopes (scheme 2).1° Preliminary references
to such transformations can be found in works led by Nakai and

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 16


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6qo00133e

Page 3 of 16

A W w w QranAcsesALtcle RublighedoR 3 fsh026. Rowyopdedond/22026 74531AM. & o W oo N OV U1 & W N =

o hwN = o O_ﬁ%a?ﬁcf&s‘ﬂc&seﬁ'uﬁaerué d?ea&?’ve'\éoﬁm&s\ﬂttﬁ%uﬁbn%dﬁnﬁorf‘é’d |ceﬁ'ce.o

cvuvuuuuuuuuudAdDDdMDMDNMNDMNDMNDINDN
OWVWONOOULNWN=O © 0

Organic Chemistry Frontiers

View Article Online
DOI: 10.1039/D6QO00133E

Darensbourg,??! however Szammer provided the first detailed
account and scope, specifically describing the process as
isotope exchange. A range of labelled carboxylic acids, 10a-g,
were generated from the corresponding Na or K salt 9, and
obtained in high yields with generally high isotopic enrichment.
Although exceedingly high temperatures (280-440 °C) and high
pressures (4 atm) were required, this work clearly provided

inspiration for more recent developments.

~ *COo,
Pr,NH, "BuLi
HMPA

- =

THF,-78°C, 1h

12
70%, (48% "“C)

Scheme 3. Synthetic 14C isotope exchange on aryl acetic acid 11.22

A few years later, Parnes reported a related strategy for the 14C
labelling of an aryl acetic acid {Scheme 3).22 Though only a single
example of isotope exchange was reported, the manuscript
included an engaging discussion on mechanisms and concepts
for carbon isotope exchange that have been built on in more
recent years.

2.2. Transition metal-promoted carbon isotope exchange

Recent years have seen a significant growth in the development
of carbon isotope exchange strategies involving CO,. This area
garnered newfound interest through a series of reports
published between 2018 and 2019 by the groups of Audisio,
Baran and Martin on transition metal catalysed carbon isotope
exchange.?3-25

Audisio and co-workers reported a copper catalysed carbon
isotope exchange of aromatic and benzopyrone derived
carboxylic acids (Scheme 4).23 Use of the cesium salt of the acid
was necessary to limit competing protodecarboxylation. The
conditions and scope of the process reflected related copper
promoted decarboxylations of aromatic acids,26 namely that
relatively high temperatures (>150 °C) were required and
aromatic substrates bearing ortho substituents showed the
greatest reactivity. As three equivalents of labelled CO, gas was
used, the highest possible enrichment at equilibrium is 75%. In
general, the isotopic enrichment varied between substrates,
with a slight trend that more sterically hindered substrates
showed lower isotopic incorporation. The procedure was also
applied to the late-stage 13C and 4C isotope labelling of
biologically relevant molecules such as probenecid 14g and
flumequine 14h. Although mechanistic studies were not

conducted, the authors were able to suggest a possible

mechanism based on previous knowledge (Scheme 4B).?¢
Firstly, salt exchange with the copper catalyst (step i) followed
by decarboxylation {step ii) provided the aryl copper species Il
The labelled CO; was then trapped by intermediate Il to deliver

carboxylate Il {step iii). Another salt exchange with the cesium

This journal is © The Royal Society of Chemistry 20xx

salt 13 delivered the labelled carboxylate 15 (step iv) and
regenerated the unlabelled copper carboxylate I to close the
catalytic cycle. At the end of the process, the mixture of cesium
and copper carboxylates Ill and 15 were protonated to deliver
the isotope enriched carboxylic acids 14 shown in Scheme 4A.

*CO; (3.0 equiv.)

CuBr (20 mol%) 2
o
XY Nocs L1 (20 mol%) A VoH
= DMSO, 150 °C, 2 h \F
13 then HCI 14
% yield, (% '3¢/'“C)
A o (o]
- O OH
X
R NO,
14a,R=H  50% (75% 1°C) . ¥&X=0

53% (47% '°C)
50% (47% '4C)
14f, X = NMe
35% (65% 1°C)

28% (65% '4C)
14b,R=Me 42% (66% °C)
14¢, R = OMe 53% (60% '°C)
14d,R=Cl  15% (59% "°C)

F.

o’ \\

Me

14g 14h
['3C] Probenecid, 50% (54% °C)  ['3C] Flumequine, 42% (49% "°C)
[14C] Probenecid, 61% (40% “C)  [*C] Flumequine, 38% (46% 'C)

B o) o}
=N OCs N OCs
R=—= R
> P
13 15
(f)LICuJ I\M/)
c
7Y olcu) €0, O/ cul 1 "o, O)LO[Cu]
RT — > Rr
e (//) (ifi)

Scheme 4. A) Cu catalysed 1:“C/l“C Isotope Exchange on
carboxylic salt 13. B) Proposed mechanism for catalytic cycle of
Cu mediated Carbon Isotope Exchange.??

In 2019, Baran and co-workers demonstrated a nickel mediated
carbon isotope exchange of aliphatic carboxylic acids (Scheme
5).24 This process made use of the known reactivity of
N-hydroxyphthalimide derived redox active esters 16 as an
effective strategy for carboxylic acid activation. The procedure
was applicable to a range of primary and secondary carboxylic
acids, however, tertiary carboxylic acids were incompatible. A
range of medicinally-relevant substrates underwent carbon
isotope exchange (e.g. see 17d and 17e) and the process was
13C 14C The isotope
enrichment/specific activity was relatively low, however, the

also applied to and labelling.

authors reasoned that the levels obtained in this study were still
of use in early-stage development.

J. Name., 2013, 00, 1-3 | 3
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*CO;, (50 psi),
NiBry-glyme (1.0 equiv.),
[o] Neucuproine L2 (2.0 equiv.) [o]

R! Mn (2.2 equiv.) R!
ONHPI OH
R2 DMF, rt, 20 h R2
16, RAE

17
% yield, (% 1°c/'“c)

from corresponding

5 fo} . fo}
[o] e
MOH OH
OH  Meo
17a 17b
OMe 17¢

40% (50% '°C) 29% (30% '3C)

40% (13% 5C)
25%2 (8% 14C)

BocHN 2 i
OC oH OH
Me L2 Me
o
Ph =N N=

17d 17e N\ /N /

['3C] Gabapetnin derivative  ['°C] Fenbufen
37% (21% °C) 35% (9% '°C)

Scheme 5. Ni mediated carbon isotope exchange of aliphatic
redox active esters 16.24 “Alternative reaction conditions for 14C
labelling of *4CO; (1 atm), DMF {0.05M), =25 °C (1 h) to room
temperature (20 h).

Following on from the work by Baran and co-workers, a related
process was reported in the same year by the Martin group
(Scheme 6).%> A key development in this study was the ability to
use catalytic quantities of the nickel catalyst, rather than the
stoichiometric amounts that had previously been required. The
isotope incorporation was also generally higher in this report,
though consistently high values were unachievable, as is often
encountered in carbon isotope exchange processes. To get
around this problem, the authors developed an alternative
formal CO; exchange through a sequence of decarboxylative
halogenation and C—X carboxylation.?’” This led to complete
isotope incorporation in all cases, though the yields were lower.
The authors also demonstrated the preparation of the 13C and
14C labelled benzoic acid 19e from the corresponding aryl
bromide.2® Finally, the authors revealed the application of this
carbon isotope exchange strategy in chain-walking
carboxylation reactions {Scheme 6B).2° This process was
initiated by conversion of the carboxylic acid 20 to the alkyl
bromide 21. Upon exposure to a nickel catalyst, substrates 21
underwent a chain-walking process towards functionalisation at
the terminal position of the alkyl chain. Thus, in the presence of
13CO; the labelled products 22 were formed with good isotopic
enrichment, albeit in relatively low yields. Overall, the authors
described several strategies for delivering isotope labelled
aliphatic and aromatic acids, including medicinally relevant
molecules, through formal carbon isotope exchange processes.
Neither report by the Baran group or Martin group discussed
the mechanism in detail, which is reasonable as the intricacies
of these nickel catalysed processes are somewhat disputed.®° In
order to inform the reader, we provide simplified mechanisms
for these processes, however, we leave our discussion
deliberately vague due to the uncertainty surrounding these
details {Scheme 7). We suggest that the role of the manganese

4 | J. Name., 2012, 00, 1-3
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was to reduce the nickel precatalyst to an active nickel species
IV (step i),3%32 which could promote decarboxylation of the
redox active ester 18 to provide the nucleophilic intermediate
V (step ii). The labelled CO; was then captured by intermediate
V to give nickel carboxylate VI (step iii).3>3** Under Baran’s
conditions, which used stoichiometric nickel, carboxylate VI
would then deliver the desired carboxylic acid 19 upon workup
(step iv).?* In the case of Martin and co-workers, the nickel
catalyst IV would be regenerated from the reaction between
nickel carboxylate VI and manganese metal (step v).?> The
manganese carboxylate generated in this step would then lead
to the carboxylic acid product 19 upon workup.

*C0O, (1 atm),
NiCly-dme (10 mol%),
o L2 (25 mol%), o

R! Mn (2.0 equiv.) R!
ONHPI OH

R2 DMF:MeOCH (3:1), 0 °C R2
18, RAE 19
from corresponding % yield, (% '3¢/'“C)
carboxylic acid
A [¢]
OH
[¢]
MeCQ
19a 71% F 19b 50%
7% 7C) o (26% 3C)

°\/\)L e
OH

z OH
cl 19¢ 19d

['3C] MCPB Herbicide ['3¢] Citronellic Acid
70% (49% °C) 63% (48% "°C)

[o} Me L3 Me
- —N N—
oy 19e 70%° (99% 3C) }» 7\ 4
€ 76%P (88% “C) | PH Ph
B co,H Br H ©
H J\/H : /k)l\
R : R : R OH
20 | 21 3 22
e 2 pmmsmomems : % vield, (% ")
* L4 n-Hex
[Ag(phen),lOTf N.|°°22 (51 a"lT;/)
(2.5 mol%) il2 (2.5 mol%) N=
y / L3 (4.4 mol%)
DBI (0.8 equiv.) Mn (2.0 equiv) \ / N\ /
CHyCly, 1t :
22 DMF, 25 °C, 20 h -
Me OH Ph
o Me (o] i)oL
OH Me OH

22a 36% (99%'3C)  22b 46% (99% °C)  22¢ 27% (99% '3C)

Scheme 6. A) Ni catalysed carbon isotope exchange of
carboxylic acid derivatives 18.2° 19e was synthesised from the
corresponding aryl bromide using alternative conditions:
@NiBrz.dme (10 mol%), neucoproine {20 mol%) in DMA at 50 °C,
bNil, (2.5 mol%), L3 (4.4 mol%), DMF at 25 °C. B) Ni catalysed
carbon isotope exchange via chain-walking. DBl =
dibromoisocyanuric acid.

This journal is © The Royal Society of Chemistry 20xx
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o) (precatalyst) *002
R)LONHPI (i)an AudISIO et al.)
Ni] .
18 o ) Mn Lundgrenetal
{ii) v /u\ 23 24
m‘ % yield (/;”C/73C/7"C)
R—[Ni] O—I[Ni] A OMe
et QL
€O, o o o s o
OH
OH  (
Scheme 7. Proposed mechanism for Ni-mediated/catalysed oM 3 OH
€ 24a 24b 24c

carbon isotope exchange.

2.3. Transition metal-free/thermally induced carbon isotope
exchange

In 2020, Audisio and Lundgren concurrently reported the
carbon isotope exchange of phenylacetic acids (Scheme 8).3536
These methods significantly built on the early work described in
section 2.1.1922 The procedures involved the mixing of
phenylacetate salts 23 in polar aprotic solvent with labelled CO..
The main difference between the processes was that Audisio
and co-workers used cesium carboxylate salts and a small
excess of labelled gas (3 equivalents) in DMSO, whereas
Lundgren and co-workers used the potassium carboxylate salts
with a larger excess of labelled CO, in DMF. Notably, Audisio
also extended the scope to '“C and 'C isotope exchange. The
conditions reported by Lundgren generally provided higher
isotope enrichment, however, this came at the cost of using
greater equivalents of labelled CO,. In both cases, more
sterically encumbered substrates tended to give lower isotope
enrichment (e.g. see 24a). The required temperatures varied
greatly between substrates, for example, 4-cyanophenylacetate
24f readily underwent exchange at 20 °C, whereas 24e required

59% (34% '°C)

['3C] Fenclofenac, 40% (70% '3C)  ['3C] Flurbiprofen, 33%" (51% '°C)
['4C] Fenclofenac, 50% (65% '“C)  [''C] Flurbiprofen, nr. (7% ''C)

Gececcccssseeccsccecscccccccccssscecssscecsscscecsccsssecsssscensses

NC Q Br
\©\/EJL 9 > \©\/loL
Nl
OH Y OH

24f 249 24h
96%° (85% '°C) 99%7 (56% '°C) 77%° (95% 1°C)

MeO.
OO [o) [o}
OH OH

24i /]
[3C] Naproxen, 94% (86% '°C)  ['3C] Ibuprofen, 89% (80% "°C)

Gececcccssseeccsscecsccccccsccssseecssscecsscscecsccsssecsssscensses

(o]
Ar. Ar.
\HLOGMCD \I ) \(L(
R

44%3 (64% '3C) 40% (70% "3C)

heating at 190 °C. In general, substrates better able to stabilise 23 0 \/||R (H)

a build-up of negative charge at the benzylic position proceeded il

more efficiently. Due to the ubiquity of the phenylacetic acid WK ArCH,R H+‘("’7
motif in medicine, both groups were able to demonstrate the @ o

reaction with various drug molecules, such as 24d, 24e, 24i and 0% *CO, Ar))L o - coz \|)L
24j. \H\o w o R le

In terms of the mechanism (Scheme 8C), both groups proposed VIII |x2 «

that decarboxylation could provide the benzylic intermediate
VIl (step i), which could react directly with labelled CO; to

Scheme 8. Thermally induced carbon isotope exchange of
carboxylate salt 23 from: A) Audisio and co-workers.3> Standard

4 provide the desired product 24 (step ii). Alternatively, and - )

4 building on suggestions put forward by Parnes,2 the benzyl ~cOnd1tions: *(.:02 (3.0 equw.), M= (.:S' DMS0, 150 O.C' 0-3-2 n
4 anion VIl could instead deprotonate the carboxylate 23 to give then HCl. % incorporation for 11(; 5 ba'ased (?n radiochemical
4. the dienolate VIII (step iii). Trapping of this intermediate with yield: an amount calculated from |iotczp|c Fiunty and corrected
4 the labelled CO, would provide the malonate derivate IX (step for decay. n.r. = not reported. 130 °C. °190 °C. B) Lundgren and

o hwN = o O_ﬁ?’saﬁc@ls‘ﬁc&seﬁ'uﬁaerué d?ea&fvehéoﬁ'm&s\ﬂttﬁ%uﬁbn%dﬁnﬁorf‘é’d |ce|_”|'ce<.3

N

iv). In the presence of a proton source, either during work up or
from another molecule of carboxylate 23, intermediate IX

co-workers.3¢ Standard conditions: *CO, (1 atm), M = K, DMF,
160 °C, 48 h, then HCI. €20 °C, 24h. 940 °C, 24h. €110 °C, 14h. C)

47 . i .

48 would then undergo decarboxylation (step v) to provide the Me;hamstlc proposal for thermally induced carbon isotope

49 desired product 24 after protonation. exchange.

50 The authors again considered a direct route to isotope exchange

51 via an aza-allyl anion (c.f. VIl, Scheme 8C), but mechanistic

52 studies suggested the alternative route via a malonate

53 derivative (XIll, Scheme 9B; c.f. VI, Scheme 8C) was in

54 operation. Thus, the authors proposed that the amino acid 25
first condenses with the corresponding aldehyde to form the

55

56

57

58 This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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imine XI (step i). Tautomerisation {(or deprotonation) and
carboxylation then delivered the imino malonate derivative XIlI
(steps ii and iii). Finally, subsequent decarboxylation (step iv)
and hydrolysis (step v) delivered the desired labelled amino acid
26 and regenerated the aldehyde catalyst {Scheme 9C).

o *CO, (8.0 equiv.), [
HzN 4-anisaldehyde (20 mol%), BocHN
OH - OH
R Cs,COj3 (40 mol%), DMSO, R
25 70-90 °C, 24-48 h.

26
then Boc,O % yield, (% ''c/'3c/'*c)

A o] o o] o]
BocHN BocHN BocHN BocHN
OH OH OH OH
SMe
X

26a 26b 26¢ 26d
71%, (75% 13C)  69%, (51% 13C)  68%, (36% '3C)  68%, (61% '3C)
51%, (53% “C) nr. (11%'c)?  nr (17% ''c?

nr. (24%'c)r

0 o°
ArCHO
Arq 2N O A 2N 2
\HL — > AR W)Lo ‘;(I'I‘) N~ 'OH
R R
Xi Xl
*C0, | (i)
[o]
H;N Ar\ 2N €] Ar.
OH ——— N7 j)j\ ~zN
R -ArCHO R -COZ
v) )
26 Xiv X|||

Scheme 9. A) Carbon isotope exchange of amino acids 25.37 2 1)
PhCHO (1.0 equiv.), Cs,CO3 {0.50 equiv.), MeOH, 70 °C, 2) 11CO,
(7-10 GBqg), DMSO, 90 °C, 10 min, then HCI. % incorporation for
11C is based on radiochemical yield: an amount calculated from
isotopic purity and corrected for decay. n.r. = not reported. B)
Mechanistic proposal for carbon isotope exchange of amino
acids.

During their studies on the carbon isotope exchange of amino
acids {Scheme 9), Lundgren, Rotstein and co-workers noted the
drawback that, unless subsequent resolution was performed,
access to enantiopure labelled amino acids was not possible.3”
To address this limitation, Lundgren, Derdau and colleagues
presented a related carbon isotope exchange for accessing
enantioenriched labelled amino acids (Scheme 10).3¢ The
overall strategy involved combining their work on aldehyde-
promoted carbon isotope exchange with a chiral aldehyde-
promoted stereoconversion of amino acids previously reported
by Chin, Kim and co-workers.?® The chiral aldehyde (S)-1 was
found most suitable for promoting isotope exchange and
controlling the stereochemistry of the product. The authors
attempted to use catalytic amounts of chiral aldehyde ($)-1, but
ultimately these attempts were fruitless. The reaction was
applicable to a variety of natural and non-natural amino acids
and both 13C and 4C labelling was achieved, though the scope
seemed less general in comparison to their previous racemic
approach (c.f. Scheme 9). As has become standard in CO,
exchange processes, the level of isotope incorporation varied
between substrates. Due to the lack of methods for generating
chiral labelled amino acids, this chemistry demonstrated a

6 | J. Name., 2012, 00, 1-3
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particularly elegant solution. However, the enantiomeric ratios
of the products were often notideal (generally <90:10 e.r.), thus
the authors reverted to resolution techniques for delivering
products with high enantiomeric ratios.

The authors proposed that the CO; exchange and
stereochemical induction processes proceed in separate steps.
Firstly, condensation with the chiral aldehyde (S)-1 provided an
imine intermediate that could undergo carbon isotope
exchange in a similar fashion to that described in Scheme 9B.
This would provide the labelled imine intermediate XV (Scheme
10B, c.f. XIV Scheme 9B). In agreement with the reports by Chin,
Kim and co-workers,?® the authors suggested that
deprotonation of chiral imine XV provided intermediate XVI
(step i), which is then susceptible to a diastereoselective
reprotonation to give the enantioenriched compound XVII (step
ii). Subsequent hydrolysis then delivered the enantioenriched
labelled amino acid 28 (step iii).

o *CO, (~4 equiv.), fo}

(S)-1 (100 mol%), DBU H,N
OH
R

DMSO, 60-70 °C, 24 h,

h
27 then H 28
D-, L- amino acid % yield, (% 3¢/ #C)
grsses greemsesesasueness et s eensasae g
H,N H,N H,N BocHN
OH OH OH OH
SMe
X
(D-) 28a (D-) 28b (D-) 28¢ (D-) 28d
52%, (88% 1°C)  64%, (41% 13C) 55%, (59% 1°C) 40%, (41% °C)
89:11 er 90:10 er 90:10 er 84:16 er

89%, (19% "“C)
919 er

o?@r

‘i

o OH
OH (///) 0 (//)
R
28

XVII

Scheme 10. A) Chiral aldehyde-promoted carbon isotope
exchange of amino acids. B) Proposed diastereoselective
mechanism for formation of 28.38

This journal is © The Royal Society of Chemistry 20xx
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[o] *CO, [o] reliable and efficient exchange process for more complex
Phj)j\ pC1/BC2 Phj)L substrates, as it was less prone to side reactions. This was of
it oH Blue LED's & OH note for Lundgren and Rotstein, who discovered that 4-CzBnBN

- i (PC2) could facilitate **C transfer when 4-CzIPN (PC1) failed. A

clear advantage of these processes in comparison to the
thermally induced methods {(up to 190 °C, see Scheme 8) is the

A HO o ability to perform exchange at room temperature. Both groups
r1 N [+] demonstrated reactivity with various phenylacetic acids with
& OH known bioactivity (30f, 30l, 30m) and Audisio and coworkers

30a, R=0-CO,H 76% (23% °C)

also applied the process in exchange with 14CO, (30f).4¢
Realising that this photoredox catalysed process proceeded

30b,R=m-CN  75% (64% "°C) much faster than the thermally induced version, Lundgren,
30c, R = p-Cl 71% (61% '3C) 30f Rotstein and co-workers nicely demonstrated the suitability of
30d, R =0-OMe  29% (71% '3C) ['3C] Ibuprofen, 58% (37% °C)

30e, R = p-CO,Me 29% (63% °C) ['4C] Ibuprofen, 29% (53% “C)

30g,R=H 50% (56% °C) 30i, R =CH,C=CH 30k, 62%2 (63% '°C)
30h, R =Br 80% (47% "°C) 72% (21% 13C)

30j,R = Ph

75% (93% °C)
301

3¢ Carporfen 60% (71% °C)

3¢ Fenoprofen, 58% (48% '3C)
[''C] Carporfen, n.r. 2(18% "'C)  [MC] Fenoprofen, n.r.2(29% 'C)

the reaction in 11C isotope exchange (30l, 30m).4!

Both groups provided similar mechanistic proposals, with the
Audisio group conducting some informative mechanistic studies
to support their suggestions (Scheme 11C).%° Previous studies
on the photoredox catalysed decarboxylation of phenylacetic
acids were also used as support for the proposed mechanisms.*?
Under basic reaction conditions, the carboxylic acid 29 was
initially deprotonated to give carboxylate XVII (step i). Oxidation
of the carboxylate by the photoredox catalyst then provided the
XVIIl  (step ii),
decarboxylation towards carbon centred radical XIX {step iii).

carboxyl radical which was prone to
Single electron transfer from the reduced photoredox catalyst
to the radical species XIX would then provide the nucleophile

XX (step iv), which was able to capture the labelled CO, gas

[ [o] O [o]
Ph Base h towards the desired product 30 (step v). In contrast to the
OH —— ) @) mechanistic proposals for thermally induced carbon isotope
R exchange in which a malonate intermediate was proposed {(c.f.
29 XVII 4CzIPN® XVIII
intermediate IX in Scheme 8 and XIll in Scheme 9), the direct
Blue LED 4CzIPN"™ | €0, capture of labelled CO, gas by the benzyl anion XX (step v) was
(i) suggested in this study.
5 4CzIPN
Ph 3cico
j)LOH [ ] 2 Ph (iv) Ph
R (V) ! “CO, (~1 atm) [1
30 xx XIX . e 4CzIPN (5 mol%) a S
Scheme 11. Photocatalyzed carbon isotope exchange of R—t P 2 Blue LED's R -
carboxylic acid 29 from: A) Audisio and co-workers.*° Standard 51 DMSO, rt %5 .

conditions: *CO; (3.0 equiv.), PC1 {6 mol%), KsPO,4 (1.0 equiv.),
DMF, 6 h, then HCI. @ PC2 used instead of PC1. B) Lundgren,
Rotstein and co-workers.*? Standard conditions: *CO, (7.0
equiv.), PC1 or PC2 (5 mol%), Cs,COs (1.0 equiv.), DMA or

% yield, (% °C)
32a, R = SMe 94% (67%)
32b, R=CF; 50% (72%)

4 OH 32¢, R = C(O)NEt; 43%2 (68%) S o
DMSO, rt. % incorporation for *!C is based on Radiochemical O
4 yield: an amount calculated from isotopic purity and corrected
4 for decay. n.r. = not reported. C) Proposed mechanism for m SR,
hotocatalyzed carbon isotope exchange of carboxylic acid 29. S S e
4 P \ P g Y OH 25% (60%) 32f, R=H  66% (39%)
4 ~ 32e,X=8 329, R=F  37% (51%)

o hwN = o O_ﬁ%a?ﬁcf&s‘ﬂc&seﬁ'uﬁaerué d?ea&?’ve'\éoﬁm&s\ﬂttﬁ%uﬁbn%dﬁnﬁorf‘é’d |ceﬁ'ce.o

56% (74%) 32h, R = OMe 47% (65%)

4 2.4. Light mediated carbon isotope exchange o]
47 In 2021, the groups of Audisio, and Lundgren and Rotstein Q
48 reported related photoredox catalysed carbon isotope MeO. OH
49 exchange processes in unison.?®*! The general conditions for
50 both processes were a photoredox catalyst (either 4-CzIPN MeO o
(PC1) or 4-CzBnBN (PC2)), a base (K3sPOa or Cs,COs), a polar OMe
51 aprotic solvent (DMF, DMA or DMSO) under blue light 32i B 32j
52 irradiation {Scheme 11). Both groups realised that 4-CzIPN was Trom lsoxepag;52t(f2/) Riricodar precuesor 317 (#0%)
53 converted to 4-CzBnBN under the reaction conditions, in Scheme 12. Photocatalysed carbon isotope exchange of
54 agreement with previous reports.>” Thus, whereas 4-CzIPN protected a-keto acids. @lsolated as the corresponding methyl
55 (PC1) was used in many cases, 4-CzBnBN (PC2) provided a more ester.43
56
57
58 This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7
59
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Following these reports, Kong and co-workers expanded the
methodology towards a formal carbon isotope exchange of
a-keto acids via thioketal acid salts 31 (Scheme 12).3 The
reaction was applied to a range of substrates, with the yields
and levels of isotope enrichment consistent with the efficiencies
observed in related photoredox catalysed isotope exchanges
(c.f. Scheme 11).4%41 The preparation of isotope-labelled drug
derivatives (32i, 32j) was also demonstrated. Mechanistic
studies, including Stern-Volmer quenching experiments,
supported a mechanistic pathway like that shown in Scheme
11C.

0 *C0O, (~1.5 equiv.),
K3PO, (1 equiv.),

DMSO, Blue LED's, rt,

o
Ph
OMe
o o
then esterification

33 34
% yield, (% '°C)

eecccccccccccscccccccccssccccccccccccecccccsssssssssccccccrnnns

AR

OMe
OMe 34d 60%? (54%)

o
34a,R=Me  56% (33%) O

34b,R=OMe 75% (28%)

34c,R=Bu  47% (54%)

34e, 78% (32%)

eecccccccccccccccsccccccssssccsccsseseecccccsssssssssssccccetoones

B Blue LED
Ph \i/cozm/T Ph\n/COZM
XXI .0 o XXI
33 ) \|® — % 34
(i) Ph__,_co,m v)
) XXVI
o XX
o) €]
Ph ) (i) Ph\l_
o -CO, |
o o
XXIV XXV

Scheme 13. A) Direct carbon isotope exchange of a-keto acids.
a3CO; (3.0 equiv.), CuCN/BINAP (20 mol%). B) Mechanistic
proposal.**

The Kong group were then able to demonstrate a direct carbon
isotope exchange of a-ketoacids, foregoing the steps of
thioketal installation and removal, that were previously
required (Scheme 13).% The reactivity was once again
demonstrated on a range of substrates, though overall the
scope, yields and isotope enrichment were diminished in
comparison to their previous report. Nonetheless, by
developing both an indirect but general (Scheme 12) and a more
direct yet less efficient (Scheme 13) CO, exchange, a flexible
approach to labelled a-ketoacids was demonstrated.
Interestingly, this photoinitiated process did not require a
photoredox catalyst. Through several preliminary experiments,
the authors tentatively proposed the mechanism described in
Scheme 13B. They suggested irradiation with light forms the
excited state of the a-keto carboxylate XXII (step i), which was
able to undergo single electron transfer with the ground state
of another molecule of a-ketoacid 33 (step ii). Decarboxylation

8 | J. Name., 2012, 00, 1-3
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of intermediate XXIV would generate the radical species XXV
(step iii), which could then undergo single electron transfer with
XXIIl to provide the acyl anion XXVI (step iv) and regenerate the
ground state a-keto acid XXI to maintain the catalytic cycle.
Carboxylation of the acyl anion XXVI then would deliver the
labelled a-keto ester 34 (step v). Further studies would better
delineate the mechanism of this interesting process.

3. CO, Transfer Reactions
3.1. Early reports on CO, transfer reactions

The earliest documentation of a CO, transfer reaction was
outlined by Henkel in 1958 (Scheme 14).%> The process involved
a disproportionation reaction of potassium benzoate 35 into
terephthalate 36 and benzene 37 (Scheme 14). This type of
disproportionation reaction is sometimes referred to as the
Henkel or Raecke reaction. The method required heating to very
high temperatures (350-500 °C), often in the presence of a
cadmium catalyst. The harsh conditions limit the generality of
the process, but it has found interest in the preparation of bulk
chemicals, such as terephthalic acid and furan-2,5-dicarboxylic
acid.*®47 The mechanism has not been well studied, but it is
proposed that heating promotes decarboxylation of the benzoic
acid salt 35 to give the anionic species XXVII (step i). The
intermediate XXVII then deprotonates another molecule of the
aromatic acid salt 35. This produces benzene 37 and the
intermediate XXVIII which is able to capture the CO, that was
expelled during the first decarboxylation step. Though an
impressive transformation, the harsh conditions have
prevented the widespread use of this chemistry. In addition,
many of the processes also required the addition of
(pressurised) CO,, thus a true CO; transfer process is not in
operation.*®

CO.K . CO,K
350-500 °c KOG
z 36

©ccccccccccccccssssccccccccssssssssscccccccesssssssssssssnns

COK
©/35

(ii) |+co,
COK
- (i) ©/
\ -
—PhH (37)

XXV XXV

(i) J-Coz

Scheme 14. The Henkel process.*

3.2. CO; transfer via addition across alkenes

An impressive example of CO; transfer was reported by Yu and co-
workers in 2021 (Scheme 15A).*° The process involved the addition
of the C-CO,H bond in amino acids across the C=C double bond of
activated alkenes. Importantly, the work demonstrated the efficient
transfer of CO, under mild reaction conditions. The reaction was
generally performed using cyclic amino acids and styrene derivatives
(see 40a, 40b and 40d), though extending the reactivity to natural
amino acid derivatives and other alkenes (see 40e) was also possible.

This journal is © The Royal Society of Chemistry 20xx
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The reaction with several drug derivatives (see 40c) was also
demonstrated. The labelled product 40f was prepared using the
corresponding labelled amino acid. Though this was used as a
mechanistic experiment, it does offer a possible route to apply this
method in isotope labelling.

Several other mechanistic studies were conducted to support the
proposed mechanism of this photoredox catalysed process (scheme
15B), which the authors suggested to involve an initial oxidation of
the carboxylate XXIX by the excited state of the photoredox catalyst
(step ii). This provided a carboxyl radical which was prone to
decarboxylation, leading to the alkyl radical XXX. Addition to the
alkene 38 then afforded the radical species XXXI (step iii), which
could undergo single electron transfer with the reduced state of the
photoredox catalyst to give the anionic species XXXII and close the
catalytic cycle (step iv). Finally, the intermediate XXXIl would capture
the in situ generated CO, to provide the desired product 40 after
protonation.

CsF (2.0 equiv.) o)
JL loL PC (0.5 mol%) ’Sej\
N
R? OH
R"” “R? R3 SOH  DMA (0.1 M), rt, Ny, 8 h r? R
30W Blue LED
38 39 40
% yield, (% °C)
A
cl:bz o}
0.0
EN OH e H*
Ph Ph
. N*[r
40a, X =CH, 80% 45 o Ph
40b, X=0  79% ¢

from Rampiril, 72%2 (dr = 4.2:1)?
o) HO

Cb: Chz
N = N

0
0
OH OH ﬁoc
PH e o OH
CO,Me o Me>[> Ph Ph

40d, 78%.2 (dr=1.2:1) 40e, 80%,2 (dr=4.3:1) 40f, 68%, (92%)

B i Base O CO
<0,
= 3
R31LOH 0 R3JLO ,, R
39 XXIX i XXX
Blue LED [y (iii) R1JLR2
& [r 38
+CO, _R? w) _R?
R3 OHTRs/\r R3/Y
R2 R1 (V) R1 R1
40 XXX XXXI

Scheme 15. CO; transfer from amino acids across alkenes. 2 CsF (3.0
equiv.)*?

3.3. CO, transfer via deprotonation

A general strategy for CO, transfer was reported by Yorimitsu,
Perry and co-workers who developed the salt of triphenylacetic
acid 42-K for the transfer of CO, to a range of compounds,
including (hetero)arenes, alkynes and amines {Scheme 16A).3°
By using the labelled analogue of reagent 42-K, the process was
also extended to the isotope labelling of some biologically
relevant molecules (see 43k, 43l). Importantly, all labelled

This journal is © The Royal Society of Chemistry 20xx

products were isolated with high isotope enrichment, a general
advantage of transfer reactions over carbon isotope exchange.
Interestingly, reagent 42-K provided the source of base and CO;
for the
compounds as dual-function reagents.

reaction, leading the authors to describe these
With the support of mechanistic studies {Scheme 16B), they
proposed that reagent 42-K initially underwent decarboxylation
to provide CO; and the relatively strong base XXXIII (step i, pKa
of PhsCH = 30.6 in DMSO0).5! This enabled the deprotonation of
the substrate 41 to provide the intermediate XXXIV (step ii),
which was then able to capture the in situ generated CO; and
deliver the carboxylated product 43 after alkylation (step iii). In
general, substrates containing a C—H bond with a pK, of 30.6 or
less {(in DMSO) were able to undergo an efficient carboxylation,
reflecting the basicity of the intermediate XXXIII.

Ph;CCO,K 42-K

A

(1.0 equiv.) o}
DMF (0.2 M)
o oM oK
50°C, 16 h €
M then Mel (8.0 equiv.) 43 0 42-K
50°C,2h % yield, (% "°C)
A N o] N (o]
\>_< \>_<
R S OMe R (¢] OMe
43a R=H 89% 43d R=H 93%
43b R = Me 93% 43e R = OMe 91%
43c R = CO,Et 91% 43f R=Br 76%
H [o]
NYOMe
OMe
JOR 7
439, 70%
R
43h R=H 95%

43i R =NMe, 83%

43] R=CN 93% l/k

O

N\ fo)
S
cl Med \ CN

43k 431
['*C] Amoxapine, 76% (>99%) ['*C] Febuxostat, 76% (97%)

[o}
»‘OMe
N

[0} (ifi)
Cco,
K* K
> —et—
Ph Ph UM ‘/
XXX (i) XXXIV

Scheme 16. CO; transfer via decarboxylative metalation.>°

Building on the work by Perry and Yorimitsu (Scheme 16)>° and their
earlier reports on the formation of labelled a-ketoacids (Scheme
12),% Kong and co-workers revealed the application of this reactivity
in a CO; transfer with benzaldehyde-derived dithianes 44 (Scheme
17).52 A variety of functional groups were compatible (45a-h) and the

J. Name., 2013, 00,1-3 | 9
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reactivity was extended to the carboxylation of selected toluene
derivatives (45i). Various drug derivatives (45k, 45l) also performed
well in this CO; transfer and the extension of this method to isotope
labelling (45a, 45b and 45k) was demonstrated. As generally seen in
CO; transfer reactions, the level of isotope incorporation was high in
all cases. The mechanism for the process likely proceeds in a similar
fashion to that shown in Scheme 16B.
(M

M

PhyCCO,K (1.1 equiv.) 42-K

S _S S><rs]/OH
> DMF (0.2 M) Ph
Ph™ °H 40-120 °C, 12 h o
44 then HCI 45
% yield, (% °C)
45aR=H 86% (99%)
45bR=Me  90% (98%)
S S OH45c R=NMe, 45% R S S OH
45dR=SMe 81%
45e R=1 59% o
R 45f R = CO,Me 57%

459, R =B(pin) 56%
45h, R = NO, 70%

5

NC
45i, 44%

l/\| 45j, 57%
S S
(0]
o Me. Me
Me>(

45k, from (-)-Menthol, 61% o)
['3C] 45k, 63% (99%) 451
from Diacetone-D-glucose, 61%

Scheme 17. CO; transfer with benzaldehyde-derived dithianes.>?

TIPSOCO,CEt; 47
(2.0 equiv.)
CsF (2.0 equiv.)
18-crown-6 (2.0 equiv.)

S,
Co—

46

s, 0
DMI (0.4 M) %OME

then Mel (3.0 equiv) 48
0
60°C,2h % yield, (% °C)

P R R R R R R P

S o] X, (o}
o<, CpX
R OMe OMe

R
48d,X=8S, R=Me 72%
48e, X=0, R=H 74%
48f, X = NMe, R = CHO 82%

48a, R=Me 98%
48b, R = OMe 96%
48c, R=CN 99%

R X o s o OMe
< O« Y
OMe OMe Ph

48g,X =S, R =Ph 96% 48i, 90% 48j, 54%
48h,X=S,R=Br 85% ['3C] 48i, 95%, (97%)
o_ _O CsO__ _O.
(i-Pr);8i7 \n/ “cet, CsF \n/ NCEt, CsOCEt,
o . V . o
47 (i-Pr)3SiF 49 50

Scheme 18. CO, transfer reaction utilizing silicon-based
reagents. ®TIPSOCO,CEt; (2.0 equiv.)>3

Shigeno and co-workers have developed an alternative silicon-based
reagent 47 for CO; transfer reactions (Scheme 18).53 This work built
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on their/Kondo’s previous work in carboxylation chemistry>* by
applying it to the arena of CO, transfer. The reaction was
demonstrated on the C-H carboxylation of (hetero)arenes (48a-i)
and in benzylic carboxylation (48j). As the base (EtsCOCs, 50; pK, of
t-BuOH = 32.2 in DMSO)>! generated during this process is more
reactive than that formed in the method reported by Yorimitsu and
Perry (PhsCK, 42-K; pK, of Ph3CH = 30.6 in DMSO; Scheme 16)°!it has
the potential to offer wider substrate scope, however, at present, the
scope of each process is relatively similar. By using the isotope
labelled reagent 47, the procedure was also used to prepare the
isotope labelled compound 48i. In addition to the carboxylating
agent 47, CsF and 18-crown-6 were also required to promote the
reaction. The reaction mechanism was suggested to proceed in a
similar fashion to that shown in Scheme 16, except that the CO, and
active base (Et3COCs, 50) were proposed to form upon desiliylation
of the reagent 47 with CsF via intermediate 49 (Scheme 18B).

PhsCCO,Cs 42-Cs OH
OH (2.0 equiv.)
DMF (0.2 M) N
A 80-140 °C, 12 h T
]
“ then HCI
OH
51 52
% yield, (% '°C)
OH  52a R=H 81% OH
R 55% (99%) o
52b R = OMe 82%
52c R =SMe 70%
41% (99%)
52d R=Br 35%
o OH (p:0>20:1) o OH 52¢
54% (p:0 > 20:1)
OH OH
O oH
Me Cl
\
HO
s
Bu
07 SoH 07 “oH
52f 529 41% 52h

83% (p:0>20:1) 52% (o:p > 20:1)

Scheme 19. Para-selective Kolbe-Schmitt reaction.>>

To further illustrate the power of dual-function reagents in
carboxylation reactions, Perry, Kong and co-workers have
recently described a Kolbe-Schmitt-type carboxylation of
phenols (Scheme 19).>> The procedure overcame some of the
longstanding challenges associated with Kolbe-Schmitt type
reactivity, such as excessive temperatures and pressures.
Interestingly, by using the cesium salt of the carboxylating agent
42-Cs (and in some cases the potassium salt 42-K) unique para-
selectivity was observed. The sodium salt of the carboxylating
agent 42-Na, provided ortho-carboxylation in line with classical
Kolbe-Schmitt-type reactivity, however, the yield of this process
was low (38%). Access to a range of substituted 4-
hydroxybenzoic acids was demonstrated with high para-
selectivity (52a-52g). Ortho-carboxylation was observed in
some cases, but only when the para-position was blocked or
sterically encumbered (see 52h). Owing to the ability to use
near-stoichiometric quantities of the carboxylating reagent, this

This journal is © The Royal Society of Chemistry 20xx
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approach offered a practical and efficient route to '*C-labelled
4-hydroxybenzoic acid derivatives {52a, 52c).

CO,Me
N A N
N AorB N N
H \ Me
CO,Me
53 54 55
% yield, (% '°C) % yield, (% '°C)
OBn
N R
\ A\
A\
N N
\ \ N
CO,Me CO,Me \
CO,Me
54a, 77%2 54b, R=CN 18%?2 54d, 83%°
54c, R=F 69%°
CO,H cO,Me OBn  oo,Me
R
N\ A\ \
N N N
H Me Me
55a ['3C] 55b, R = CN 75%P 55d, 38%°
Tropisetron precursor, 55¢, R=F 89%b
70%P (96%)
B
co Co b
N N N
\ i \ \
CO,Me CO,Me Me CO,Me
54a, 73%° 54¢,R=Me 65%° 549, n.d.%°
63%° (98% °C) 54f, R= OBn 78%°
CO,Me cO,Me CO,Me
N N N
Me R Me Me
554", 71%¢ 55¢, R=Me 76%¢ Me
69%¢ (99%) 55f, R= OBn 47% 559, 51%¢
¢ CO,R
O\ PhyCCO,M q O\
N 42 | ) r
| e ~z -or- I
=N N N Z =N
H Le=%) " ~=ee. 54 55 H
53 y (i) -, CO,R
o G _
Pho_ = \ CO: |LowT High T
>—ph— ||
Ph (ii) y N (iii)
XXX xxow M

Scheme 20. Switchable N—H and C3—H CO; transfer on indoles by: A)
Perry and co-workers.>* aStandard conditions: 42-K (1.1 equiv.), DMF
(0.2 M), 50 °C, 4 h, then alkylation. 42-K (2.0 equiv.), 140 °C. B) Kong
and co-workers.55 <Standard conditions: 42-Cs (1.1 equiv.), DMF (0.2
M), 40 °C, 12 h, then alkylation. 942-Cs (2.2 equiv.), 120 °C C) Agreed
mechanism for switchable reactivity.

Recently, the Perry and Kong groups concurrently reported the
application of CO, transfer reactions in regiodivergent indole
functionalization (Scheme 20).5657 Both groups found that N—H
carboxylation occurred at lower temperatures (40-50 °C)
C3—H at
temperatures (120-140 °C). In addition, the equivalents of the

whereas carboxylation was possible higher

carboxylating agent 42-K or 42-Cs were increased when
N-H (1.1 and C3-H
carboxylation (2.0-2.2 equivalents). The Perry group used the

switching between equivalents)

This journal is © The Royal Society of Chemistry 20xx

potassium salt of triphenylacetic acid {(PhzCCO:K, 42-K, Scheme
20A), whereas the Dong group opted for the cesium salt
(Ph3CCO;Cs, 42-Cs, Scheme 20B), but overall, there was no
significant difference in reactivity between the two salts. Both
groups presented a detailed scope representing switchable N—
H vs C3—H carboxylation on a range of indoles, 54/55a-g, with
applications in late-stage *3C labelling and the carboxylation of
biologically relevant compounds, 55a. Perry and co-workers
also demonstrated a series of related transformations with
indoles and the N—H carboxylation of other amines. Both groups
offered similar mechanistic hypotheses following the types of
steps described in Scheme 16. Here (Scheme 20C), upon
generation of the trityl anion XXXIII, the indole is deprotonated
to provide the intermediate XXXV. The N-H carboxylated
product 54 can then be accessed when conducting the
experiment at low temperatures and lower equivalents of the
carboxylating agent 42-K/42-Cs. Alternatively, by increasing the
reaction temperature and the number of equivalents of the
carboxylating agent 42-K/42-Cs the C3—H carboxylated product
55 is produced.

3.4. CO, transfer via decarboxylative metal-halogen exchange

Ph3CCO,K 42-K
(2.05 equiv.) o @ o
DMF (0.2 M)
O,Br oK
50 °C, 30 min e
56 then methylate/ 57 0 42-K
- 13 =
benzylate % yield, (% "°C)
A N
N\ o N o | \>
an O D an GV N2
R’ S OMe S OBn
57aR=H 91% o
57b R=Br 57% 57d 76% 57e 67%
57¢ R = CO,Me 55%
N (o}
N ¢ P |
O\/[ H — = Ole
S S OBn 579

[13C] Edoxaban precursor, 65% (>99%)

57h 57h ['3¢] 57h
Febuxostat 75% 64% (>99%)

([T MHTETETAT WA T T T i et et 1
' =~ 71 PhsCCO5K 42K !

i o\/k: Bu,NEr; (2.0 equiv) : (32.05 ezquiv.) ‘
;O " : K3PO4 (1.0 equiv) |, DMF (02 M)
: i MeCN@©@2M) 11 7650 30 min
v CcN v S0°C 18R then methylate |
L .l

Scheme 21. CO; transfer

exchange.>®

via decarboxylative metal-halogen

Until this point, the CO, transfer reagents described in Schemes
16-20 promoted
deprotonation and carboxylation. To further illustrate the

carboxylation through a sequence of
abilities of these reagents, Perry, Yamazaki and co-workers
developed a C—X carboxylation of (hetero)aromatic halides
(Scheme 21A).58 The

heteroaryl

reaction was applicable to either

bromides or iodides, however, chlorides were

unreactive under the reaction conditions. Through a series of

J. Name., 2013, 00, 1-3 | 11


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6qo00133e

A W w w QranAcsesALtcle RublighedoR 3 fsh026. Rowyopdedond/22026 74531AM. & o W oo N OV U1 & W N =

o hwN = o o_ﬁ?’saﬁ‘lc@ls‘ﬁc&@'uﬁaeﬁé d?ea&fve%oﬁm&s‘ﬂttﬁ%uﬁbn%.dﬁnﬁorf‘é’d |ce|_”|'ce<.3

cvuvuuuuuuuuudAdDDdMDMDNMNDMNDMNDINDN
OWVWONOOULNWN=O © 0

Organic Chemistry Frontiers

experimental and computational studies, the authors suggested
a mechanism similar to that shown in Scheme 16B in which the
dual-function reagent 42-K acts as the source of CO; and
metalating agent. A key advancement in this work was that the
metalated intermediate XXXIV was generated through metal-
halogen exchange, rather than deprotonation (c.f. Scheme 168,
step ii). Noteworthy features included: 1) the site of
carboxylation was governed by the position of the C—X bond, for
example, 2- and 5-brominated thiazoles 56d and 56e gave the
2- and 5-carboxylated products 57d and 57e. 2) through
examination of the reaction scope and a robustness screen,>®
the reaction was shown to be tolerant of various functional
groups that are usually incompatible with traditional metal-
halogen exchange processes, such as aldehydes (57f), ketones,
amides, alkyl chlorides and nitriles. 3) The process was applied
in the isotope labelling of some biologically relevant molecules,
for example the Edoxaban precursor 57g. Finally, the authors
demonstrated a formal carbon isotope exchange (Scheme 21B).
In this process the drug molecule Febuxostat 57h was first
converted into the aryl bromide 57h via decarboxylative
bromination,®® followed by C-X carboxylation under the
standard reaction conditions.

4. Conclusions

Recent years have seen the rise of carbon isotope exchange and
CO; transfer reactions as effective strategies in the field of
carboxylation. These methods advance the current-state-of-
the-art, in particular towards the development of efficient
carbon isotope labelling processes. We have provided a
thorough review covering early studies to the latest
developments in these areas and highlighted the advantages
and limitations of each strategy. Developments in both areas
have uncovered novel reactivity that has advanced the field of
carboxylation. Further development of these processes is highly
anticipated, owing to the key role carbon isotope labelling has
in the pharmaceutical and agrochemical fields. Expanding the
generality in both carbon isotope exchange and transfer
reactions with CO; is required to make these processes more
general and reliable. In particular, further application of CO;
transfer reactions in late-stage-functionalization of complex
molecules is anticipated. The robustness of carbon isotope
exchange reactions could also be improved as many examples
often give low chemical yields, even if % isotope incorporation
is satisfactory. Both processes could be made more amenable
to 11C isotope labelling. The application of CO, transfer in 11C
isotope labelling seems distant at present due to the need to
prepare these reagents and the short lifetime of the 1Cisotope,
however, advancements in automation may aid this area.®
Although some examples of 1CO, incorporation via carbon
isotope exchange are known they often result in low molar
activity which limits possible applications. The inherent nature
of the process (a direct competition for carboxylation with
either labelled or non-labelled CO,, see Scheme 1B) is
somewhat to blame for this, however, solutions to this problem,
such as faster reactions and greater levels of exchange, would
greatly improve applicability. Overall, we hope this review
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informs the community of the benefits and limitations of carbon
isotope exchange and CO; transfer reactions and encourages
others to consider these strategies when planning their own
carboxylation or carbon isotope labelling reactions.
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