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ABSTRACT: An efficient and mild protocol for the visible light-
induced radical cascade difluoromethylation/cyclization of imida-
zoles with unactivated alkenes using easily accessible and bench-
stable difluoromethyltriphenylphosphonium bromide as the pre-
cursor of the −CF2H group has been developed to afford CF2H-
substituted polycyclic imidazoles in moderate to good yields. This
strategy, along with the construction of Csp3−CF2H/C−C bonds,
is distinguished by mild conditions, no requirement of additives,
simple operation, and wide substrate scope. In addition, the
mechanistic experiments have indicated that the difluoromethyl radical pathway is essential for the methodology.

■ INTRODUCTION
Organic fluorine-containing compounds have always played
significant roles in the fields of medicine and agriculture,1 as
the incorporation of fluorine-containing moieties into
candidate molecules often leads to significant changes in
physicochemical properties and biological activities.2 The
synthesis of fluorine-containing compounds has become a
hot topic in organic chemistry.3 Notably, among diverse
fluorine-containing groups, the difluoromethyl moiety (CF2H),
which acts as a lipophilic hydrogen bond donor beneficial for
modulating the bioselectivity of bioactive molecules and serves
as a lipophilic isostere for hydroxyl and thiol groups,4 has
attracted gradually increasing attention of drug developers5

(Figure 1a). During the past few decades, a great deal of effort
has been devoted to the development of methods for
introducing CF2H into organic molecules using various
difluoromethylation-related reagents,6 which involved nucleo-
philic,7 electrophilic,8 and radical pathways.9 Up to now,
numerous favorable methodologies for radical difluoromethy-
lation with difluoromethyl precursors, such as Zn-
( SO2CF 2H) 2 ,

1 0 HCF 2SO 2C l ,
1 1 HCF 2 SO2Na ,

1 2

HCF2COOH,
13 2-[(difluoromethyl)sulfonyl]benzo[d]-

thiazole,14 N-tosyl-S-difluoromethyl-S-phenylsulfoximine,15

and S-(difluoromethyl)diaryl-sulfonium salt,16 have been
reported. However, these reagents were prepared from
unreadily available starting materials through multiple-step
reactions involving the usage of gaseous HCF2Cl. As a result of
these concerns, the method of photocatalytic radical
difluoromethylation using difluoromethyltriphenylphospho-
nium bromide ([Ph3PCF2H]+Br−), which is a kind of
fascinating CF2H source with the advantages of strong air-

stability and convenient preparation, has increasingly caught
the attention of researchers.17 Currently, the strategy of
photocatalytic radical cascade cyclization for the synthesis of
heterocyclic compounds has emerged as a promising method-
ology due to its efficiency and environmental friendliness.18

Therefore, the development of protocols for visible light-
induced radical cascade difluoromethylation/cyclization with
[Ph3PCF2H]+Br− to synthesize CF2H-functionalized N-hetero-
cyclic compounds is of great importance.19

The benzimidazole core is widely recognized as an
important pharmacophore with biological activity.20 Moreover,
the tricyclic benzimidazole skeletons have been identified in a
multitude of bioactive compounds and drugs21 (Figure 1b). So
far, the synthetic methods for polycyclic benzimidazole
derivatives have been widely reported.22 Among these
approaches, the direct cyclization reaction of substituted
benzimidazoles and alkenes for the synthesis of the tricyclic
benzimidazoles is a promising and atom-economical strategy.
The significant advancements in the protocols for radical
cascade addition/cyclization of N-alkenoxyl 2-aryl benzimida-
zoles to synthesize functionalized polycyclic benzimidazoles,23

especially those with various fluorine-containing groups,24 have
been achieved in recent years. In 2021, Guo and co-workers
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disclosed the synthesis of CF2H-substituted polycyclic
benzimidazoles via photocatalytic radical difluoromethyla-
tion/cyclization of N-alkenoxyl 2-aryl benzimidazoles in
continuous flow.25 In 2023, the synthesis of 5-(2,2-difluor-
oethyl)-5,6-dihydrobenzo[4,5]imidazo[2,1-a]isoquinoline
from N-alkenyl 2-aryl benzimidazole through the electro-
chemical radical process was reported by Li’s group26 (Scheme
1a). Notably, a variety of protocols for the cyclization of
benzimidazoles with olefins at the C-2 position have been
continuously developed. On the one hand, significant develop-
ment has been made in the methods for catalyzed C−H
activation and intramolecular cyclization of imidazoles with
alkenes using diverse transition-metal catalysts, including
[Pd],27 [Rh],28 [Ni],29 and [Sc].30 On the other hand, a
series of methods for synthesizing substituted tricyclic
benzimidazole derivatives with various functional groups,
such as trifluoromethyl,31 difluoroalkyl,32 sulfonyl,33 perfluor-

oalkyl,34 and chloromethyl,35 have been established, involving
the strategy of radical cascade addition/cyclization of olefin-
containing imidazoles. Although these methods have promising
prospects, there is still a necessity to develop direct, mild, and
efficient methodologies to synthesize highly functionalized
polycyclic imidazoles with broad substrate scopes. Given the
significance of the benzimidazole core and difluoromethyl
group, it is beneficial to incorporate CF2H into polycyclic
benzimidazole skeletons for the synthesis of CF2H-substituted
N-heterocyclic benzimidazoles.36 Regretfully, the method-
ologies for synthesizing difluoromethylated tricyclic imidazoles
via direct radical cyclization of imidazoles with olefins have
rarely been reported, only a limited number of substrates were
reported by Chen’s group37 in 2023 (Scheme 1b). Above all,
the development of effective methods to synthesize CF2H-
substituted tricyclic imidazoles via direct radical cascade
addition/cyclization of imidazoles with olefins is still desirable.

Figure 1. Representative bioactive molecules containing CF2H or tricyclic benzimidazole core.

Scheme 1. Synthesis of Polycyclic Imidazoles from Imidazoles and Olefins
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Considering the advantages of visible light-mediated radical
cascade addition/cyclization reactions in the synthesis of
functionalized polycyclic heterocyclic molecules, we envisioned
a protocol for photocatalytic radical cascade difluoromethyla-
tion/cyclization of unactivated olefin-containing imidazoles
with [Ph3PCF2H]+Br− to synthesize CF2H-substituted tricyclic
imidazole derivatives (Scheme 1c).

■ RESULTS AND DISCUSSION
In the initial phase of this study, the model reaction of 1-(pent-
4-en-1-yl)-1H-benzo[d]imidazole (1a) and [Ph3PCF2H]+Br−
(2) was investigated to optimize the protocol conditions
(Table 1, details in the Supporting Information). First, several
frequently used photocatalysts were examined. We found that
the common polypyridyl complexes of iridium (Table 1,
entries 1−4) could facilitate this reaction. While other
photocatalysts, such as Ru(bpy)3Cl2·6H2O, [Mes-Acr+]BF4−,
4-CzIPN, Eosin B, Eosin Y, and Methylene Blue, turned out to
be ineffective for this transformation (Table 1, entry 5−10).
Fortunately, fac-Ir(ppy)3 was the most effective with the crude
NMR yield of 3a as high as 74% (Table 1, entry 1), probably
due to the easy access to a stronger reducing excited state than
other photocatalysts.38 Subsequently, various solvents, such as
dimethyl sulfoxide (DMSO), dimethylformamide (DMF),
dichloromethane (DCM), and toluene, were screened, and
the results showed that the yield of 3a was decreased to
different degrees, especially with no reaction occurring when
toluene was used as the solvent (Table 1, entries 11−14).
Surprisingly, when the concentration of 1a was doubled, the
isolated yield of 3a was notably increased to 83% (Table 1,
entry 15). Meanwhile, the mixed solvent of CH3CN and H2O
was also suitable for the protocol reaction conditions (Table 1,
entry 16). In addition, control experiments verified that the

presence of the photocatalyst and the irradiation of light were
both indispensable for the method (Table 1, entries 17 and
18). Therefore, the optimized reaction conditions were
established as follows: the reaction mixture of 1a (0.2
mmol), 2 (0.3 mmol), and fac-Ir(ppy)3 (2 mol %) in
CH3CN (1 mL) exposed to 5 W blue light-emitting diodes
(LEDs) at room temperature for 16 h.
With the optimized conditions in hand, we have conducted

the experiments to explore the scope of substrates (Table 2).
First, we were pleased to find that the substituted N-alkenyl
benzimidazoles bearing either electron-withdrawing groups
(−F, −Cl, −Br, −CF3, −COCH3, and −COOMe) or electron-
donating groups (−OMe and −Me) on the aromatic ring
could be transformed into the expected six-membered tricyclic
benzimidazoles in moderate to satisfactory yields (3b−o, 51−
80%). The substrates containing halogen groups (−F, −Cl,
−Br) on the benzene ring were compatible with this protocol,
smoothly affording the desired products in 51−79% yields
(3b−g), thereby allowing further functionalization. The
substrates with electron-withdrawing groups (−CF3,
−COCH3, and −COOMe) or electron-donating groups
(−OMe and −Me) at the 5-position of the benzimidazole
skeleton exhibited higher reactivity than those with halogen
groups (−F, −Cl, −Br) at the same position (3h, 3i, 3j, 3k, 3m
vs 3c, 3f, 3g). When comparing the electron-withdrawing
groups (−COCH3 and −COOMe) and electron-donating
groups (−OMe) at the same position, we found that substrates
containing electron-withdrawing groups (−COCH3 and
−COOMe) exhibited higher reactivity (3i, 3j vs 3k). Specially,
the substrate with the −COOMe group was tolerated with the
optimized conditions, yielding the target product 3j in up to
80% yield. The substrate with the methyl group at the 4-
position of the benzimidazole ring was successfully trans-
formed into the corresponding product 3l in a slightly

Table 1. Optimization of Reaction Conditionsa

entry photocatalyst solvent yield (%)b

1 fac-Ir(ppy)3 CH3CN 74
2 Ir(dFppy)2(dtbbppy)(PF6) CH3CN 62
3 Ir(dF(Me)ppy)2(dtbbpy)(PF6) CH3CN 55
4 Ir(dF(CF3)ppy)2(dtbbpy)(PF6) CH3CN 40
5 Ru(bppy)3Cl2·6H2O CH3CN n.r.
6 [Mes-Acr+]BF4− CH3CN n.r.
7 4-CzIPN CH3CN n.r.
8 Eosin B CH3CN n.r.
9 Eosin Y CH3CN n.r.
10 methylene blue CH3CN n.r.
11 fac-Ir(ppy)3 DMSO 68
12 fac-Ir(ppy)3 DMF 37
13 fac-Ir(ppy)3 DCM 50
14 fac-Ir(ppy)3 toluene n.r.
15c fac-Ir(ppy)3 CH3CN 86 (83)
16d fac-Ir(ppy)3 CH3CN−H2O 84
17 � CH3CN n.r.
18e fac-Ir(ppy)3 CH3CN n.r.

aReaction conditions: 1a (0.2 mmol), 2 (0.3 mmol), and photocatalyst (0.004 mmol) in solvent (2 mL) irradiated with 5 W blue LEDs at room
temperature for 16 h under a N2 atmosphere. n.r. no reaction,

bDetermined by crude 19F NMR with (trifluoromethoxy)benzene as the internal
standard. cIn CH3CN (1 mL).

dIn CH3CN−H2O (1 mL, v/v, 9:1). Isolated yields are given in parentheses. eNo irradiation.
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decreased yield of 78%, indicating that the reaction proceeded
smoothly without probable interference from steric hindrance.
Subsequently, 5,6-disubstituted N-alkenyl benzimidazoles, such
as -dimethyl, -difluoro, -dichloro, and -dibromo, were also
suitable for this methodology, generating the expected
products in good yields (3p−s, 77−82%). Then, we turned
our attention to the substrates containing 4- or 7-
azobenzimidazole motif (1t and 1u), and the anticipated
products (3t and 3u) were obtained in 76 and 70% yields,
respectively. When it comes to the construction of five-
membered cyclized benzimidazoles, the transformation of 1v
to 3v under the optimized conditions proceeded smoothly
with a considerable yield of 59%, and a similar situation
applied to the construction of seven-membered cyclized
benzimidazole (3w) with an acceptable yield of 50%.
Considering the modification of the alkene moiety, we installed
the methyl group into the olefin motif along with the
improvement of radical stability, and the corresponding

products (3x and 3y) were obtained in good yields of 74
and 84%, respectively. Furthermore, N-alkenoxyl substrates
were effectively transformed into the relative products in
moderate yields (3z, 76%; 3aa, 71%). Finally, when we focused
on substrates with a single imidazole ring, we found that the
radical cascade difluoromethylation/cyclization reaction of
unactivated olefin-containing imidazoles could occur smoothly
to yield CF2H-substituted bicyclic imidazoles with moderate to
excellent yields (3ab, 90%; 3ac, 72%; 3ad, 76%; 3ae, 79%).
To broaden the application of this strategy, other fluorine

sources, such as HCF2SO2Cl (2a), BTSO2CF2H (2b), and
hypervalent iodine(III) difluoromethylation reagent (2c), were
investigated. Regretfully, none of these fluorine sources could
facilitate the efficient generation of 3a under standard
conditions. Subsequently, N-alkenyl theophylline (1af) and
N-alkenyl purine (1ag) were evaluated; however, both
substrates could not be transformed into the corresponding
products (3af and 3ag) under the optimal conditions with the

Table 2. Substrate Scope of the Protocola,b

aReaction conditions: 1 (0.2 mmol), 2 (0.3 mmol), and fac-Ir(ppy)3 (0.004 mmol) in CH3CN (1 mL) irradiated with 5 W blue LEDs at room
temperature for 16 h under a N2 atmosphere.

bIsolated yields. c2a as the difluoromethylation reagent. d2b or 2c as the difluoromethylation reagent.
eIrradiation for 24 h. fN.D. = not detected. gPyridine as an additive.
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remaining raw materials. These results possibly indicated that
the electronic effects of substrates, which were probably related
to the introduction of the N moiety into the substrates (3ag vs
3u; 3af vs 3ad) along with the changes due to induction or
conjugation of N moiety, were incompatible with the protocol
reaction conditions. We attempted to synthesize appealing
CF2H-substituted tricyclic indoles under the optimized
conditions. Encouragingly, both N-alkenyl indole (1ah) and
N-alkenoxyl indole (1ai) were suitable for this protocol,
affording the desired products with synthetically useful yields
(3ah, 64%; 3ai, 76%). When the optimized conditions were
applied to the construction of the CF2H-containing
benzimidazole-dihydroisoquinoline skeleton, the tetracyclic
product (5) was prepared from N-alkenyl 2-phenyl benzimi-
dazole (4) in an isolated yield of 76% (Scheme 2). In order to
investigate the potential synthetic utility of this methodology,
the scale-up model reaction for the gram-scale preparation of
3a was performed with an isolated yield of 74% (1.05 g, details
in the SI). This outcome confirmed the appropriateness of the
protocol for the large-scale preparation of CF2H-containing
ring-fused imidazoles.
To gain insight into the mechanism of this protocol, the

control experiments were carried out. Initially, the template
reaction under the standard conditions was investigated by
adding the radical scavenger 2,2,6,6-tetramethyl-piperidin-1-
oxyl (TEMPO, 2.0 equiv), demonstrating that only a trace
amount of 3a was detected, and radical-trapping adduct
TEMPO−CHF2 (6) was detected by gas chromatography−
mass spectrometry (GC-MS) (Scheme 3a). It was noticeable
that the transformation from 1a to 3a was significantly
inhibited. Moreover, when 1,1-diphenylethylene was employed
as a radical scavenger (2.0 equiv), 3a was not detected and the
coupling compound 7 was isolated in a yield of 56% (Scheme
3b), indicating that the generation of 3a was completely
suppressed. The results of radical-trapping experiments
confirmed that the model procedure involved an indispensable

CF2H-radical pathway. The intermolecular cascade reaction
using N-substituted benzoimidazole and styrene as the
substrates under the optimized conditions were investigated;
however, the desired reaction did not occur (Scheme 3c).
Subsequently, a series of Stern−Volmer fluorescence-quench-
ing experiments were conducted on fac-Ir(ppy)3 with 1a or 2a
as the additive, and the results demonstrated that the excited
state [Ir3+]* was more dramatically quenched by 2a than by
1a, indicating that the initial step of protocol reaction mainly
involved the oxidative quenching of [Ir3+]* by 2a (Figure 2).
The light on−off experiment showed that the absence of light
irradiation no longer resulted in the generation of 3a (Figure
3), indicating that the process of CF2H radical addition/
cyclization was probably related to the photocatalytic
mechanism. Furthermore, the low apparent quantum yield
(0.81, details in the SI) indicated that the predominant
pathway access to 3a was unlikely to be a radical chain
propagation process.
On the basis of the above mechanistic studies and previous

related literature,19 we proposed a plausible reaction
mechanism for this approach (Scheme 4, taking the reaction
of 1a with 2 as an example). First, the photocatalyst [Ir3+] was
activated via irradiation with visible light to give an excited
species [Ir3+]*, which subsequently participated in the
reduction of [Ph3PCF2H]+Br− to generate the CF2H radical
and the [Ir4+] complex through a single-electron transfer
(SET) process. Next, this resultant radical was added to the
terminal alkene of 1a to generate radical intermediate I, which
immediately underwent conversion into intermediate II
through an intramolecular radical addition/cyclization process.
Simultaneously, the oxidation of intermediate II by [Ir4+]
occurred to form the carbocation intermediate III through a
SET process along with the regeneration of [Ir3+] for the
subsequent catalytic cycle. Ultimately, the carbocation
intermediate III underwent deprotonation to afford 3a.

Scheme 2. Construction of the CF2H-Containing Benzimidazole-dihydroisoquinoline

Scheme 3. Control Experiments
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■ CONCLUSIONS
In summary, an efficient and straightforward protocol for
visible light-induced radical cascade difluoromethylation/
cyclization of unactivated olefin-containing imidazoles with
bench-stable and easily accessible [Ph3PCF2H]+Br− has been
developed to afford CF2H-substituted ring-fused imidazoles in

moderate to excellent yields. Significantly, this strategy also
applied to the synthesis of CF2H-containing tetrahydropyrido-
[1,2-a]indole, dihydropyrrolo[1,2-a]indol-3-one, and benzimi-
dazole-dihydroisoquinoline. Additionally, this methodology
was practical along with the features of simple operation,
mild conditions, absence of additives, and commendable
functional group compatibility.

■ EXPERIMENTAL SECTION
General Information. Unless otherwise noted, all

reactions were carried out in flame-dried glassware under N2.
All solvents were purified and dried according to standard
methods prior to use. 1H NMR, 13C NMR, and 19F NMR
spectra were recorded on a Bruker 400 MHz spectrometer in
deuterated solvents. 1H NMR chemical shifts are reported in
ppm with the internal tetramethylsilane (TMS) signal at 0.0
ppm as a standard. The data are being reported as s = singlet, d
= doublet, t = triplet, q = quartet, m = multiplet or unresolved,
brs = broad singlet, coupling constant(s) in Hz, integration.
13C NMR spectra were recorded in a deuterated solvent.
Chemical shifts are reported in ppm with the internal solvent
signal as a standard. 19F NMR chemical shifts were determined
relative to CFCl3 as the external standard. GC-MS measure-
ments were conducted on a Shimadzu QP2010SE instrument.
High-resolution mass spectrometry (HRMS) was performed
on a Waters GCT-TOF spectrometer.
General Procedure for the Synthesis of Products 3a−

ai, 5 (3a as an Example). To a 10 mL sealed tube equipped
with a rubber septum and a magnetic stirring bar, 1a (0.2
mmol), 2 (0.3 mmol), and fac-Ir(ppy)3 (0.004 mmol) were
added. The tube was evacuated and backfilled with N2 three
times, and CH3CN (1.0 mL) was added. The mixture was
stirred and irradiated with 5 W blue LEDs for 16 h at room
temperature. After the reaction was completed (monitored by
thin-layer chromatography (TLC)), the crude mixture was
purified directly by flash column chromatography on silica gel
using petroleum ether and ethyl acetate (10:1−5:1, v/v) as the
eluent to give the desired products 3a.

4-(2,2-Difluoroethyl)-1,2,3,4-tetrahydrobenzo[4,5]-
imidazo[1,2-a]pyridine (3a). Colorless oil (39 mg, 83% yield);
purified by silica gel column chromatography (hexanes/ethyl
acetate mixtures 10:1−5:1 (v/v)); 1H NMR (400 MHz,

Figure 2. Stern−Volmer Fluorescence-quenching experiments.

Figure 3. Light on/off experiment.
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CDCl3) δ 7.73−7.69 (m, 1H), 7.30−7.21 (m, 3H), 6.39 (tdd, J
= 56.8, 5.5, 3.8 Hz, 1H), 4.19−4.14 (m, 1H), 3.98−3.91 (m,
1H), 3.32−3.24 (m, 1H), 2.82−2.67 (m, 1H), 2.32−2.00 (m,
4H), 1.78−1.68 (m, 1H); 13C NMR (101 MHz, CDCl3) δ
153.3, 142.7, 134.7, 122.4, 122.2, 119.2, 116.9 (t, J = 239.0
Hz), 109.1, 42.5, 38.1 (t, J = 21.4 Hz), 31.4 (dd, J = 6.3, 5.2
Hz), 27.6, 21.8; 19F NMR (376 MHz, CDCl3) δ −(113.05−
114.03) (m, 1F), −(117.20−118.21) (m, 1F); HRMS
(electrospray ionization (ESI), m/z) [M + H+] calcd for
C13H15F2N2: 237.1198, found 237.1197. The spectral data
were in accordance with the literature.37

6-Chloro-4-(2,2-difluoroethyl)-1,2,3,4-tetrahydrobenzo-
[4,5]imidazo[1,2-a]pyridine (3b). Colorless oil (42 mg, 77%
yield); purified by silica gel column chromatography (hexanes/
ethyl acetate mixtures 10:1−5:1 (v/v)); 1H NMR (400 MHz,
CDCl3) δ 7.28−7.26 (m, 1H), 7.21−7.14 (m, 2H), 6.38 (tdd, J
= 56.6, 5.4, 3.7 Hz, 1H), 4.21−4.16 (m, 1H), 4.02−3.96 (m,
1H), 3.38−3.31 (m, 1H), 2.93−2.77 (m, 1H), 2.36−2.03 (m,
4H), 1.82−1.72 (m, 1H); 13C NMR (101 MHz, CDCl3) δ
154.1, 139.9, 135.8, 124.0, 122.7, 122.3, 116.9 (t, J = 239.2
Hz), 107.9, 42.8, 38.0 (t, J = 21.3 Hz), 31.39 (dd, J = 6.8, 4.6
Hz), 27.3, 21.5; 19F NMR (376 MHz, CDCl3) δ −113.24 (ddt,
J = 284.1, 56.5, 15.0 Hz, 1F), −(117.10−118.11) (m, 1F);
HRMS (ESI, m/z) [M + H+] calcd for C13H14ClF2N2:
271.0809, found 271.0807.

7-Chloro-4-(2,2-difluoroethyl)-1,2,3,4-tetrahydrobenzo-
[4,5]imidazo[1,2-a]pyridine (3c). Pale yellow oil (29 mg, 54%
yield); purified by silica gel column chromatography (hexanes/
ethyl acetate mixtures 10:1−5:1 (v/v)); 1H NMR (400 MHz,
CDCl3) δ 7.70−7.69 (m, 1H), 7.22−7.21 (m, 2H), 6.39 (tdd, J
= 56.7, 5.5, 3.7 Hz, 1H), 4.22−4.17 (m, 1H), 4.01−3.94 (m,
1H), 3.35−3.28 (m, 1H), 2.82−2.67 (m, 1H), 2.36−2.04 (m,
4H), 1.82−1.72 (m, 1H); 13C NMR (101 MHz, CDCl3) δ
154.7, 143.6, 133.4, 128.0, 122.7, 119.2, 116.8 (t, J = 240.0
Hz), 109.8, 42.7, 38.1 (t, J = 21.5 Hz), 31.5 (dd, J = 6.5, 4.8
Hz), 27.5, 21.8; 19F NMR (376 MHz, CDCl3) δ −(113.10−
114.08) (m, 1F), −(117.37−118.38) (m, 1F); HRMS (ESI,
m/z) [M + H+] calcd for C13H14ClF2N2: 271.0809, found
271.0806.

8-Chloro-4-(2,2-difluoroethyl)-1,2,3,4-tetrahydrobenzo-
[4,5]imidazo[1,2-a]pyridine (3d). Colorless oil (43 mg, 79%
yield); purified by silica gel column chromatography (hexanes/
ethyl acetate mixtures 10:1−5:1 (v/v)); 1H NMR (400 MHz,
CDCl3) δ 7.60 (d, J = 8.6 Hz, 1H), 7.28 (d, J = 1.9 Hz, 1H),
7.22 (dd, J = 8.6, 1.9 Hz, 1H), 6.39 (tdd, J = 56.8, 5.5, 3.8 Hz,
1H), 4.17−4.12 (m, 1H), 3.97−3.90 (m, 1H), 3.32−3.25 (m,

1H), 2.81−2.65 (m, 1H), 2.34−2.02 (m, 4H), 1.80−1.69 (m,
1H); 13C NMR (101 MHz, CDCl3) δ 154.3, 141.3, 135.4,
127.9, 122.9, 120.0, 116.8 (t, J = 239.2 Hz), 109.3, 42.6, 38.0
(t, J = 21.5 Hz), 31.4 (dd, J = 7.0, 4.8 Hz), 27.5, 21.7; 19F
NMR (376 MHz, CDCl3) δ −113.61 (ddt, J = 284.0, 56.7,
15.2 Hz, 1F), −(117.39−118.40) (m, 1F); HRMS (ESI, m/z)
[M + H+] calcd for C13H14ClF2N2: 271.0809, found 271.0808.

9-Chloro-4-(2,2-difluoroethyl)-1,2,3,4-tetrahydrobenzo-
[4,5]imidazo[1,2-a]pyridine (3e). Colorless oil (40 mg, 74%
yield); purified by silica gel column chromatography (hexanes/
ethyl acetate mixtures 10:1−5:1 (v/v)); 1H NMR (400 MHz,
CDCl3) δ 7.58 (dd, J = 7.5, 1.6 Hz, 1H), 7.17−7.11 (m, 2H),
6.38 (tdd, J = 56.7, 5.55, 3.8 Hz, 1H), 4.87−4.81 (m, 1H),
4.39−4.32 (m, 1H), 3.33−3.26 (m, 1H), 2.82−2.66 (m, 1H),
2.31−2.00 (m, 4H), 1.77−1.67 (m, 1H); 13C NMR (101
MHz, CDCl3) δ 154.4, 144.7, 131.1, 123.6, 122.9, 118.1, 116.8
(t, J = 239.2 Hz), 116.3, 45.6, 38.3 (t, J = 21.5 Hz), 31.8 (dd, J
= 6.8, 5.0 Hz), 26.9, 22.2; 19F NMR (376 MHz, CDCl3) δ
−(113.12−114.10) (m, 1F), −(117.32−118.33) (m, 1F);
HRMS (ESI, m/z) [M + H+] calcd for C13H14ClF2N2:
271.0809, found 271.0807.

4-(2,2-Difluoroethyl)-7-fluoro-1,2,3,4-tetrahydrobenzo-
[4,5]imidazo[1,2-a]pyridine (3f). Colorless oil (26 mg, 51%
yield); purified by silica gel column chromatography (hexanes/
ethyl acetate mixtures 10:1−5:1 (v/v)); 1H NMR (400 MHz,
CDCl3) δ 7.37 (dd, J = 9.5, 2.4 Hz, 1H), 7.20 (dd, J = 8.7, 4.6
Hz, 1H), 6.99 (td, J = 9.1, 2.4 Hz, 1H), 6.39 (tdd, J = 56.8, 5.4,
3.8 Hz, 1H), 4.20−4.15 (m, 1H), 4.00−3.93 (m, 1H), 3.33−
3.26 (m, 1H), 2.81−2.66 (m, 1H), 2.34−2.03 (m, 4H), 1.79−
1.70 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 159.5 (d, J =
236.8 Hz), 154.8, 143.0 (d, J = 12.7 Hz), 131.3, 116.8 (t, J =
239.0 Hz), 110.3 (d, J = 26.2 Hz), 109.2 (d, J = 10.4 Hz),
105.0 (d, J = 24.2 Hz), 42.6, 38.0 (t, J = 21.4 Hz), 31.4 (dd, J =
6.6, 4.8 Hz), 27.3, 21.7; 19F NMR (376 MHz, CDCl3) δ
−(113.11−114.09) (m, 1F), −(117.33−118.34) (m, 1F),
−(120.83−120.89) (m, 1F); HRMS (ESI, m/z) [M + H+]
calcd for C13H14F3N2: 255.1104, found 255.1101.

7-Bromo-4-(2,2-difluoroethyl)-1,2,3,4-tetrahydrobenzo-
[4,5]imidazo[1,2-a]pyridine (3g). White solid (38 mg, 61%
yield); purified by silica gel column chromatography (hexanes/
ethyl acetate mixtures 10:1−5:1 (v/v)); 1H NMR (400 MHz,
CDCl3) δ 7.82 (d, J = 1.5 Hz, 1H), 7.33−7.30 (m, 1H), 7.13
(d, J = 8.5 Hz, 1H), 6.38 (tdd, J = 56.8, 5.3, 3.9 Hz, 1H),
4.18−4.13 (m, 1H), 3.97−3.90 (m, 1H), 3.30−3.23 (m, 1H),
2.78−2.63 (m, 1H), 2.33−2.02 (m, 4H), 1.78−1.68 (m, 1H);
13C NMR (101 MHz, CDCl3) δ 154.5, 144.0, 133.7, 125.2,

Scheme 4. Proposed Mechanism
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122.1, 116.8 (t, J = 239.2 Hz), 115.3, 110.3, 42.6, 38.1 (t, J =
21.5 Hz), 31.4 (dd, J = 6.6, 4.8 Hz), 27.4, 21.7; 19F NMR (376
MHz, CDCl3) δ −(113.10−114.08) (m, 1F), −(117.38−
118.38) (m, 1F); HRMS (ESI, m/z) [M + H+] calcd for
C13H14BrF2N2: 315.0303, found 315.0303; mp 104.5−105.7
°C.

4-(2,2-Difluoroethyl)-7-(tr ifluoromethyl)-1,2,3,4-
tetrahydrobenzo[4,5]imidazo[1,2-a]pyridine (3h). White
solid (43 mg, 71% yield); purified by silica gel column
chromatography (hexanes/ethyl acetate mixtures 10:1−5:1 (v/
v)); 1H NMR (400 MHz, CDCl3) δ 7.99 (s, 1H), 7.51 (d, J =
8.4 Hz, 1H), 7.38 (d, J = 8.3 Hz, 1H), 6.42 (tdd, J = 56.7, 5.6,
3.6 Hz, 1H), 4.28−4.23 (m, 1H), 4.02 (td, J = 11.6, 4.8 Hz,
1H), 3.37−3.30 (m, 1H), 2.82−2.67 (m, 1H), 2.38−2.27 (m,
2H), 2.26−2.06 (m, 2H), 1.83−1.77 (m, 1H); 13C NMR (101
MHz, CDCl3) δ 155.5, 142.2, 136.7, 125.0 (q, J = 272.8 Hz),
124.9 (q, J = 32.1 Hz), 119.2 (q, J = 3.7 Hz), 116.9 (q, J = 4.0
Hz), 116.7 (t, J = 239.2 Hz), 109.5, 42.8, 38.1 (t, J = 21.6 Hz),
31.51 (dd, J = 6.8, 4.6 Hz), 27.5, 21.7; 19F NMR (376 MHz,
CDCl3) δ −60.58 (s, 3F), −113.64 (ddt, J = 284.1, 56.5, 14.6
Hz, 1F), −(117.50−118.51) (m, 1F); HRMS (ESI, m/z) [M +
H+] calcd for C14H14F5N2: 305.1072, found 305.1069; mp
86.5−87.9 °C.

1-(4-(2,2-Difluoroethyl)-1,2,3,4-tetrahydrobenzo[4,5]-
imidazo[1,2-a]pyridin-7-yl)ethan-1-one (3i). White solid (41
mg, 73% yield); purified by silica gel column chromatography
(hexanes/ethyl acetate mixtures 10:1−5:1 (v/v)); 1H NMR
(400 MHz, CDCl3) δ 8.33 (d, J = 1.2 Hz, 1H), 7.97 (dd, J =
8.5, 1.6 Hz, 1H), 7.34 (d, J = 8.5 Hz, 1H), 6.43 (tdd, J = 56.8,
5.6, 3.7 Hz, 1H), 4.29−4.24 (m, 1H), 4.02 (td, J = 11.7, 4.8
Hz, 1H), 3.37−3.30 (m, 1H), 2.84−2.69 (m, 1H), 2.67 (s,
3H), 2.38−2.07 (m, 4H), 1.83−1.74 (m, 1H); 13C NMR (101
MHz, CDCl3) δ 198.1, 155.5, 142.2, 138.0, 132.3, 122.6, 120.9,
116.7 (t, J = 239.1 Hz), 109.1, 42.8, 38.1 (t, J = 21.5 Hz),
31.54 (dd, J = 6.6, 4.8 Hz), 27.5, 26.8, 21.8; 19F NMR (376
MHz, CDCl3) δ −(113.11−114.09) (m, 1F), −(117.45−
118.46) (m, 1F); HRMS (ESI, m/z) [M + H+] calcd for
C15H17F2N2O: 279.1304, found 279.1301; mp 110.5−111.4
°C.

Methyl-4-(2,2-difluoroethyl)-1,2,3,4-tetrahydrobenzo-
[4,5]imidazo[1,2-a]pyridine-7-carboxylate (3j). White solid
(47 mg, 80% yield); purified by silica gel column
chromatography (hexanes/ethyl acetate mixtures 10:1−5:1
(v/v)); 1H NMR (400 MHz, CDCl3) δ 8.43 (s, 1H), 7.99 (dd,
J = 8.4, 1.3 Hz, 1H), 7.31 (d, J = 8.5 Hz, 1H), 6.42 (tdd, J =
56.8, 5.5, 3.7 Hz, 1H), 4.26−4.21 (m, 1H), 4.04−3.97 (m,
1H), 3.94 (s, 3H), 3.36−3.28 (m, 1H), 2.83−2.67 (m, 1H),
2.37−2.05 (m, 4H), 1.82−1.72 (m, 1H); 13C NMR (101
MHz, CDCl3) δ 167.7, 155.2, 142.2, 137.9, 124.4, 123.8, 121.4,
116.7 (t, J = 239.0 Hz), 108.7, 52.1, 42.7, 38.0 (t, J = 21.6 Hz),
31.4 (dd, J = 6.6, 4.8 Hz), 27.3, 21.6; 19F NMR (376 MHz,
CDCl3) δ −(113.08−114.07) (m, 1F), −(117.45−118.46) (dt,
J = 260.0, 18.9 Hz, 1F); HRMS (ESI, m/z) [M + H+] calcd for
C15H17F2N2O2: 295.1253, found 295.1250; mp 113.2−114.5
°C.

4-(2,2-Difluoroethyl)-7-methoxy-1,2,3,4-tetrahydrobenzo-
[4,5]imidazo[1,2-a]pyridine (3k). White solid (38 mg, 71%
yield); purified by silica gel column chromatography (hexanes/
ethyl acetate mixtures 10:1−5:1 (v/v)); 1H NMR (400 MHz,
CDCl3) δ 7.22 (d, J = 2.3 Hz, 1H), 7.17 (d, J = 8.7 Hz, 1H),
6.89 (dd, J = 8.7, 2.3 Hz, 1H), 6.40 (tdd, J = 56.8, 5.6, 3.8 Hz,
1H), 4.18−4.13 (m, 1H), 3.98−3.90 (m, 1H), 3.85 (s, 3H),
3.32−3.25 (m, 1H), 2.82−2.66 (m, 1H), 2.33−2.02 (m, 4H),

1.79−1.69 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 156.4,
153.5, 143.3, 129.3, 116.9 (t, J = 239.0 Hz), 112.1, 109.4,
101.7, 55.9, 42.5, 38.2 (t, J = 21.5 Hz), 31.3 (dd, J = 6.6, 4.8
Hz), 27.5, 21.8; 19F NMR (376 MHz, CDCl3) δ −(113.03−
114.02) (m, 1F), −(117.24−118.25) (m, 1F); HRMS (ESI,
m/z) [M + H+] calcd for C14H17F2N2O: 267.1304, found
267.1303; mp 122.5−123.8 °C.

4-(2,2-Difluoroethyl)-6-methyl-1,2,3,4-tetrahydrobenzo-
[4,5]imidazo[1,2-a]pyridine (3l). Colorless oil (39 mg, 78%
yield); purified by silica gel column chromatography (hexanes/
ethyl acetate mixtures 10:1−5:1 (v/v)); 1H NMR (400 MHz,
CDCl3) δ 7.17−7.09 (m, 2H), 7.06−7.05 (m, 1H), 6.48 (tdd, J
= 56.9, 5.8, 3.6 Hz, 1H), 4.18−4.13 (m, 1H), 3.99−3.92 (m,
1H), 3.36−3.29 (m, 1H), 2.81−2.65 (m, 1H), 2.64 (s, 3H),
2.32−2.01 (m, 4H), 1.80−1.70 (m, 1H); 13C NMR (101
MHz, CDCl3) δ 152.5, 142.1, 134.4, 129.4, 122.8, 122.2, 117.2
(t, J = 238.8 Hz), 106.5, 42.6, 38.5 (t, J = 21.3 Hz), 31.4 (dd, J
= 7.1, 4.5 Hz), 27.7, 21.8, 16.7; 19F NMR (376 MHz, CDCl3)
δ −(112.75−113.73) (m, 1F), −(117.32−118.33) (m, 1F);
HRMS (ESI, m/z) [M + H+] calcd for C14H17F2N2: 251.1354,
found 251.1355.

4-(2,2-Difluoroethyl)-7-methyl-1,2,3,4-tetrahydrobenzo-
[4,5]imidazo[1,2-a]pyridine (3m). Colorless oil (37 mg, 74%
yield); purified by silica gel column chromatography (hexanes/
ethyl acetate mixtures 10:1−5:1 (v/v)); 1H NMR (400 MHz,
CDCl3) δ 7.50 (s, 1H), 7.19−7.17 (m, 1H), 7.08−7.06 (m,
1H), 6.38 (tdd, J = 56.8, 5.4, 3.8 Hz, 1H), 4.20−4.14 (m, 1H),
3.99−3.92 (m, 1H), 3.33−3.26 (m, 1H), 2.83−2.67 (m, 1H),
2.47 (s, 3H), 2.33−2.02 (m, 4H), 1.80−1.70 (m, 1H); 13C
NMR (101 MHz, CDCl3) δ 153.3, 143.0, 132.8, 132.1, 123.7,
119.1, 117.0 (t, J = 239.0 Hz), 108.6, 42.5, 38.2 (t, J = 21.3
Hz), 31.4 (dd, J = 6.5, 4.9 Hz), 27.6, 21.8, 21.7; 19F NMR (376
MHz, CDCl3) δ −(113.02−114.00) (m, 1F), −(117.16−
118.16) (m, 1F); HRMS (ESI, m/z) [M + H+] calcd for
C14H17F2N2: 251.1355, found 251.1353.

4-(2,2-Difluoroethyl)-8-methyl-1,2,3,4-tetrahydrobenzo-
[4,5]imidazo[1,2-a]pyridine (3n). Colorless oil (40 mg, 80%
yield); purified by silica gel column chromatography (hexanes/
ethyl acetate mixtures 10:1−5:1 (v/v)); 1H NMR (400 MHz,
CDCl3) δ 7.57 (d, J = 8.1 Hz, 1H), 7.08−7.06 (m, 2H), 6.38
(tdd, J = 56.8, 5.4, 3.9 Hz, 1H), 4.16−4.10 (m, 1H), 3.94−3.87
(m, 1H), 3.29−3.22 (m, 1H), 2.81−2.64 (m, 1H), 2.48 (s,
3H), 2.30−1.99 (m, 4H), 1.76−1.66 (m, 1H); 13C NMR (101
MHz, CDCl3) δ 152.8, 140.7, 134.9, 132.2, 123.8, 118.7, 116.9
(t, J = 239.0 Hz), 109.1, 42.4, 38.1 (t, J = 21.3 Hz), 31.4 (dd, J
= 6.4, 5.0 Hz), 27.6, 21.8; 19F NMR (376 MHz, CDCl3) δ
−(113.03−114.01) (m, 1F), −(117.16−118.17) (m, 1F);
HRMS (ESI, m/z) [M + H+] calcd for C14H17F2N2: 251.1355,
found 251.1353.

4-(2,2-Difluoroethyl)-9-methyl-1,2,3,4-tetrahydrobenzo-
[4,5]imidazo[1,2-a]pyridine (3o). Colorless oil (39 mg, 78%
yield); purified by silica gel column chromatography (hexanes/
ethyl acetate mixtures 10:1−5:1 (v/v)); 1H NMR (400 MHz,
CDCl3) δ 7.54 (d, J = 8.1 Hz, 1H), 7.12 (t, J = 7.7 Hz, 1H),
6.95 (d, J = 7.3 Hz, 1H), 6.37 (tdd, J = 56.8, 5.3, 4.0 Hz, 1H),
4.66−4.61 (m, 1H), 4.36−4.30 (m, 1H), 3.36−3.28 (m, 1H),
2.87−2.73 (m, 1H), 2.72 (s, 3H), 2.31−2.02 (m, 4H), 1.78−
1.68 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 153.3, 143.0,
133.7, 124.8, 122.3, 121.3, 117.3, 117.0 (t, J = 239.0 Hz), 45.4,
38.3 (t, J = 21.3 Hz), 31.8 (dd, J = 6.6, 4.8 Hz), 27.1, 22.5,
18.9; 19F NMR (376 MHz, CDCl3) δ −(112.99−113.98) (m,
1F), −(117.13−118.13) (m, 1F); HRMS (ESI, m/z) [M +
H+] calcd for C14H17F2N2: 251.1355, found 251.1354.
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4 - ( 2 , 2 - D i fl u o r o e t h y l ) - 7 , 8 - d im e t h y l - 1 , 2 , 3 , 4 -
tetrahydrobenzo[4,5]imidazo[1,2-a]pyridine (3p). White
solid (43 mg, 82% yield); purified by silica gel column
chromatography (hexanes/ethyl acetate mixtures 10:1−5:1 (v/
v)); 1H NMR (400 MHz, CDCl3) δ 7.46 (s, 1H), 7.04 (s, 1H),
6.36 (tdd, J = 56.9, 5.5, 3.9 Hz, 1H), 4.13−4.08 (m, 1H),
3.92−3.85 (m, 1H), 3.27−3.20 (m, 1H), 2.79−2.63 (m, 1H),
2.36 (d, J = 6.1 Hz, 6H), 2.28−1.97 (m, 4H), 1.74−1.64 (m,
1H); 13C NMR (101 MHz, CDCl3) δ 152.4, 141.3, 133.3,
131.2, 131.1, 119.3, 117.0 (t, J = 239.9 Hz), 109.3, 42.4, 38.2
(t, J = 21.3 Hz), 31.4 (dd, J = 6.5, 4.9 Hz), 27.6, 21.8, 20.5,
20.4; 19F NMR (376 MHz, CDCl3) δ −(113.01−113.99) (m,
1F), −(117.07−118.08) (m, 1F); HRMS (ESI, m/z) [M +
H+] calcd for C15H19F2N2: 265.1511, found 265.1510; mp
161.0−162.2 °C.

4 - ( 2 , 2 - D i fl u o r o e t h y l ) - 7 , 8 - d i fl u o r o - 1 , 2 , 3 , 4 -
tetrahydrobenzo[4,5]imidazo[1,2-a]pyridine (3q). White
solid (42 mg, 77% yield); purified by silica gel column
chromatography (hexanes/ethyl acetate mixtures 10:1−5:1 (v/
v)); 1H NMR (400 MHz, CDCl3) δ 7.47 (dd, J = 10.6, 7.2 Hz,
1H), 7.07 (dd, J = 9.6, 6.9 Hz, 1H), 6.39 (tdd, J = 56.8, 5.4, 3.8
Hz, 1H), 4.16−4.11 (m, 1H), 3.94 (td, J = 11.4, 4.8 Hz, 1H),
3.32−3.25 (m, 1H), 2.79−2.64 (m, 1H), 2.35−2.04 (m, 4H),
1.80−1.70 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 155.0 (d,
J = 2.3 Hz), 149.0 (dd, J = 15.1, 1.2 Hz), 146.6 (d, J = 15.6
Hz), 137.8 (dd, J = 10.5, 1.1 Hz), 129.9 (d, J = 10.6 Hz), 116.7
(t, J = 239.0 Hz), 106.6 (d, J = 19.3 Hz), 97.1 (d, J = 22.3 Hz),
42.7, 38.0 (t, J = 21.5 Hz), 31.4 (dd, J = 6.7, 4.8 Hz), 27.3,
21.7; 19F NMR (376 MHz, CDCl3) δ −113.65 (ddt, J = 283.9,
56.6, 15.0 Hz, 1F), −(117.46−118.47) (m, 1F), −(142.47−
142.57) (m, 1F), −(143.74−143.84) (m, 1F); HRMS (ESI,
m/z) [M + H+] calcd for C13H13F4N2: 273.1010, found
273.1007; mp 108.5−109.5 °C.

7 , 8 - D i c h l o r o - 4 - ( 2 , 2 - d i fl u o r o e t h y l ) - 1 , 2 , 3 , 4 -
tetrahydrobenzo[4,5]imidazo[1,2-a]pyridine (3r). White
solid (49 mg, 81% yield); purified by silica gel column
chromatography (hexanes/ethyl acetate mixtures 10:1−5:1 (v/
v)); 1H NMR (400 MHz, CDCl3) δ 7.75 (s, 1H), 7.35 (s, 1H),
6.39 (tdd, J = 56.8, 5.5, 3.7 Hz, 1H), 4.16−4.11 (m, 1H), 3.92
(td, J = 11.4, 4.7 Hz, 1H), 3.31−3.23 (m, 1H), 2.78−2.62 (m,
1H), 2.34−2.03 (m, 4H), 1.79−1.69 (m, 1H); 13C NMR (101
MHz, CDCl3) δ 155.6, 142.1, 134.0, 126.3, 126.2, 120.5, 116.7
(t, J = 239.1 Hz), 110.5, 42.8, 38.0 (t, J = 21.6 Hz), 31.5 (dd, J
= 6.6, 4.8 Hz), 27.4, 21.7; 19F NMR (376 MHz, CDCl3) δ
−113.65 (ddt, J = 283.9, 56.6, 14.9 Hz, 1F), −(117.50−
118.51) (m, 1F); HRMS (ESI, m/z) [M + H+] calcd for
C13H13Cl2F2N2: 305.0418, found 305.0418; mp 101.3−102.7
°C.

7 , 8 - D i b r omo - 4 - ( 2 , 2 - d i fl u o r o e t h y l ) - 1 , 2 , 3 , 4 -
tetrahydrobenzo[4,5]imidazo[1,2-a]pyridine (3s). White
solid (62 mg, 79% yield); purified by silica gel column
chromatography (hexanes/ethyl acetate mixtures 10:1−5:1 (v/
v)); 1H NMR (400 MHz, CDCl3) δ 7.95 (s, 1H), 7.57 (s, 1H),
6.39 (tdd, J = 56.7, 5.5, 3.7 Hz, 1H), 4.16−4.11 (m, 1H),
3.96−3.89 (m, 1H), 3.31−3.24 (m, 1H), 2.78−2.62 (m, 1H),
2.35−2.03 (m, 4H), 1.79−1.69 (m, 1H); 13C NMR (101
MHz, CDCl3) δ 155.4, 143.0, 134.9, 123.7, 117.5, 117.3, 116.6
(t, J = 239.2 Hz), 113.7, 42.7, 37.9 (t, J = 21.6 Hz), 31.4 (dd, J
= 6.6, 4.7 Hz), 27.3, 21.6; 19F NMR (376 MHz, CDCl3) δ
−113.64 (ddt, J = 284.0, 56.6, 14.9 Hz, 1F), −(117.50−
118.50) (m, 1F); HRMS (ESI, m/z) [M + H+] calcd for
C13H13Br2F2N2: 394.9388, found; 394.9389, mp 115.4−116.7
°C.

9-(2,2-Difluoroethyl)-6,7,8,9-tetrahydroimidazo[1,2-a:4,5-
b′]dipyridine (3t). Colorless oil (36 mg, 76% yield); purified
by silica gel column chromatography (hexanes/ethyl acetate
mixtures 10:1−5:1 (v/v)); 1H NMR (400 MHz, CDCl3) δ
8.51 (dd, J = 4.8, 1.5 Hz, 1H), 7.62 (dd, J = 8.0, 1.5 Hz, 1H),
7.17 (dd, J = 8.0, 4.8 Hz, 1H), 6.58 (tdd, J = 56.9, 6.0, 3.4 Hz,
1H), 4.26−4.21 (m, 1H), 4.00 (td, J = 11.4, 4.6 Hz, 1H),
3.37−3.30 (m, 1H), 2.81−2.65 (m, 1H), 2.36−2.27 (m, 2H),
2.26−2.07 (m, 2H), 1.82−1.72 (m, 1H); 13C NMR (101
MHz, CDCl3) δ 156.0, 155.5, 144.6, 126.7, 117.3, 116.9, 116.8
(t, J = 238.7 Hz), 42.4, 38.1 (t, J = 21.7 Hz), 31.4 (dd, J = 7.4,
4.4 Hz), 27.4, 21.6; 19F NMR (376 MHz, CDCl3) δ
−(112.97−113.20) (m, 1F), −(118.16−119.18) (m, 1F);
HRMS (ESI, m/z) [M + H+] calcd for C12H14F2N3: 238.1151,
found 238.1150.

6-(2,2-Difluoroethyl)-6,7,8,9-tetrahydroimidazo[1,2-a:5,4-
b′]dipyridine (3u). Colorless oil (33 mg, 70% yield); purified
by silica gel column chromatography (hexanes/ethyl acetate
mixtures 10:1−5:1 (v/v)); 1H NMR (400 MHz, CDCl3) δ
8.34 (dd, J = 4.8, 1.2 Hz, 1H), 7.97 (dd, J = 8.0, 1.2 Hz, 1H),
7.22 (dd, J = 8.0, 4.8 Hz, 1H), 6.41 (tdd, J = 56.8, 5.4, 3.8 Hz,
1H), 4.48−4.42 (m, 1H), 4.10−4.02 (m, 1H), 3.37−3.30 (m,
1H), 2.84−2.68 (m, 1H), 2.38−2.03 (m, 4H), 1.84−1.74 (m,
1H); 13C NMR (101 MHz, CDCl3) δ 154.8, 147.8, 143.4,
134.9, 126.6, 118.5, 116.7 (t, J = 239.1 Hz), 41.6, 38.0 (t, J =
21.5 Hz), 31.6 (dd, J = 6.5, 4.8 Hz), 27.5, 21.6; 19F NMR (376
MHz, CDCl3) δ −(113.16−114.15) (m, 1F), −(117.37−
118.38) (m, 1F); HRMS (ESI, m/z) [M + H+] calcd for
C12H14F2N3: 238.1151, found 238.1152.

3-(2,2-Difluoroethyl)-2,3-dihydro-1H-benzo[d]pyrrolo[1,2-
a]imidazole (3v). Colorless oil (26 mg, 59% yield); purified by
silica gel column chromatography (hexanes/ethyl acetate
mixtures 10:1−5:1 (v/v)); 1H NMR (400 MHz, CDCl3) δ
7.74−7.69 (m, 1H), 7.34−7.29 (m, 1H), 7.26−7.21 (m, 2H),
6.26 (tdd, J = 56.2, 5.5, 3.3 Hz, 1H), 4.20−4.14 (m, 1H),
4.06−4.00 (m, 1H), 3.55−3.47 (m, 1H), 3.02−2.94 (m, 1H),
2.67−2.52 (m, 1H), 2.50−2.41 (m, 1H), 2.24−2.10 (m, 1H);
13C NMR (101 MHz, CDCl3) δ 161.7, 148.5, 132.3, 122.3,
122.0, 119.8, 116.1 (t, J = 239.5 Hz), 109.7, 42.0, 37.2 (t, J =
21.3 Hz), 33.8, 30.7 (dd, J = 7.0, 4.4 Hz); 19F NMR (376
MHz, CDCl3) δ −114.93 (ddt, J = 284.1, 55.9, 14.3 Hz, 1F),
−(117.45−118.46) (m, 1F); HRMS (ESI, m/z) [M + H+]
calcd for C12H13F2N2: 223.1042, found 223.1040.

6-(2,2-Difluoroethyl)-7,8,9,10-tetrahydro-6H-benzo[4,5]-
imidazo[1,2-a]azepine (3w). Colorless oil (25 mg, 50%
yield); purified by silica gel column chromatography
(hexanes/ethyl acetate mixtures 10:1−5:1 (v/v)); 1H NMR
(400 MHz, CDCl3) δ 7.73−7.71 (m, 1H), 7.29−7.20 (m, 3H),
6.49−6.18 (m, 1H), 4.41−4.36 (m, 1H), 3.97−3.91 (m, 1H),
3.23−3.17 (m, 1H), 3.02−2.86 (m, 1H), 2.26−1.94 (m, 4H),
1.89−1.78 (m, 1H), 1.58−1.46 (m, 2H); 13C NMR (101
MHz, CDCl3) δ 157.5, 142.1, 135.7, 122.3, 121.8, 119.5, 116.9
(t, J = 239.2 Hz), 108.8, 44.0, 37.7 (t, J = 21.8 Hz), 34.5 (dd, J
= 7.9, 4.0 Hz), 32.9, 29.6, 28.2; 19F NMR (376 MHz, CDCl3)
δ −(113.52−114.49) (m, 1F), −(118.14−119.16) (m, 1F);
HRMS (ESI, m/z) [M + H+] calcd for C14H17F2N2: 251.1355,
found 251.1354.

3-(2,2-Difluoroethyl)-3-methyl-2,3-dihydro-1H-benzo[d]-
pyrrolo[1,2-a]imidazole (3x). Colorless oil (35 mg, 74%
yield); purified by silica gel column chromatography (hexanes/
ethyl acetate mixtures 10:1−5:1 (v/v)); 1H NMR (400 MHz,
CDCl3) δ 7.74−7.69 (m, 1H), 7.33−7.27 (m, 1H), 7.25−7.20
(m, 2H), 6.03 (tt, J = 56.0, 4.8 Hz, 1H), 4.12−4.03 (m, 2H),
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2.79−2.72 (m, 1H), 2.54−2.48 (m, 1H), 2.44−2.23 (m, 2H),
1.51 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 164.4, 148.4,
132.1, 122.3, 122.0, 119.9, 116.1 (t, J = 240.1 Hz), 109.8, 42.9
(t, J = 20.8 Hz), 41.0, 40.7, 37.3 (dd, J = 5.9, 4.6 Hz), 25.3; 19F
NMR (376 MHz, CDCl3) δ −(111.91−112.93) (m, 1F),
−(113.24−114.24) (m, 1F); HRMS (ESI, m/z) [M + H+]
calcd for C13H15F2N2: 237.1198, found 237.1198.

4-(2,2-Difluoroethyl)-4-methyl-1,2,3,4-tetrahydrobenzo-
[4,5]imidazo[1,2-a]pyridine (3y). Colorless oil (42 mg, 84%
yield); purified by silica gel column chromatography (hexanes/
ethyl acetate mixtures 10:1−5:1 (v/v)); 1H NMR (400 MHz,
CDCl3) δ 7.74−7.72 (m, 1H), 7.32−7.24 (m, 3H), 6.10 (tt, J
= 56.2, 4.6 Hz, 1H), 4.17−4.12 (m, 1H) 4.06−4.00 (m, 1H),
2.54−2.34 (m, 2H), 2.22−2.09 (m, 3H), 1.94−1.89 (m, 1H),
1.55 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 156.6, 142.7,
134.5, 122.5, 122.3, 119.4, 116.7 (t, J = 242.4 Hz), 109.3, 44.8
(t, J = 20.6 Hz), 42.7, 34.6 (t, J = 5.1 Hz), 33.8, 27.8, 19.1; 19F
NMR (376 MHz, CDCl3) δ −(110.43−111.44) (m, 1F),
−(111.94−112.94) (m, 1F); HRMS (ESI, m/z) [M + H+]
calcd for C14H17F2N2: 251.1354, found 251.1357.

4-(2,2-Difluoroethyl)-4-methyl-3,4-dihydrobenzo[4,5]-
imidazo[1,2-a]pyridin-1(2H)-one (3z). Colorless oil (40 mg,
76% yield); purified by silica gel column chromatography
(hexanes/ethyl acetate mixtures 10:1−5:1 (v/v)); 1H NMR
(400 MHz, CDCl3) δ 8.29−8.24 (m, 1H), 7.73−7.69 (m, 1H),
7.41−7.36 (m, 2H), 6.19 (tt, J = 55.9, 4.6 Hz, 1H), 3.04−2.90
(m, 2H), 2.55−2.44 (m, 2H), 2.36−2.29 (m, 1H), 2.13−2.07
(m, 1H), 1.60 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 168.2,
158.6, 142.4, 131.5, 125.6, 125.5, 119.8, 116.0 (t, J = 239.0
Hz), 115.7, 43.2 (t, J = 21.4 Hz), 34.3 (t, J = 5.1 Hz), 32.4,
30.4, 25.5; 19F NMR (471 MHz, CDCl3) δ −(110.62−111.63)
(m, 1F), −(111.68−112.69) (m, 1F); HRMS (ESI, m/z) [M +
H+] calcd for C14H15F2N2O: 265.1147, found 265.1147.

4-(2,2-Difluoroethyl)-4,7,8-trimethyl-3,4-dihydrobenzo-
[4,5]imidazo[1,2-a]pyridin-1(2H)-one (3aa). White solid (42
mg, 71% yield); purified by silica gel column chromatography
(hexanes/ethyl acetate mixtures 10:1−5:1 (v/v)); 1H NMR
(400 MHz, CDCl3) δ 8.02 (s, 1H), 7.45 (s, 1H), 6.17 (tt, J =
56.0, 4.6 Hz, 1H), 3.00−2.86 (m, 2H), 2.52−2.41 (m, 2H),
2.37 (d, J = 7.7 Hz, 6H), 2.33−2.25 (m, 1H), 2.10−2.04 (m,
1H), 1.57 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 168.1,
157.7, 140.8, 134.7, 134.4, 129.8, 119.9, 116.1 (t, J = 239.0
Hz), 115.9, 43.2 (t, J = 21.5 Hz), 34.2 (t, J = 5.1 Hz), 32.5,
30.3, 25.4, 20.5, 20.4; 19F NMR (376 MHz, CDCl3) δ
−(110.58−111.59) (m, 1F), −(111.63−112.64) (m, 1F);
HRMS (ESI, m/z) [M + H+] calcd for C16H19F2N2O:
293.1460, found 293.1458; mp 127.9−128.8 °C.

8 - ( 2 , 2 - D i fl u o r o e t h y l ) - 2 , 3 - d i p h e n y l - 5 , 6 , 7 , 8 -
tetrahydroimidazo[1,2-a]pyridine (3ab). White solid (61 mg,
90% yield); purified by silica gel column chromatography
(hexanes/ethyl acetate mixtures 5:1−1:1 (v/v)); 1H NMR
(400 MHz, CDCl3) δ 7.49−7.38 (m, 5H), 7.34−7.31 (m, 2H),
7.20−7.16 (m, 2H), 7.13−7.09 (m, 1H), 6.57 (tdd, J = 57.2,
6.2, 3.3 Hz, 1H), 3.74−3.59 (m, 2H), 3.23−3.16 (m, 1H),
2.75−2.60 (m, 1H), 2.24−2.02 (m, 3H), 1.96−1.85 (m, 1H),
1.72−1.62 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 146.4,
136.8, 134.8, 131.1, 130.7, 129.0, 128.5, 128.2, 127.7, 126.8,
126.3, 117.3 (t, J = 238.6 Hz), 43.9, 38.9 (t, J = 21.1 Hz), 30.9
(dd, J = 7.5, 4.0 Hz), 27.8, 22.2; 19F NMR (376 MHz, CDCl3)
δ −(112.63−113.60) (m, 1F), −(117.73−118.70) (m, 1F);
HRMS (ESI, m/z) [M + H+] calcd for C21H21F2N2: 339.1668,
found 339.1665; mp 153.1−154.1 °C.

8-(2,2-Difluoroethyl)-5,6,7,8-tetrahydroimidazo[1,2-a]-
pyridine-2,3-dicarbonitrile (3ac). Colorless oil (34 mg, 72%
yield); purified by silica gel column chromatography (hexanes/
ethyl acetate mixtures 5:1−1:1 (v/v)); 1H NMR (400 MHz,
CDCl3) δ 6.29 (tdd, J = 56.4, 5.6, 3.4 Hz, 1H), 4.26−4.21 (m,
1H), 4.05−3.98 (m, 1H), 3.19−3.12 (m, 1H), 2.64−2.48 (m,
1H), 2.36−2.25 (m, 2H), 2.18−2.01 (m, 2H), 1.76−1.65 (m,
1H); 13C NMR (101 MHz, CDCl3) δ 152.5, 121.9, 116.0 (t, J
= 239.7 Hz), 111.9, 111.6, 108.1, 45.5, 37.6 (t, J = 22.0 Hz),
31.1 (dd, J = 7.0, 4.4 Hz), 26.8, 21.4; 19F NMR (376 MHz,
CDCl3) δ −(113.41−114.39) (m, 1F), −(118.09−119.10) (m,
1F); HRMS (ESI, m/z) [M + H+] calcd for C11H11F2N4:
237.0947, found 237.0944.

Dimethyl-8-(2,2-difluoroethyl)-5,6,7,8-tetrahydroimidazo-
[1,2-a]pyridine-2,3-dicarboxylate (3ad). White solid (46 mg,
76% yield); purified by silica gel column chromatography
(hexanes/ethyl acetate mixtures 5:1−1:1 (v/v)); 1H NMR
(400 MHz, CDCl3) δ 6.23 (tdd, J = 56.6, 5.2, 4.0 Hz, 1H),
4.37−4.32 (m, 1H), 4.09−4.02 (m, 1H), 3.90 (d, J = 5.3 Hz,
6H), 3.19−3.12 (m, 1H), 2.78−2.62 (m, 1H), 2.27−1.90 (m,
4H), 1.72−1.63 (m, 1H); 13C NMR (101 MHz, CDCl3) δ
163.4, 160.5, 149.6, 136.3, 124.0, 116.5 (t, J = 239.3 Hz), 52.4,
52.3, 45.6, 37.9 (t, J = 21.3 Hz), 30.9 (dd, J = 6.3, 5.0 Hz),
26.5, 21.6; 19F NMR (376 MHz, CDCl3) δ −(113.12−114.10)
(m, 1F), −(117.13−118.13) (m, 1F); HRMS (ESI, m/z) [M +
H+] calcd for C13H17F2N2O4: 303.1151, found 303.1150; mp
82.0−83.5 °C.

3-Ethy l -8 - (2 ,2 -d ifluoroethy l ) -3 -methy l -5 ,6 ,7 ,8 -
tetrahydroimidazo[1,2-a]pyridine-2-carboxylate (3ae). Col-
orless oil (43 mg, 79% yield); purified by silica gel column
chromatography (hexanes/ethyl acetate mixtures 5:1−1:1 (v/
v)); 1H NMR (400 MHz, CDCl3) δ 6.44−6.12 (m, 1H),
4.47−4.40 (m, 1H), 4.34−4.28 (m, 2H), 4.09−4.01 (m, 1H),
3.14−3.06 (m, 1H), 2.68−2.51 (m, 1H), 2.46−2.45 (m, 3H),
2.19−1.86 (m, 4H), 1.67−1.57 (m, 1H), 1.40−1.35 (m, 3H);
13C NMR (101 MHz, CDCl3) δ 161.2, 149.6, 147.0, 118.4,
116.7 (t, J = 239.0 Hz), 60.0, 45.6, 38.1 (t, J = 21.2 Hz), 30.8
(t, J = 5.6 Hz), 26.6, 21.8, 15.6, 14.3; 19F NMR (376 MHz,
CDCl3) δ −(113.16−114.16) (m, 1F), −(117.21−118.22) (m,
1F); HRMS (ESI, m/z) [M + H+] calcd for C13H19F2N2O2:
273.1410, found 273.1406.

1-(2,2-Difluoroethyl)-1-methyl-1,2-dihydro-3H-pyrrolo-
[1,2-a]indol-3-one (3ah). Colorless oil (30 mg, 64% yield);
purified by silica gel column chromatography (hexanes/ethyl
acetate mixtures 10:1−5:1 (v/v)); 1H NMR (400 MHz,
CDCl3) δ 7.55 (d, J = 7.7, 1H), 7.27 (d, J = 8.1, 1H), 7.19−
7.14 (m, 1H), 7.12−7.08 (m, 1H), 6.28 (s, 1H), 6.05 (tt, J =
56.5, 4.7 Hz, 1H), 4.19−4.13 (m, 1H), 3.96−3.89 (m, 1H),
3.32−3.24 (m, 1H), 2.57−2.41 (m, 1H), 2.26−1.97 (m, 4H),
1.69−1.59 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 139.1,
136.5, 127.9, 121.0, 120.1, 120.0, 116.7 (t, J = 239.2 Hz),
108.9, 97.6, 42.2, 39.2 (t, J = 20.8 Hz), 30.0 (t, J = 5.8 Hz),
27.3, 21.9; 19F NMR (376 MHz, CDCl3) δ −(113.68−114.68)
(m, 1F), −(115.21−116.21) (m, 1F); HRMS (ESI, m/z) [M +
H+] calcd for C14H16F2N: 236.1245, found 236.1245.

1-(2,2-Difluoroethyl)-1-methyl-1,2-dihydro-3H-pyrrolo-
[1,2-a]indol-3-one (3ai). Colorless oil (38 mg, 76% yield);
purified by silica gel column chromatography (hexanes/ethyl
acetate mixtures 10:1−5:1 (v/v)); 1H NMR (400 MHz,
CDCl3) δ 8.07−8.05 (m, 1H), 7.54−7.52 (m, 1H), 7.34−7.26
(m, 2H), 6.33 (s, 1H), 5.85 (tt, J = 55.8, 4.8 Hz, 1H), 3.23 (d,
J = 18.2 Hz, 1H), 2.93 (d, J = 18.2 Hz, 1H), 2.42−2.23 (m,
2H), 1.58 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 169.6,
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149.7, 134.9, 130.3, 124.5, 124.2, 121.1, 116.0 (t, J = 239.8
Hz), 114.1, 99.6, 49.2, 44.6 (t, J = 20.7 Hz), 35.3 (t, J = 5.2
Hz), 28.5; 19F NMR (376 MHz, CDCl3) δ −(112.49−113.49)
(m, 1F), −(113.59−114.60) (m, 1F); HRMS (ESI, m/z) [M +
H+] calcd for C14H14F2NO: 250.1038, found 250.1036.

5-(2,2-Difluoroethyl)-5,6-dihydrobenzo[4,5]imidazo[2,1-
a]isoquinoline (5). Colorless oil (43 mg, 76% yield); purified
by silica gel column chromatography (hexanes/ethyl acetate
mixtures 5:1−1:1 (v/v)); 1H NMR (400 MHz, CDCl3) δ
8.35−8.32 (m, 1H), 7.87−7.82 (m, 1H), 7.50−7.42 (m, 2H),
7.40−7.28 (m, 4H), 5.78 (tdd, J = 56.2, 3.5, 3.1 Hz, 1H), 4.46
(dd, J = 12.8, 2.2 Hz, 1H), 4.32−4.27 (m, 1H), 3.60−3.55 (m,
1H), 2.22−1.96 (m, 2H); 13C NMR (101 MHz, CDCl3) δ
148.4, 144.1, 136.6, 134.9, 130.6, 128.6, 127.9, 126.3, 126.0,
123.1, 122.8, 119.9, 115.9 (t, J = 239.7 Hz), 109.1, 44.8, 37.9
(t, J = 21.2 Hz), 33.2 (dd, J = 6.5, 3.5 Hz); 19F NMR (376
MHz, CDCl3) δ −(115.22−116.20) (m, 1F), −(117.13−
118.15) (m, 1F); HRMS (ESI, m/z) [M + H+] calcd for
C17H15F2N2: 285.1198, found 285.1199. The spectral data
were in accordance with the literature.26

General Procedure for Gram-Scale Synthesis of 3a.
To a 100 mL sealed tube equipped with a rubber septum and a
magnetic stirring bar, 1a (6.0 mmol), 2 (9.0 mmol), and fac-
Ir(ppy)3 (0.12 mmol) were added. The tube was evacuated
and backfilled with N2 three times, and CH3CN (30 mL) was
added. The mixture was stirred and irradiated with 5 W blue
LEDs at room temperature. After the reaction was completed
(monitored by TLC), the crude mixture was purified directly
by flash column chromatography on silica gel using petroleum
ether and ethyl acetate (10:1−5:1, v/v) as the eluent to obtain
3a in 74% yield (1.05 g, colorless oil).
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