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ABSTRACT: A free-radical mediated highly ordered radical addition/
cyclization/(sp3)C−C(sp3) formation domino reaction is developed.
Three new C−C bonds are formed one by one in a mixed system.
Furthermore, it represents the first example of cascade C−C bond
formation via selective functionalization of α-hydroxyl-C(sp3)−H in
fluorinated alcohols.

A biosystem usually utilizes domino or cascade reactions
constructing multiple bonds in one single step.1 A well-

known example is that lanosterol is efficiently prepared from
2,3-oxidosqualene via a cyclase-catalyzed cyclization/rearrange-
ment/hydride shift cascade.2 In light of the efficiency and step
economy of this strategy, increasingly more bioinspired domino
methodologies by transition-metal catalysis as well as organo-
catalysis have been developed in the past decades.3 Of par-
ticular interest are free-radical-initiated cascade reactions, which
had been extensively studied in the past century.4 However,
most of these systems are rarely applied in the synthesis of
natural products and pharmaceuticals because of stoichiometric
transition metals and overdependence on highly toxic organo-
tins. To overcome these limitations, some tin-free systems have
been explored.5 Recently several peroxide-mediated radical
addition/cyclization cascade reactions by selective functional-
ization of (sp3)C−H bonds have been achieved. These strat-
egies have been successfully used to form various bioactive
heterocycles such as phenanthridines6 by using simple alkanes,
alcohols, and ethers.
Among them, radical-initiated selective sp3-α-C−H function-

alization of simple aliphatic alcohols are of great interest to
synthetic chemists.7 In the past several years, a series of radical
C−C bond formations using alcohols have been developed by
Tu,8 Han and Pan,9 us,10 and others.11 However, a long-standing
challenging problem is how to simultaneously introduce the
hydroxyl and trifluoromethyl or polyfluoroalkyl groups into
organic molecules through direct functionalization of α-hydroxyl-
(sp3)C−H in trifluoroethanol (TFE) and polyfluorinated alco-
hols. Although the corresponding fluorinated aldehydes
have been engaged in C−C formation,12 these aldehydes are
generally unstable, scarce, and volatile. In contrast, polyfluori-
nated alcohols are used as solvent quite often due to its high
stability, commercial availability, and abundance. Therefore,
direct C−C bond construction using TFE and polyfluorinated
alcohols is highly desirable. Unfortunately, this transformation
has very rarely been investigated in recent years. The first
example of direct C−C bond formation of quinoline with TFE

by γ-irradiation was reported by Sugimori and co-workers
30 years ago.13 The second example was accomplished by reac-
tion of styrene with supercritical TFE.14 Both cases are suffered
from harsh reaction conditions and very low yields. The last,
also the most closely successful, method was developed by
Krische and co-workers very recently.15 They achieved an effi-
cient Ru-catalyzed cross-coupling of allenes with fluorinated
alcohols. However, only those fluorinated alcohols with at least
two β-hydrogen atoms and primary alcohols are effective in this
system.
Although the bond dissociation energy (BDE) of the C−H

in TFE (92.5 kcal/mol) is only 1 kcal/mol higher than that in
ethanol (91.5 kcal/mol),16 redox-promoted dehydrogenation of
fluorinated alcohols is usually difficult. It should be due to the
high energetic barrier of β-hydride elimination and reversibility
in the dehydrogenation step.17 Considering the efficiency
of radical domino reactions and our previous studies,18 we
hypothesized whether C−C formation could occur with TFE
and polyfluorinated alcohols by using a radical cascade strategy
(Scheme 1). Fortunately, we successfully achieved a metal-free
radical methylation/cyclization/(sp3)C−C(sp3) formation
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Scheme 1. Strategies for C−C Formation with
Polyfluorinated Alcohols
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domino reaction of isonitriles with TFE and polyfluorinated
alcohols. The present method is the first, to the best of our
knowledge, broadly practical and applicable C−C bond for-
mation with TFE and polyfluorinated alcohols.
Initially, in continuation of our studies on radical cascade

reactions of biarylisonitriles with alcohols, the reaction of TFE
and 2-isocyano-5-methyl-1,1′-biphenyl was carried out (Table 1).

No reaction occurred using TBHP (tert-butyl hydroperox-
ide, in decane) as the radical initiator (entry 1). Surprisingly,
1,1,1-trifluoro-3-(2-methylphenanthridin-6-yl)propan-2-ol was
isolated in 18% yield while using DTBP (di-tert-butyl peroxide)
(entry 2). Considering the methylene group should come
from either peroxide or t-BuOH, other peroxides as well
as solvent were screened. Over 100 optimizing reactions
were carried out (see Supporting Information (SI)). Finally,
DCP (dicumyl peroxide) and a mixture of t-BuOH/TFE
were chosen as the radical initiator and solvent, respectively.
Next, we studied the scope of this radical cascade reaction

(Table 2). As depicted in Table 2, a variety of biaryl isocyanides
and polyflorinated alcohols are amenable to this system
(1−15). The aryl substituents such as alkyl, halides, and
methoxyl groups can be well-tolerated (1−12). Gratifyingly,
an array of polyflorinated alcohols except for TFE, such as
1,1,1,3,3,3-hexafluoropropan-2-ol, 2,2,3,3,3-pentafluoropropan-
1-ol, 2,2,3,3-tetrafluoropropan-1-ol, and 2,2,3,3,4,4,4-hepta-
fluorobutan-1-ol also gave the corresponding products in mod-
erate yields (13−15).
Inspired by these results and the previous radical cascade

methylation of oxindoles and phenanthridines,19 we began
to question whether 6-methylated phenanthridines also can
be formed with the (sp3)C−C(sp3) bond using TFE and
polyfluorinated alcohols. As we expected, an array of
1,1,1-trifluoro-3-(phenanthridin-6-yl)propan-2-ols can be
conveniently synthesized via 6-methylated phenanthridines
with TFE and polyfluorinated alcohols under the typical reac-
tion conditions (Table 3). As demonstrated in Table 3, various
6-methylated phenanthridines and fluorinated alcohols gave
the desired products in good yields (1−17). However,
2-methylquinaline and 1-methylisoquinoline are not amenable
to this system.

In order to investigate the mechanism, a series of control
experiments and mechanistic studies have been carried out. As
demonstrated in our previous research on methylation of biaryl
isonitriles, it is believed to proceed via a radical-mediated
addition/cyclization cascade process. We consider that the C−C
formation of 6-methylated phenanthridines with fluorinated
alcohols might be a Friedel−Crafts pathway. Therefore,
CF3CHO (75 wt % solution in H2O) and 1-ethoxy-2,2,2-
trifluoroethan-1-ol were chosen to test this hypothesis (eqs 1−6).
As shown below, the desired products were obtained in good
yields by using these surrogates. Gratifyingly, we also detected the
1-(tert-butoxy)-2,2,2-trifluoroethan-1-ol by GC-MS analysis (SI),
which further confirms the mechanism. In addition, an array of
radical trapping experiments through electron paramagnetic
resonance (EPR) were also done. However, the corresponding
α-OH−C-centered radical in TFE has not been detected by EPR,
which might be due to the instability of this radical intermediate.
Based on the literature20 and our analysis, a suggested

mechanism is shown in Scheme 2. Homolysis of DCP followed

Table 1. Modification of the Typical Reaction Conditionsa

entry peroxide solvent (mL) yields (%)

1 TBHP t-BuOH/TFE (4/1, 5) −
2 DTBP t-BuOH/TFE (4/1, 5) 18
3 DCP t-BuOH/TFE (4/1, 5) 48
4 DCP t-BuOH/TFE (2/1, 3) 35
5 DCP t-BuOH/TFE (5/1, 6) 48
6 DCP t-BuOH/TFE (4/1, 2.5) 28
7 DCP t-BuOH/TFE (4/1, 10) 51
8b DCP t-BuOH/TFE (3/1, 4) 38
9b DCP t-BuOH/TFE (3/1, 8) 53

aReaction conditions: isonitrile (1 equiv, 0.2 mmol), peroxide
(2 equiv, 0.4 mmol), 130 °C, 24 h, unless otherwise noted. bReaction
conditions: isonitrile (1 equiv, 0.1 mmol), peroxide (3 equiv,
0.3 mmol), 130 °C, 24 h, unless otherwise noted. cIsolated yields.

Table 2. Metal-Free Radical Reaction of Isonitriles with TFE
and Polyfluorinated Alcoholsa,b

aReaction conditions: isonitrile (1 equiv, 0.1 mmol), DCP (3 equiv,
0.3 mmol), t-BuOH (6 mL), polyfluorinated alcohol (2 mL), 130 °C,
24 h. bIsolated yields.
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by β-cleavage would form the methyl radical and byproduct
acetophenone. Subsequently, hydrogen abstraction of the
α-hydroxy-C−H of TFE by the methyl radical forms radical
intermediate A, which is quickly converted to CF3CHO by
the methyl radical. Then the hemiacetal 1-(tert-butoxy)-2,2,2-

trifluoroethan-1-ol is produced. On the other hand, addition of
the methyl radical to biaryl isonitrile gives radical B, which
cyclizes to the aromatic core followed by hydrogen atom
transfer generating 6-methyl phenanthridine. Isomerization
of phenanthridine leads to an active enamine. Reaction of
hemiacetal with the enamine gives the final product, which joins
the two pathways together. The reason why this reaction is
described as a highly ordered tandem process is because
there are at least two possible competing pathways. One
is the radical addition to isonitrile by radical A which would
compete with the methyl radical. The concentrate of the radical
intermediates would be responsible for the priority. The other
is condensation of hemiacetal with acetophenone. This system
being nearly neutral might be the possible reason.
In summary, a highly ordered metal-free radical methyl-

ation/cyclization/(sp3)C−C(sp3) formation domino reaction
of isonitriles with TFE and/or polyfluorinated alcohols has
been developed. It provides an efficient method to construct a
C−C bond by selective functionalization of α-hydroxyl-
C(sp3)−H in polyfluorinated alcohols. Additionally, the
extremely high order in this case indicates that facile access
to pharmaceuticals could be well-controlled by a radical
triggered domino strategy.
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