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Fluorinated heterocycles play a vital role in pharmaceutical and agrochemical industries. Hence, rapid and efficient construction
of fluorinated heterocycles remains highly demanded. Herein, a difluoroalkylative carbonylative cyclization of unactivated
alkenes and ethylene gas enabled by palladium catalysis has been developed for the first time toward the synthesis of α-carbonyl
difluoro-modified glutarimides. This procedure can also be applied to the synthesis of GeMigliptin which is a medicine approved
for the treatment of type 2 diabetes mellitus.
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1 Introduction

The efficient assembly of complex compounds from simple
starting materials is one of the challenging and long-lasting
goals in organic synthesis [1]. The direct difunctionalization
of alkene can efficiently introduce two new functional
groups across the C=C double bond to form two new che-
mical bonds in one step, which is an elegant way to construct
complex structures and has attracted much attention from
organic chemists [2,3]. On one hand, due to the small radius
and unique electronic properties of fluorine atom, introdu-
cing fluorine atoms into a molecule often significantly in-
fluences the potency, conformation, metabolism, membrane
permeability, and so on [4–7]. On the other hand, the car-
bonyl group in small molecules enables flexible enhance-
ment of the molecular complexity via a myriad of
conversions [8–12]. Recently, Chu and co-workers [13] re-

ported a robust chelation-assisted strategy for fluoroalk-
ylative carboacylation of alkyl olefins to obtain important β-
fluoroalkyl ketones. In 2020, Zhang and co-workers [14]
developed a novel procedure on nickel-catalyzed four-com-
ponent reaction of alkenes, arylboronic acids, and di-
fluoroalkyl electrophiles under 1 bar of CO (Scheme 1a).
Inspired by these novel studies, we were able to estabilish a
new methodology on this topic (Scheme 1b). While we
employed cheap and abundant carbon monoxide (CO) as a
carbonyl group source, 1-bromo-1,1-difluoroacetamides as
readily available difluoride reagents, ethylene gas, and un-
activated inert terminal and internal alkenes were trans-
formed into the corresponding α-carbonyl difluoro-modified
glutarimides in good to excellent yields.
Glutarimide moieties are key heterocyclic skeletons pre-

sent in many significant pharmaceuticals and bioactive
compounds [15–17]. For example, Revlimid and Pomalyst
are popular antitumor drugs that ranked 6th and 47th in the
top 200 pharmaceuticals by retail sales in 2021 (Scheme 2a)
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[18]. GeMigliptin is a prolyl-specific dipeptidyl amino-
peptidase IV (DPP IV, CD26) inhibitor approved for the
treatment of type 2 diabetes mellitus by the Korean Food and
Drug Administration in 2012, which is now the sixth DPP-4
inhibitor approved for the treatment of diabetes. 5,5-Di-
fluoropiperidin-2-one is an intriguing scaffold in Ge-
Migliptin as shown in Scheme 2b, which can be prepared
from α-carbonyl difluoro-modified glutarimide. The con-
struction of fluorinated heterocycles is a topic of ongoing
interest and attracts the attention of synthetic chemists [19–
21]. The synthesis of similar building blocks is one of the
most exciting topics; however, daunting challenges remain,
and the limited known approaches suffer from the necessity
of using highly functionalized substrates, lengthy synthetic
procedures, harsh reaction conditions, and so on [22–32].
Thus, developing a novel direct synthetic strategy featuring
high efficiency, convenient and flexibility is extremely ne-
cessary.
It is a simple and efficient strategy to construct difluorine-

containing complex compounds if carbonyl group and CF2
moiety are introduced in a transformation simultaneously
[33–36], and transition-metal-catalyzed difluoroalkylative
carbonylation has emerged as one of the most straightfor-
ward strategies [37–40]. However, employing this strategy to
construct difluoro-modified heterocyclic compounds is still
challenging and has not been explored yet. Additionally, α-
carbonyl difluoro-modified glutarimide was synthesized and
used against dipeptidyl peptidase-IV (DPP-IV) (Scheme 2c)
[41,42]. In the known procedure, ethyl acrylate C was used
as the starting material which was mainly obtained via oxi-
dation and esterification of propylene, after difluoroalkyla-
tion, amidation and cyclization steps to give α-carbonyl
difluoro-modified glutarimide F. In our designed procedure,
we can utilize ethylene and carbon monoxide to replace
oxidant and propylene, and this methodology has advantages
including short steps, high atomic economy, more primitive
raw materials.

2 Experimental

2.1 General information

Unless otherwise noted, all reactions were carried out under
a carbon monoxide or nitrogen atmosphere. All reagents
were from commercial sources, and all solvents are extra dry
solvents and used as received without further purification.
Column chromatography was performed on silica gel (200–
300 meshes) using petroleum ether (b.p. 60–90 °C) and ethyl
acetate as the eluents. 1H and 13C nuclear magnetic resonance
(NMR) spectra were taken on Bruker AVANCE III 400 MHz
or 700 MHz spectrometers and spectral data were reported in
ppm relative to tetramethylsilane (TMS) as the internal

Scheme 1 (a) Fluoroalkylative carboacylation of alkyl olefins with a
directing group; (b) this work: difluoroalkylative carbonylative cyclization
of alkenes to synthesize α-carbonyl difluoro-modified glutarimides (color
online).

Scheme 2 (a) The structures of Revlimid and Pomalyst that ranked 6th and 47th in the top 200 pharmaceuticals by retail sales in 2021 from the Njardarson
research team. (b) Selected drug or bioactive molecules containing difluoromethyl moiety. (c) Comparison of known method to synthesize α-carbonyl
difluoro-modified glutarimide with this work from primitive chemicals (color online).
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standard and CDCl3 or DMSO-d6 as solvent. All coupling
constants (J) are reported in Hz with the following ab-
breviations: s=singlet, d=doublet, dd=double doublet, t=tri-
plet, dt=double triplet, q=quatriplet, m=multiplet, br=broad.
Gas chromatography (GC) analyses were performed on an
Agilent HP-7890A instrument (USA) with a FID detector
and HP-5 capillary column (polydimethylsiloxane with 5%
phenyl groups, 30 m, 0.32 mm i.d. 0.25 μm film thickness)
using argon as carrier gas. Gas chromatography mass spec-
trometer (GC-MS) analyses were performed on a Shimadzu
QP2020 NX instrument (Japan). High resolution mass
spectra (HRMS) were recorded on Agilent 8890-7250 and
Agilent Q-TOF 6540. Because of the high toxicity of carbon
monoxide, all of the reactions should be performed in an
autoclave. The laboratory should well-equipped with a CO
detector and alarm system.

2.2 General procedures

2.2.1 General procedure I
A 4 mL screw-cap vial was charged with Pd(OAc)2 (10 mol
%,6.7 mg), 1,1′-ferrocenediyl-bis(diphenylphosphine)
(DPPF, 10 mol%, 16.6 mg), Na3PO4 (0.45 mmol, 73.8 mg)
and an oven-dried stirring bar. The vial was closed with a
Teflon septum and cap and connected to the atmosphere via a
needle. Then bromodifluoroamides (0.3 mmol), MeCN (2
mL) was added with a syringe under N2 atmosphere, and then
the vial was moved to an alloy plate and put into a Parr 4560
series autoclave (300 mL) under N2 atmosphere. At room
temperature, the autoclave was flushed with CO three times
and charged with 10 bar CO and 10 bar ethylene gas. The
autoclave was placed on a heating plate equipped with a
magnetic stirrer. The reaction mixture was heated to 100 °C
for 18 h. After the reaction was completed, the crude mixture
was filtered and concentrated under vacuum. The crude
product was purified by column chromatography (PE/EA
=10/1 to 3/1) on silica gel to afford the corresponding pro-
ducts.

2.2.2 General procedure II
A 4 mL screw-cap vial was charged with Pd(OAc)2 (10 mol
%,6.7 mg), 1,1′-bis(di-tert-butylphosphino)ferrocene (D
tBPF, 10 mol%, 14.2 mg), NaOAc (0.45 mmol, 36.9 mg) and
an oven-dried stirring bar. The vial was closed with a Teflon
septum and cap and connected to the atmosphere via a
needle. Then bromodifluoroamides (0.3 mmol), unactivated
alkene (0.45 mmol), and MeCN (2 mL) was added with a
syringe under N2 atmosphere, and then the vial was moved to
an alloy plate and put into a Parr 4560 series autoclave (300

mL) under N2 atmosphere. At room temperature, the auto-
clave was flushed with CO three times and charged with 60
bar CO. The autoclave was placed on a heating plate
equipped with a magnetic stirrer. The reaction mixture was
heated to 85°C (terminal olefins) or 100 °C (internal olefins)
for 24 h. After the reaction was completed, the crude mixture
was filtered and concentrated under vacuum. The crude
product was purified by column chromatography (PE/EA
=10/1 to 3/1) on silica gel to afford the products.

3 Results and discussion

Ethylene is the simplest C2 synthon which is readily avail-
able on an industrial scale via cracking of petroleum. For
testing our hypothesis, ethylene gas (5 bar) was selected as
the substrate to value this difluoroalkylative carbonylative
cyclization and with carbon monoxide (5 bar) as a C1 source
together with N-benzyl-2-bromo-2,2-difluoroacetamide. To
our delight, with Na3PO4 as the base at 100 °C, the desired
product 2a was obtained in 31% yield in the presence of Pd
(OAc)2 and Xantphos (Table 1, entry 1). Subsequently, the
different pressure ratio of ethylene gas and carbon monoxide
was studied (Table 1, entries 1–3), and 2a was obtained in
71% yield under ethylene gas (10 bar) and carbon monoxide
(10 bar). Then we investigated the effect of palladium cata-
lysts, but unfortunately, reduced yields were obtained with
Pd(TFA)2, PdCl2, or Pd(acac)2 as the catalyst precursor
(Table 1, entries 4–6). Various bases were studied, and the
desired product 2a could not be detected when employing
Na2HPO4 or Li3PO4 as the bases, while a lower yield was
observed in the presence of K3PO4 (Table 1, entries 7–9).
Further ligand screening showed that DPPF seemed to be the
best ligand for this transformation while 2a was obtained in
89% yield with 84% isolated yield (Table 1, entries 10–12).
Finally, we attempted to reduce the loading of palladium
catalyst to 5 mol% and the yield of 2a dropped to 78% (Table
1, entry 13). Besides the above discussed palladium cata-
lysts, nickel and copper catalysts were also tested but no
desired product could be detected.
With the best reaction conditions in hand, we started to

probe various 1-bromo-1,1-difluoroacetamides for this di-
fluoroalkylative carbonylative cyclization (Scheme 3). N-
Benzyl-2-bromo-2,2-difluoroacetamides with electron-do-
nating groups, such as methyl, tert-butyl, phenyl, methoxy,
benzeneoxy, were tolerated well to give the corresponding α-
carbonyl difluoro-modified glutarimide products with mod-
erate to high yields (2b–2f). The substrates with halogen
groups, including fluoro, chloro, and bromo substituents, can
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be transformed well and the targeted products were isolated
in high to excellent yields (2g–2i), It is worth noting that up
to 92% yield of the desired product can be obtained with 2-
bromo-N-(4-chlorobenzyl)-2,2-difluoroacetamide as the
substrate under our standard conditions. N-Benzyl-2-bromo-
2,2-difluoroacetamides bearing electron-withdrawing
groups, such as trifluoromethyl, trifluoromethoxy, cyano,
and ester can afford the desired products in 83%–87% yields
(3j–3l). To our pleasure, sensitive moiety like boronic acid
ester can also be tolerated in this reaction. Reduced yields
were obtained when ortho-substituted N-benzyl-2-bromo-
2,2-difluoroacetamides were tested (2o–2q). The yields of
the desired products were also decreased when methyl,
methoxy, or chloro meta-substituted N-benzyl-2-bromo-2,2-
difluoroacetamides were tested (2r–2t). Inferior results were
obtained for substrates with steric hindrance (2u and 2v).
Likewise, in comparation with the experimental results of 2w
and 2x, we can infer that the steric hindrance factor has a
great influence on this transformation. Notably, the inter-
esting product α-carbonyl difluoro-modified glutarimide was
obtained with a 74% yield (3a). For the substrates of some
alkyl bromodifluoroamides, moderate to good yields of the
corresponding products were obtained (3b–3g). It should be
mentioned that 3hwas only obtained in 28% yield because of
the huge steric hindrance of 2-bromo-N-(tert-butyl)-2,2-di-
fluoroacetamide. Subsequently, various cyclic substrates
underwent this conversion very smoothly to give the aimed

products in good yields (3i–3p). Moreover, some aryl bro-
modifluoroamides were also investigated and the corre-
sponding products with good yield were isolated (3q–3s).
The electron pairs of heteroatoms in heterocycles tend to

coordinate with palladium catalysts and reduce or even in-
hibit their catalytic activity. In some carbonylative transfor-
mations, substrates containing heterocycles were often
restricted [43]. Remarkably, various heterocycles such as
furan, thiophene, pyridine, pyrazine, and unprotected indole,
are compatible in this reaction (4a–4f). To explore the spe-
cificity of this reaction, we chose to examine it with sub-
strates containing multiple reaction sites. For example, our
reaction proceeds smoothly without any influence when
there is a hydroxyl group in the substrate (5a). The reaction
can be carried out in an orderly manner if there are two
identical reaction sites in the substrate (5b–5c). When 2-
bromo-N-(2-bromobenzyl)-2,2-difluoroacetamide was se-
lected as the substrate, the difluoroalkylative carbonylative
cyclization was well implemented (5d). Alkene group can be
tolerated as well, giving the corresponding products in
moderate to good yields (5e–5f). Notably, the decreased
yields here are due to the presence of the alkene group in the
substrates which can compete with ethylene to give non-
desired products.
Subsequnently, to testify the practicality of this method,

several drug molecules, natural products, as well as amino
acid derivatives modified bromodifluoroamides were also
investigated (Scheme 3). Delightly, amino acid derivatives,
including glycine, D-methionine, L-tert-leucine, L-threo-
nine, and D(+)-tryptophan were all reacted smoothly and
furnished the expected products 6a–6e in 43%–82% yields.
Moreover, bromodifluoroamides bearing dopamine, vitamin
E, dehydroabietylamine, and DL-menthol moieties showed
high reactivity as well, affording the corresponding di-
fluoroalkylative carbonylative cyclization products in 65%–
86% yields. Various bioactive molecules were also suc-
cessfully prepared via late-stage difluoroalkylative carbo-
nylative cyclization under the current procedure.
Besides ethylene gas, unactivated alkenes can also be ap-

plied in this difluoroalkylative carbonylative cyclization
(Scheme 4). By slightly modify the reaction conditions,
various olefins with functional groups including methoxy,
bromo, ester, and chloro, were tolerated well to give the
desired products in moderate to good yields (7a–7j). In this
transformation, trimethylsilyl (TMS) group seems to be less
compatible under this catalytic system (7k). Unfortunately,
only a trace amount of the corresponding product was de-
tected when using styrene as the starting material (7l). No-
tablly, internal alkenes underwent this procedure smoothly
and the desired products were obtained in moderate yields
(8a–8e).
An intriguing structure 9a was obtained from 4-phenyl-1-

butene and 1-bromo-1,1-difluoroacetamide. N-Benzyl-2-

Table 1 Optimization of reaction conditionsa)

Entry Ethylene/CO (bar) [Pd]/Ligand Base Yield (%)b)

1 5/5 Pd(OAc)2/Xantphos Na3PO4 31

2 10/10 Pd(OAc)2/Xantphos Na3PO4 71

3 20/20 Pd(OAc)2/Xantphos Na3PO4 68

4 10/10 Pd(TFA)2/Xantphos Na3PO4 57

5 10/10 PdCl2/Xantphos Na3PO4 58

6 10/10 Pd(acac)2/Xantphos Na3PO4 54

7 10/10 Pd(OAc)2/Xantphos Na2HPO4 N.D.

8 10/10 Pd(OAc)2/Xantphos Li3PO4 N.D.

9 10/10 Pd(OAc)2/Xantphos K3PO4 67

10 10/10 Pd(OAc)2/DPEphos Na3PO4 62

11 10/10 Pd(OAc)2/PPh3 Na3PO4 72

12 10/10 Pd(OAc)2/DPPF Na3PO4 89(84)c)

13 10/10 Pd(OAc)2/DPPF Na3PO4 78d)

a) Reaction conditions: 1a(0.3 mmol), ethylene (x bar), CO (y bar), [Pd]
(10 mol%), monodentate ligand (20 mol%) or bidentate ligand (10 mol%),
base (0.45 mmol) in MeCN (2 mL) at 100 °C for 18 h. b) Yields were
determined by GC-FID analysis using n-hexadecane as internal standard. c)
Yield of isolated product. d) Pd(OAc)2 (5 mol%), DPPF (5 mol%).
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bromo-2,2-difluoroacetamides with electron-donating
groups or electron-withdrawing groups, like methoxy, tert-
butyl, phenyl, trifluoromethyl and ester were all well toler-
ated to give the targeted products in 54%–70% isolated
yields (9b–9e). Finally, we explored some bioactive mole-
cule related bromodifluoroamides for this transformation
with 4-phenyl-1-butene, such as glycine, D-methionine, vi-

tamin E, and DL-menthol, the corresponding products were
obtained in moderate yields (10a–10d).
As valuable synthetic intermediates, the obtained α-car-

bonyl difluoro-modified glutarimide products can be
smoothly converted into other difluoro-modified hetero-
cyclic compounds. In the presence of borane tetrahydrofuran
complex solution, product 3d can be converted into 3,3-di-

Scheme 3 Scope of 1-bromo-1,1-difluoroacetamides. (a) Reaction conditions: 1a (0.3 mmol), ethylene (10 bar), CO (10 bar), Pd(OAc)2 (10 mol%), DPPF
(10 mol%), Na3PO4 (0.45 mmol), MeCN (2 mL), 100 °C, 18 h, isolated yields. (b) Bromodifluoroacetamides (0.15 mmol) (color online).
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fluoropiperidine derivative 11 in 85% yield, and 11 can be
selectively oxidized into 5,5-difluoropiperidin-2-one deri-
vative 12 in 60% yield, which is an important building block
in GeMigliptin (Scheme 5).
GeMigliptin is now the sixth DPP-4 inhibitor approved for

the treatment of diabetes, which was designed and synthe-
sized by LG Life Sciences Ltd. [44], and the corresponding
synthetic route can be viewed in Supporting information.
Herein, our developed new procedure can be applied to the
synthesis of GeMigliptin with minimal steps (Scheme 6).
Our strategy exploits difluoroalkylative carbonylative cy-
clization to construct difluoro-modified six-membered ring
2a in one step, then experiencing reduction, coupling with 16
to obtain 17, and finally oxidization of 17 in the presence of
ruthenium(IV) oxide hydrate and sodium periodate afforded
18.
To gain more insight into the mechanism of this di-

fluoroalkylative carbonylative cyclization, a series of control

experiments were performed. First, a radical clock experi-
ment was performed and the ring expanded product 20 was
obtained in 42% yield under the standard reaction conditions
from α-cyclopropylstyrene 19 (Scheme 7a). However, the
yield of product 2a only slightly decreased when free radical
inhibitor BHT (2,6-di-tert-butyl-4-methylphenol, a radical
scavenger, 1–3 equiv.) was added to under standard condi-
tions. In the case with TEMPO (2,2,6,6-tetramethyl-1-pi-
perinedinyloxy, a radical scavenger, 2 equiv.), 2a could not
be detected (Scheme 7b). When 1,1-diphenylethylene was

Scheme 4 Scope of different alkenes and 1-bromo-1,1-difluoroacetamides. (a) Reaction conditions: bromodifluoroamides (0.3 mmol), alkenes (0.45
mmol), Pd(OAc)2 (10 mol%), D

tBPF (10 mol%), NaOAc (0.45 mmol), MeCN (2 mL), CO (60 bar), 85 °C, 24 h, isolated yields. (b) 100 °C (color online).

Scheme 5 Synthetic transformations. 1) 3d (1 mmol, 1 equiv.), BH3·THF
(4 mmol, 4 equiv.), THF (5 mL), 70 °C, 3 h; 2) 11 (0.6 mmol, 1 equiv.),
RuO2·nH2O (20 mol%), NaIO4 (4 equiv.), H2O (2 mL), EA (2 mL), rt, 2.5 h
(color online).
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added to the reaction under the standard conditions, no
product was observed and the difluoroamide radical was
captured by 1,1-diphenylethylene (Scheme 7c), which in-
dicates that the radical intermediates were involved in this
process. Besides bromine atom, the leaving group in this
difluoroalkylative carbonylative cyclization, we explored
other possible leaving groups, such as fluorine, chlorine and
iodine atoms, and the targeted product 2a was not observed
when using fluorine or chlorine atom as leaving groups in the
starting materials. When the iodine atom was used as the
leaving group in the substrate, 20% yield of 2a was obtained
and the direct Heck cross-coupling product was detected as
the main product (Scheme 7d). Finally, the corresponding
product was not detected and the starting material remained
unreacted when low activity compound 21 was tested as the
substrate (Scheme 7e).
Based on the above results and previous literatures [45–

50], a plausible reaction mechanism was proposed (Scheme
8). Initially, the active catalyst Pd0Ln species was generated
from the Pd(OAc)2 pre-catalyst under the reaction condi-
tions. Subsequently, the Pd0Ln species induced a single-
electron transfer reduction of 1-bromo-1,1-difluoroaceta-
mide to get the difluoroamide radical and a PdILnBr species,
followed by the addition of the difluoroamide radical to al-
kene which produces a new carbon radical Int-I. Then, Int-I
reincorporated with the PdILnX species to afford the Int-II.
Intermediate Int-III can be formed after a cyclization pro-
cess in the presence of base, which produce complex Int-IV
after the coordination and insertion of CO. Finally, the de-
sired product was formed after reductive elimination step,
regenerating Pd0Ln species to complete the catalytic cycle.

4 Conclusions

In summary, we have developed a new palladium-catalyzed
procedure on difluoroalkylative carbonylative cyclization of
unactivated alkenes, ethylene gas and 1-bromo-1,1-di-

Scheme 6 New producedure for GeMigliptin synthesis. a) 1a (0.3 mmol), ethylene (10 bar), CO (10 bar), Pd(OAc)2 (10 mol%), DPPF (10 mol%), Na3PO4
(0.45 mmol), MeCN (2 mL), 100 °C, 18 h, 84% yield; 9 mmol scale, ethylene (20 bar), CO (20 bar), 60% yield; b) 2a (1 mmol), BH3

.THF (4 mmol), THF (5
mL), 70 °C, 3 h; c) 14(10 mmol), NHS (11 mmol), DCC (11 mmol), THF (15 mL), 0 °C-rt, 16 h, then NaBH4 (15 mmol), THF/H2O, 0 °C-rt, 0.5 h; d) under
dark conditions, 15 (10 mmol), I2 (15 mmol), PPh3 (15 mmol), imidazole (20 mmol), Et2O/DCM, 0°C-rt; e) 13 (1.5 mmol), Pd/C, H2 (10 bar), MeOH (2 mL),
50 °C, 48 h, then 16 (0.3 mmol), DiPEA (0.45 mmol), NaI (0.6 mmol), DMF (2 mL), 70 °C, 30 h; f) 17 (0.1 mmol), RuO2·nH2O (20 mol%), NaIO4 (0.4
mmol), H2O (0.5 mL), EA (0.5 mL), rt, 2.5 h. NHS= N-hydroxysuccinimide, DCC= N,N′-dicyclohexylcarbodiimide (color online).

Scheme 7 Control experiments (color online). Scheme 8 Proposed mechanism (color online).
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fluoroacetamides. A wide range of α-carbonyl difluoro-
modified glutarimides were obtained in this transformation
with good functional group compatibility under mild con-
ditions. This process provides a potentially valuable strategy
for the synthesis of fluorinated heterocycles. Notably, this
synthetic method paves a novel pathway for the synthesis of
GeMigliptin.

Acknowledgements This work was supported by the DICP and K. C.
Wong Education Foundation (GJTD-2020-08).

Funding note Open access funding provided by Projekt DEAL.

Conflict of interest The authors declare no conflict of interest.

Supporting information The supporting information is available online at
chem.scichina.com and link.springer.com/journal/11426. The supporting
materials are published as submitted, without typesetting or editing. The
responsibility for scientific accuracy and content remains entirely with the
authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons licence, and indicate if changes were made. The
images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons li-
cence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creative-
commons.org/licenses/by/4.0/.

1 Wender PA, Miller BL. Nature, 2009, 460: 197–201
2 Tian B, Chen P, Liu G. Synlett, 2022, 33: 927–938
3 Tu HY, Zhu S, Qing FL, Chu L. Synthesis, 2020, 52: 1346–1356
4 Li H, Wang F, Zhu S, Chu L. Angew Chem Int Ed, 2022, 61:

e202116725
5 Yang J, Zhu S, Wang F, Qing FL, Chu L. Angew Chem Int Ed, 2021,

60: 4300–4306
6 Chen D, Xu L, Long T, Zhu S, Yang J, Chu L. Chem Sci, 2018, 9:

9012–9017
7 Luo Y-, Xu C, Zhang X. Chin J Chem, 2020, 38: 1371–1394
8 Peng JB, Wu FP, Wu XF. Chem Rev, 2019, 119: 2090–2127
9 Kollär L. Modern Carbonylation Methods. Weinheim: Wiley-VCH,

2008
10 Matsubara H, Kawamoto T, Fukuyama T, Ryu I. Acc Chem Res, 2018,

51: 2023–2035
11 Gabriele B. Carbon Monoxide in Organic Synthesis-Carbonylation

Chemistry. Weinheim: Wiley-VCH, 2021
12 Wu XF, Han B, Ding K, Liu Z. The Chemical Transformations of C1

Compounds. Weinheim: Wiley-VCH, 2022
13 Zhao X, Tu HY, Guo L, Zhu S, Qing FL, Chu L. Nat Commun, 2018,

9: 3488
14 Zhou M, Zhao HY, Zhang S, Zhang Y, Zhang X. J Am Chem Soc,

2020, 142: 18191–18199
15 Xiong F, Kong L, Chen L, Xue M, Cao F, Zhang S, Li H, Yan H, Li Y,

Zuo Z. Eur J Med Chem, 2022, 236: 114355
16 Hansen JD, Condroski K, Correa M, Muller G, Man HW, Ruchelman

A, Zhang W, Vocanson F, Crea T, Liu W, Lu G, Baculi F, LeBrun L,

Mahmoudi A, Carmel G, Hickman M, Lu CC. J Med Chem, 2018, 61:
492–503

17 Fox DJ, Reckless J, Wilbert SM, Greig I, Warren S, Grainger DJ. J
Med Chem, 2005, 48: 867–874

18 McGrath NA, Brichacek M, Njardarson JT. J Chem Educ, 2010, 87:
1348–1349

19 Bae J, Kim Y, Cho Y, Lee M, Lee JY, Lee YH, Lee BW, Cha BS, Joo
DJ, Huh KH, Kim MS, Kim YS, Kang ES. Transplant Proc, 2019, 51:
3444–3448

20 Kim E, Park KR, Jang IJ, Yu KS, Lee SH. DDDT, 2019, Volume 13:
3879–3885

21 Jung G, Choi YK, Seo JB, Park SD, Kim N, Kim MJ, Kim JG, Lee IK,
Park KG. Diabetes, 2019, 68: 508

22 Liu J, Yu L, Zheng C, Zhao G. Angew Chem Int Ed, 2021, 60: 23641–
23645

23 Chen C, Chen P, Liu G. J Am Chem Soc, 2015, 137: 15648–15651
24 Chen Z, Zheng Y, Ma JA. Angew Chem Int Ed, 2017, 56: 4569–4574
25 Zhang R, Zhang Z, Zhou Q, Yu L, Wang J. Angew Chem Int Ed, 2019,

58: 5744–5748
26 Zhang M, Li H, Zhao J, Li Y, Zhang Q. Chem Sci, 2021, 12: 11805–

11809
27 Liu H, Tian L, Wang H, Li ZQ, Zhang C, Xue F, Feng C. Chem Sci,

2022, 13: 2686–2691
28 Sheng H, Chen Z, Li X, Su J, Song Q. Org Chem Front, 2022, 9:

3000–3005
29 Yu J, Lin JH, Xiao JC. Angew Chem Int Ed, 2017, 56: 16669–16673
30 Liang H, Liu R, Zhou M, Fu Y, Ni C, Hu J. Org Lett, 2020, 22: 7047–

7051
31 Xu C, Cheng R, Luo YC, Wang MK, Zhang X. Angew Chem Int Ed,

2020, 59: 18741–18747
32 Zhang G, Shi Q, Hou M, Yang K, Wang S, Wang S, Li W, Li C, Qiu J,

Xu H, Zhou L, Wang C, Li SJ, Lan Y, Song Q. CCS Chem, 2022, 4:
1671–1679

33 Pan Y, Holmes CP, Tumelty D. J Org Chem, 2005, 70: 4897–4900
34 Kobayashi Y, Kumadaki I, Yamashita T. Heterocycles, 1982, 17: 429
35 Piron K, Kenis S, Verniest G, Surmont R, Thuring JW, ten Holte P,

Deroose F, De Kimpe N. Tetrahedron, 2012, 68: 6941–6947
36 Wu JQ, Zhang SS, Gao H, Qi Z, Zhou CJ, Ji WW, Liu Y, Chen Y, Li

Q, Li X, Wang H. J Am Chem Soc, 2017, 139: 3537–3545
37 Feng Z, Xiao YL, Zhang X. Acc Chem Res, 2018, 51: 2264–2278
38 Cheng R, Sang Y, Gao X, Zhang S, Xue XS, Zhang X. Angew Chem

Int Ed, 2021, 60: 12386–12391
39 Zhao HY, Feng Z, Luo Z, Zhang X. Angew Chem Int Ed, 2016, 55:

10401–10405
40 Fu XP, Xue XS, Zhang XY, Xiao YL, Zhang S, Guo YL, Leng X,

Houk KN, Zhang X. Nat Chem, 2019, 11: 948–956
41 Andersen TL, Frederiksen MW, Domino K, Skrydstrup T. Angew

Chem Int Ed, 2016, 55: 10396–10400
42 Yin H, Kumke JJ, Domino K, Skrydstrup T. ACS Catal, 2018, 8:

3853–3858
43 Lee CS, Yim HJ, Lee J, Lee HB, Kim KH, Lee KW, Min C, Park WS,

Lee SH. Dipeptidyl peptidase-IV inhibiting compounds, methods of
prepareing the same and pharmaceutical compositions CONTAINING
the same as active agent. Korean Patent, PCT/KR2008/007543, 2009-
02-07

44 Kim BC, Kim KY, Lee HB, An JE, Lee KW. Production Method of
Intermediate Compound for Synthesizing Medicament. Korean Patent,
PCT/KR2011/006260, 2012-08-03

45 Yang HB, Pathipati SR, Selander N. ACS Catal, 2017, 7: 8441–8445
46 Gou XY, Li Y, Luan YY, Shi WY, Wang CT, An Y, Zhang BS, Liang

YM. ACS Catal, 2021, 11: 4263–4270
47 Feng Z, Min QQ, Zhao HY, Gu JW, Zhang X. Angew Chem Int Ed,

2015, 54: 1270–1274
48 Zhang F, Min QQ, Zhang X. Synthesis, 2015, 47: 2912–2923
49 Bao ZP, Zhang Y, Wu XF. Chem Sci, 2022, 13: 9387–9391
50 Bao ZP, Zhang Y, Wu XF. J Catal, 2022, 413: 163–167

146 Bao et al. Sci China Chem January (2023) Vol.66 No.1

http://chem.scichina.com
http://link.springer.com/journal/11426
https://doi.org/10.1038/460197a
https://doi.org/10.1055/s-0040-1719898
https://doi.org/10.1055/s-0039-1690842
https://doi.org/10.1002/anie.202116725
https://doi.org/10.1002/anie.202014587
https://doi.org/10.1039/C8SC03493A
https://doi.org/10.1002/cjoc.202000224
https://doi.org/10.1021/acs.chemrev.8b00068
https://doi.org/10.1021/acs.accounts.8b00278
https://doi.org/10.1038/s41467-018-05951-6
https://doi.org/10.1021/jacs.0c08708
https://doi.org/10.1016/j.ejmech.2022.114355
https://doi.org/10.1021/acs.jmedchem.6b01911
https://doi.org/10.1021/jm049365a
https://doi.org/10.1021/jm049365a
https://doi.org/10.1021/ed1003806
https://doi.org/10.1016/j.transproceed.2019.07.015
https://doi.org/10.2147/DDDT.S197054
https://doi.org/10.2337/db19-508-P
https://doi.org/10.1002/anie.202111376
https://doi.org/10.1021/jacs.5b10971
https://doi.org/10.1002/anie.201700955
https://doi.org/10.1002/anie.201901591
https://doi.org/10.1039/D1SC02930D
https://doi.org/10.1039/D2SC00302C
https://doi.org/10.1039/D2QO00468B
https://doi.org/10.1002/anie.201710186
https://doi.org/10.1021/acs.orglett.0c02688
https://doi.org/10.1002/anie.202008498
https://doi.org/10.31635/ccschem.021.202100979
https://doi.org/10.1021/jo050599r
https://doi.org/10.3987/S-1982-01-0429
https://doi.org/10.1016/j.tet.2012.05.122
https://doi.org/10.1021/jacs.7b00118
https://doi.org/10.1021/acs.accounts.8b00230
https://doi.org/10.1002/anie.202015921
https://doi.org/10.1002/anie.202015921
https://doi.org/10.1002/anie.201605380
https://doi.org/10.1038/s41557-019-0331-9
https://doi.org/10.1002/anie.201604152
https://doi.org/10.1002/anie.201604152
https://doi.org/10.1021/acscatal.8b00420
https://doi.org/10.1021/acscatal.7b03432
https://doi.org/10.1021/acscatal.1c00359
https://doi.org/10.1002/anie.201409617
https://doi.org/10.1055/s-0035-1560457
https://doi.org/10.1039/D2SC02665A
https://doi.org/10.1016/j.jcat.2022.06.032

	Difluoroalkylative carbonylation of alkenes to access carbonyl difluoro-containing heterocycles: convenient synthesis of gemigliptin 
	1 ���Introduction���

	2 ���Experimental���

	2.1 ���General information���

	2.2 ���General procedures���

	2.2.1 ��� General procedure I ���

	2.2.2 ��� General procedure II ���



	3 ���Results and discussion���

	4 ���Conclusions���



