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difluorocarbene-derived synthesis of '°F/'8F-trifluoromethyl triazoles has not been explored. Herein,
we reported the Cu(l)-promoted difluorocarbene-derived '°F/'8F-trifluoromethylation of iodotriazoles
using KF/K'8F as the fluorine source. This approach rapidly generated a wide range of 5-trifluoromethyl-
1,2,3-triazoles in good yields showing high functional group compatibility. The reaction was effective for
late-stage functionalization of bioactive molecules and '8F-trifluoromethylation of iodotriazoles. This work
provides a practical synthetic methodology for the development of triazole drugs and '8F-radiotracers for
positron emission tomography.
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18F_Labeled radiotracer

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
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Difluorocarbene (:CF,) is a versatile intermediate widely used
in synthetic chemistry to introduce mono-, di-, and tri-fluorine
fragments. It plays a vital role in the total synthesis of natural
products and drugs, and in the preparation of radiotracers for
positron emission tomography (PET) [1-4]. Difluorides are usually
prepared via difluorocarbene-derived difluoromethylation, gem-
difluorocyclization and gem-difluoroolefination [5,6], while trifluo-
romethylation has been used to synthesize ®F-radiotracers for PET
imaging and to optimize the physicochemical properties of drug
leads [7-12]. However, the difluorocarbene-derived synthesis of tri-
fluoromethyl triazoles and '8F-trifluoromethyl triazole radiotracers
has not been adequately explored.

Difluorocarbene as a singlet carbene with an empty p-
orbital, has been used as an electrophile in difluoromethyla-
tion reactions involving diverse nucleophiles to generate mul-
tifunctional molecules bearing C-, N-, O-, S-, P- and Sn-CF,H
groups [13-18]. Difluorocarbene is also a wuseful intermedi-
ate in gem-difluoroolefination reactions involving carbonyl com-
pounds [19,20], while it has been used as a bipolar unit for
[2+1], [4+1] and [8+1] cycloadditions to construct mono-
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and di-fluorides such as fluoroindoles, gem-difluorocyclopropanes,
gem-difluorocyclopropenes, gem-difluorinated azetidines and gem-
difluorinated 2,3-dihydrobenzofurans [14,21-24]. Very recently, the
Gouverneur group developed ['8F]difluorocarbene to construct 18F-
labeled difluorides for PET [25].

Difluorocarbene can also be trapped by the nucleophilic flu-
oride ion and converted into the trifluoromethyl anion (CF;7),
which serves as a nucleophilic intermediate in trifluoromethy-
lation [13,26-33]. For instance, SCF3~, OCF;~ and SeCF3~ have
been used for the trifluoromethylthiolation, trifluoromethoxyla-
tion, and trifluoromethylselenolation of halides by the Xiao and
the Liang group [26-30], while '8F-labeled trifluorides for PET
imaging have been synthesized via difluorocarbene-derived 8F-
trifluoromethylthiolation (SCF,'8F) of halides [27,28] and 18F-
trifluoromethylation (CF,8F) of (hetero)aryl iodides (Scheme 1a)
[31-33].

On the other hand, the Cu(l)-catalyzed azide-alkyne cycloaddi-
tion (CuAAC) reaction is considered a powerful tool for the prepa-
ration of 1,2,3-triazoles, which are widely used in pharmaceuti-
cal research, preparation of biocompatible materials, and late-stage
modification of biomacromolecules [34-36]. Its size and geometry
make the 1,2,3-triazole ring a frequently used bioisostere of native
peptide-based trans-amide connectors [37], and it has become one
of the most widespread heterocycles in medicinal scaffolds due to
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Scheme 1. Difluorocarbene-derived trifluoromethylation and '8F-labeling of tria-
zoles.

its wide range of bioactivities against bacteria, viruses, and cancer
[34,37].

In recent years, the synthesis of trifluoromethyl 1,2,3-triazoles
has attracted attention due to the metabolic stability, high
lipophilicity, and high bioavailability of the trifluoromethyl group
[38-42]. 18F-Labeled triazoles have also been developed as PET
imaging agents for disease diagnosis and in vivo monitoring of
the metabolism and distribution of tagged drugs [43-45]. '8F-
Labeled triazoles are usually prepared through the click reac-
tion of alkynes with !8F-labeled azides in at least two steps
(Scheme 1b) [43-45]. However, the difluorocarbene-derived syn-
thesis of 19F/18F-trifluoromethyl 1,2,3-triazoles has not yet been
reported.

Since the half-life of 18F is 109.8 min, it should be preferably
introduced into the triazole ring in the last synthesis step. There-
fore, in the present study, we developed a novel strategy for
difluorocarbene-derived late-stage trifluoromethylation of iodotri-
azoles with high functional group compatibility (Scheme 1c). A
wide range of 5-trifluoromethyl-1,2,3-triazoles were generated in
good yields, including rarely reported analogues. The usefulness of
this approach for late-stage functionalization was demonstrated by
producing trifluoromethylated derivatives of bioactive molecules.
Late-stage '8F-trifluoromethylation of iodotriazoles generated tria-
zole radiotracers for PET imaging.

Based on a previous study [31], the trifluoromethylation
of 1-benzyl-5-iodo-4-phenyl-1H-1,2,3-triazole (1a) was first per-
formed in DMF using CICF,CO,Me as difluorocarbene source,
KF as fluoride source, Cul as metal source, and N,N,N'N'-
tetramethylethylenediamine (TMEDA) as ligand (Table S1 in Sup-
porting information). However, the desired product did not form;
the main product was a protonated analogue generated by reduc-
tive dehalogenation. Interestingly, the addition of a base can suc-
cessfully obtain the target product 2a, while 1,10-phenanthroline
(Phen) proved to be the most effective ligand, probably due to
the generation of the stable intermediate PhenCuCF; [46]. Various
Cu(I) salts were also well tolerated, with the combination of Cul
and Phen giving the highest yield of 61% in 25 min (Tables S1 and
S2 in Supporting information).

Next, we investigated the influence of different functional
groups of 5-iodotriazoles on the efficiency of difluorocarbene-
derived trifluoromethylation reaction (Scheme 2). Under the opti-
mized conditions, all iodotriazoles were completely transformed in
25min, confirmed by thin-layer chromatography (TLC), and iodo-
triazoles bearing electron-neutral/rich and electron-deficient aryl
groups rapidly gave the corresponding 5-trifluoromethyl triazoles
(2a-21) in moderate to good yields up to 85%. Compared with
para-substituted aryl iodotriazoles, the reaction was slightly less
efficient for meta- and ortho-substituted aryl iodotriazoles (2m-
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2q). Nevertheless, various aryl substituents, including ether (2e,
2f), nitro (2g), bromine (2i, 2p), aldehyde (2j, 2q), amide (2k), es-
ter (21, 20), and fluorine (2f, 2h, 2m, 2n) groups, were well toler-
ated, providing opportunities for further conversion. lodotriazoles
bearing fused (2r) and heterocyclic (2s-2u) ring systems also re-
acted smoothly under these conditions, and acetyl- and benzoyl-
substituted iodotriazoles were successfully trifluoromethylated, af-
fording analogues not yet reported in previous trifluoromethyla-
tion (2v-2x). Moreover, alkyl-substituted iodotriazoles bearing pro-
tected amino and alcohol groups were well tolerated, giving ana-
logues 2y and 2z, which are suitable for further modifications
(Scheme 2).

The developed reaction proceeded well on a gram scale with
bromoaryl iodotriazole 1i (4.16 mmol), giving analogue 2i in 83%
isolated yield (1.31g) (Scheme 2). This product could be used as
an intermediate for additional transformations.

To further expand the scope of the reaction, we successfully
synthesized 5-iodotriazoles from benzyl azide (2aa, 2ak, 2am),
azidobenzene (2ab, 2aj), ethyl azidoacetate (2ac-2ai), and (1-
azidoethyl)benzene (2al) moieties, and obtained the correspond-
ing 5-trifluoromethylated triazoles in a short time with moder-
ate yields (Scheme 3). These 5-trifluoromethyl triazoles are rarely
available through previously reported strategies.

The usefulness of the proposed method was demonstrated by
the successful late-stage trifluoromethylation of bioactive triazoles
(Scheme 3). For example, analogue 2ak was obtained in 67% yield
from the benzothiazinone derivative 4, which is effective against
the H37Ra strain of Mycobacterium tuberculosis [47]. Similarly, 2aj
was synthesized in moderate yield from the isatin derivative 3,
which is known for its activity against fungal, oxidative damage,
and M. tuberculosis [48]. Analogue 2al was obtained in 60% yield
from compound 5, which acts against acute myeloid leukemia [37].
Moreover, analogue 2am was obtained from the imidazopyridine-
linked triazole 6, which shows antitumor activity [49].

To expand the applicability of this strategy, we investigated the
late-stage 18F-trifluoromethylation of 5-iodotriazoles for the prepa-
ration of PET imaging agents (Scheme 4). PET is a non-invasive
molecular imaging technique that relies on radiolabeled probes
and has become an invaluable tool for drug discovery and clini-
cal diagnosis [50-52]. Among the positron-emission radionuclides
used in PET, 18F is the most frequently applied due to its rela-
tively short half-life of 109.8 min, low positron energy (635 keV),
and clean decay profile with 97% positron emission [52-57]. The
['8F]KF/K,5, complex is a commonly available fluorine source for
18F_labeling. Our late-stage trifluoromethylation approach can also
be applied for 18F-labeling molecules of interesting by replacing KF
with [8F]KF/Ky,, without excessive condition screening as 25 min
is suitable reaction time for 18F radiolabeling (Scheme 4, Tables S3-
S$12, Figs. S1-S10 in Supporting information). The reaction tolerated
benzyl azide (3a-3e, 3j), ethyl azidoacetate (3f-3h), azidobenzene
(3i), aryl groups (3a, 3f, 3g), alkyl groups (3b, 3h, 3i), and car-
bonyl groups (3c-3e, 3j) as substituents. The reaction also toler-
ated a broad range of functional groups, including esters (3a, 3f-
3h) amides (3b), ketones (3c-3e, 3j), halides (3¢, 3j), ethers (3d),
nitro groups (3i), and fluorine groups (3¢, 3g). In all cases, 18F la-
beling proceeded with moderate to good radiochemical conversion
(RCC).

The same protocol also supported efficient late-stage 18F-
trifluoromethylation of bioactive triazoles. For instance, the
triazole-incorporated isatin derivative was labeled with ['8F]CF;
in 56% RCC (3i, Scheme 4). Analogue 3j was synthesized in 24%
RCC from the iodide derivative of imidazopyridine-linked triazole
6 (Scheme 3). Analogue 6 is a known tubulin inhibitor that can
effectively trigger apoptosis, making it quite toxic against A549
human lung cancer cells (IC5o=0.63 pmol/L) [49]. Thus, the 18F-
labeled tracer 3j can be used in PET imaging to study the distri-
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Scheme 2. Difluorocarbene-derived trifluoromethylation of 5-iodotriazoles transformed from benzyl azide and various alkynes. Reactions conditions: 1 (0.1 mmol, 1.0 equiv.),
CICF,C0;Me (0.2 mmol, 2.0 equiv.), KF (0.2 mmol, 2.0 equiv.), Cs,C0O3 (0.1 mmol, 1.0 equiv.), Cul (0.1 mmol, 1.0 equiv.), Phen (0.1 mmol, 1.0 equiv.), DMF (1.6 mL), 110 °C, 25 min.
Yield of isolated product.
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Scheme 3. Difluorocarbene-derived trifluoromethylation of 5-iodotriazoles and late-stage trifluoromethylation of bioactive molecules. Reactions conditions: 1 (0.1 mmol, 1.0
equiv.), CICF,CO,Me (0.2 mmol, 2.0 equiv.), KF (0.2 mmol, 2.0 equiv.), Cs;CO3 (0.1 mmol, 1.0 equiv.), Cul (0.1 mmol, 1.0 equiv.), Phen (0.1 mmol, 1.0 equiv.), DMF (1.6 mL), 110°C,
25 min. Yield of isolated product.

bution and metabolism of imidazopyridine-linked triazole hybrids radiochemical yield (RCY) of 13%, as confirmed by spectroscopic

in vivo, promote drug discovery, and develop lung cancer detec- analysis (Scheme 4, Fig. S11 and Table S13 in Supporting informa-
tion reagents. To further evaluate the applicability of this protocol, tion).
we attempted to prepare 8F-labelled triazole 3j. The radiotracer 3j In summary, we have developed a rapid difluorocarbene-

was successfully obtained with moderate isolated decay-corrected derived strategy for late-stage !9F/18F-trifluoromethylation of 5-



F Yuan, H. Sun, C. Yang et al.

N=N

CICF,CO,Me, ["8FIKF/K,p,
Cs,COg, Cul, Phen

Chinese Chemical Letters 34 (2023) 107960

N=N,

~NR?

RJ\(N_RZ

DMF, 110 °C, 25 min

R1
CFZ“‘F

N-Bn W
CF213F
MeO,C

N—Bn
N‘Bn
CF 18

CF,'®F CF,'®F
3a, 61% + 24% (n = 3) 40% + 1% (n = 3) 3¢, 89% + 5% (n = 3) 3d, 29% + 7% (n = 3)
e} o
N=NN N=N, OEt N=N, OEt N=N, }OEt
oA N8B0 N FsC N o AN
CF,'8F & CF,'8F CF,'®F 0 CF,"8F
u

3e,44% £ 9% (n=3)  3f, 24% + 10% (n = 3)

Late-stage radiolabelling of bioactive molecules

S, 1o

1500
1000
CF,'®F

500

Intensity

CF3 3g,12% + 4% (n=3) 3h, 10% + 3% (n = 3)
UV trace of co-injected authentic reference

2am

0

3i, 56% + 24% (n = 3)

2

5000+
4500
4000
3500
3000

Intensity

4 6 8
Retention time (min)

12

3j, RCY: 13% + 1% (n = 3)

radio-HPLC trace after purification

3j, 24% + 5% (n = 3) 2

4 6 8
Retention time (min)

Scheme 4. Difluorocarbene-derived 8F-trifluoromethylation of iodotriazoles and late-stage '8F-radiolabelling of bioactive molecules. Reactions conditions: 1 (2.0 mg, 3.7-6.1
umol), CICF,CO,Me (2.3 pL, 22 pumol), ['8F]JKF/Kyy, (5-20 mCi), Cs,CO; (1.8 mg, 5.5 umol), Cul (1.1 mg, 5.5 pmol), Phen (1.0mg, 5.5 pmol), DMF (0.4mL), 110°C, 20 min.
Radiochemical conversion (RCC) and product identity were determined by radio-HPLC.

iodotriazoles. This reaction tolerates a wide variety of functional
groups, enabling the synthesis of rarely reported derivatives as well
as the direct radiolabeling triazoles, demonstrating its potential as
an effective tool for the development of novel triazole drugs and
radiotracers. Further efforts are underway to explore the scope of
substrates, including those with sterically hindered groups in meta-
or ortho-positions, and to improve the method to make it compat-
ible with more functional groups of medicinal molecules. In ad-
dition, studies on the production and use of 8F-labeled bioactive
molecules in PET imaging are in progress.
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