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ABSTRACT: Copper-catalyzed arylcarbocyclization reaction
of alkynes was realized with diaryliodonium salts through
C−C bond formation on an inert C(sp3)−H bond. This method
provides an efficient cyclization of alkyl alkynes to generate
carbocycles with good step-economy. Theoretical study revealed an interesting Cu-catalyzed concerted pathway of the C−C bond
formation.

C−C bond formation on an inert C−H bond features good
atom- and step-economy and hence has attracted much interest.
This strategy provides an alternative to traditional functional
group synthesis, which is hardly in line with the concept of green
chemistry. According to the recent literature, major achieve-
ments in this field focused on the activation of the C(sp2)−H
bond,1 while the report of inert C(sp3)−H bond activation is
relatively rare.2 A part of the reported work concerning C(sp3)−H
bond activation mainly dealt with relatively active allylic and
benzylic C−H bonds.3 While the tougher goal on the unreactive
C(sp3)−H bonds has been successively accomplished by many
groups lately, it is a bit flawed in that most of the approaches
require a suitably situated heteroatom (e.g., adjacent N or
O atom),4 directing groups,5 and/or the aid of precious metal
catalysts (often in carbenoid chemistry).6 Hence, the C−C
bond formation on an inert C(sp3)−H bond (e.g., a C(sp3)−H
bond in a alkyl chain) is still particularly challenging, especially
for regioselective cases. Herein, we report an arylcarbocyclization
reaction of acetylenes with diaryliodonium salts through C−C
bond formation on an inert C(sp3)−H bond. Such a reaction
enabled an efficient cyclization of simple alkylacetylenes to give
carbocycles with good step-economy (Scheme 1).

Lately, diaryliodonium salts, Ar2I
+X−, have received consid-

erable attention due to their powerful arylation for numerous
nucleophiles to produce valuable aromatic compounds in a new
reaction mode.7 During our synthetic study with diaryliodonium
salts,8 we were tempted to explore their capability to induce
arylcyclization reaction of alkynes.9 The initial investigation

stemmed from the reaction of 1-phenyl-1-hexyne 1a with
diphenyliodonium hexafluorophosphate 2a. It is delightful to
observe that in the presence of Cu(OTf)2 (10 mol %) 1a could
be conjugated with a phenyl group of 2a. More importantly, a
dramatic cyclization occurred between the C1 and C5 positions
to give product 3a, in which a new C−C bond was formed on the
traditionally inert C(sp3)−H bond of the alkyl chain (eq 1).

The primary result showed us an efficient way to generate
1,2-diphenyl cyclopentene much easier compared with some
known methods,10 which encouraged us to seek the best reacting
conditions (Table 1). Different metal salts were examined as
catalysts, and Cu(OTf)2 proved to be the best one. CuBr and
Fe(OTf)2 showed lower catalytic activity, and no reaction was
observed in the presence of Ni(OTf)2 as well as in the absence of
any metal catalyst (entries 1−5). Surprisingly, when the amount
of the Cu(OTf)2 was decreased to 5 mol %, a better yield
of desired product was detected (entry 10). Moreover, it was
crucial to observe that a dramatic anion ef fect, indicating that
diaryliodonium salt with PF6

−, showed much better activity than
other anions including OTf−, Cl−, and BF4

− (entries 11−13).
While optimizing the reaction conditions (for more details,
see the Supporting Information), we noticed that the reaction
was quite sensitive to moisture so that the system had to be
completely free from moisture. After various attempts, optimal
conditions were found (Table 1, entry 10). It should be noted
that 3a was isolated in 75% yield by slow column chromato-
graphy with hexane with small amount of 3a′, a double-bond
migrating isomer (ca. 10%).
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Scheme 1. Arylcarbocyclization Reaction of Alkynes with
Diaryliodonium Salts through C−C Bond Formation on the
C(sp3)−H Bond
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With the optimized conditions established, the scope of this
novel cyclization process was first explored by varying the sub-
stituents on alkynes 1 (Scheme 2). When alkynes with extended

alkyl groups (1b−e) were employed, the corresponding 1,2-
diphenyl-substituted cyclopentene derivatives were isolated in
fairly good yields with a regioselectivity forming the product of
five-membered ring instead of any larger one. In addition, alkynes
bearing a shorter alkyl chain such as 1-phenyl-1-pentyne gave
fewer desired products. Alkynes with different functional groups
(1f, 1g) on the phenyl ring at C1 position also worked well to give
desired products. Next, we challenged alkynes with branched-
chain alkyl groups (1h−k) possessing tertiary C−H bonds.
To our delight, 1,2-diphenyl-3,3-dimethylcyclopentene 3h and
more complicated product 3k were also obtained with good
selectivity in synthetically useful yield. However, when alkyne 1z
(1,5-diphenylpentyne) was used, a Friedel−Crafts-type reaction
took place instead of C−H activation to give product 4, whose
structure was clearly shown by X-ray diffraction (see the SI). This
type of reaction with alkyne was reported by Gaunt et al. very
recently, where diphenyliodonium triflate was used instead.9

Inspired by the successful arylcarbocyclization of various
alkyl acetylenes, a variety of symmetric and unsymmetric
diaryliodonium hexafluorophosphates 2 were investigated with

alkyl acetylene 1h (listed in Scheme 3). Symmetric diary-
liodonium hexafluorophosphates with halogen and methyl
substituents (2b−2e) reacted smoothly with 1a producing the
corresponding products in excellent yields. The structure of 3l
was unequibocally confirmed with X-ray diffraction (Figure 1, left).

Unsymmetric 2f enabled the reaction with 1h and 1k to transfer
aryl groups generating corresponding para-substituted arylated
products. It is also pleasant to find that aryl(mesityl)-iodonium
salts (2g−2i) could also accommodate substituents at the
meta positions on arene groups to conduct the transformation.
Few product was observed when the reaction was carried out
with ortho-substituted iodonium salt or diaryliodonium salt with
strongly electron-withdrawing group.
Inspired by the facile and efficient cyclization reactions of the

alkylacetylenes, we made further attempts to use more compli-
cated molecules, for instance, some spirocyclic compounds
utilizing this new strategy. Direct construction of spirocyclic
molecules through a forming C−C bond at the spiro-center has
always been a challenging subject because of the steric hindrance
and indeterminate reactivity of the functionalized tertiary carbon
atom.11 Our findings might disclose a potential way to spiro-cyclic
molecules through forming C−C bonds at a tertiary carbon atom
without prefunctionality. For this goal, acetylenes 1l and 1m were

Table 1. Condition Optimization of Arylcarbocyclization of
Alkyne 1a

entry catalyst (mol %) X− solvent temp (°C) yielda (%)

1 Cu(OTf)2 (10) PF6 DCE 60 78
2 CuBr (10) PF6 DCE 60 63
3 Ni(OTf)2 (10) PF6 DCE 60 0
4 Fe(OTf)2 (10) PF6 DCE 60 21
5 none PF6 DCE 60 0
6 Cu(OTf)2 (10) PF6 DCM 60 70
7 Cu(OTf)2 (10) PF6 EtOAc 60 0
8 Cu(OTf)2 (10) PF6 DCE 40 57
9 Cu(OTf)2 (10) PF6 DCE 80 32
10 Cu(OTf)2 (5) PF6 DCE 60 83b

11 Cu(OTf)2 (5) OTf DCE 60 53
12 Cu(OTf)2 (5) Cl DCE 60 0
13 Cu(OTf)2 (5) BF4 DCE 60 0

aDetermined by GC analysis using dodecane as an internal standard.
bIsolated yield: 75%.

Scheme 2. Reaction Scope of Alkynes with 2a

aAround 15% of double-bond migrating isomers were observed. bThe
reaction was carried out at 30 °C.

Scheme 3. Various Diaryliodionium Salts with 1h

aThe reaction was preformed at 100 °C for 8 h. bThe reactant was
5-methyl-1-phenyl-1-heptyne 1k. c2 equiv of diaryliodonium salts was
added.

Figure 1. Crystal structure of 3l (left) and 3w (right). Hydrogen atoms
are omitted for clarity.
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easily prepared through Cu-catalyzed Kumada-coupling reac-
tions.12 To our delight, the newly developed method could be
applied to substrates like 1l and 1m giving 1,2-diaryl-substituted
spiro compounds in high isolated yields with elegant selectivity
(3u−x, Scheme 4), and the structure of 3w was clearly confirmed

by X-ray diffraction (Figure 1, right). Such a straightforward
process might vitally reduce the synthetic steps of carbocycles
with complicated structures.
Recent reports have shown that the diaryliodonium salts

could generate Ar−Cu(III) species in situ in the presence of
Cu(OTf)2.

13 These Ar−Cu(III) I species are generally highly
electrophilic and could be easily attacked by acetylene to produce
vinylcopper(III) species II, resembling a vinylic cation III
(Scheme 5).9,14 Various vinylic cation species were previously

generated via alkylation or acylation of acetylenes and found
to form a C−C bond on the C(sp3)−H bond via a concerted or
stepwise pathway, depending on the substituents.14a,b Hence, in
the case of acetylene with an appropriate alkyl chain, vinyl-
copper(III) species II would initiate the activation of C−H bond
and form C−C bond via a concerted process (pathway A). This
hypothesis is preferred by theoretical calculations (vide infra).
On the other hand, the reactivity of vinylcopper(III) species II
resembled that of the vinyl cation, which would initiate a 1,5-
hydride migration to give alkyl cation V (pathway B). The cation
V would undergo cyclization on the double bond to produce 3.
To seek the possibility of this pathway, alcohol 5b was prepared
according to a known procedure (see SI) and treated with Tf2O
to generate the proposed cationic intermediate 6b. However, the
cyclization of 6b produced a mixture of four isomers, and 3b was
only the minor product among them (eq 2).15

To shed more light on the reaction mechanism at the
molecular level, density functional theory (DFT) calculations were
then conducted. The mechanism obtained from DFT calculations

inspired by the experimental results and the known research
work10 is described in Figure 2 (upper), taking the reaction of 1b

and 2a as an example. The diaryliodonium salt combined with
copper catalyst to generate the species of C which is highly
electrophilic.9,13 It would attack C−C triple bond and form a
three-membered ring intermediateD through of aryl transfer. It is
remarkable that TSD−E proves to be the transition state for the
further cyclization process since concerted insertion of
vinylcopper(III) into the C(sp3)−H bond is preferred instead of
forming a carbocation intermediate. From Figure 2 (bottom), it is
likely that the formation of Ar−Cu(III) species B, rather than a
C−H activation process from D, is the rate-determining step.
Copper catalyst is also likely to be involved in the C−H activation
process, since its dissociation from D need to consume a certain
free energy that is larger than the free energy barrier of the
subsequent C−H activation with copper catalyst in the system, as
shown in Figure 2 (bottom).16

Cyclic alkenes are important synthetic intermediates, organic
optic materials, and motifs in natural products. The newly formed
alkenes 3a and 3h were simply applied to a photocyclization
reaction to produce phenanthrene derivatives 7a and 7h in high
yields, respectively (eq 3).17

In summary, we reported a novel arylcarbocyclization reaction
of alkynes induced by diaryliodonium salts. This new finding
of iodonium chemistry disclosed an efficient way to generate

Scheme 4. Synthesis of Spiro Compounds

Scheme 5. Discussion of Two Pathways

Figure 2.DFT-calculated pathway of reaction of 1bwith 2a catalyzed by
CuOTf (top); comparison of different C(sp3)−H activation steps in DFT
calculations (bottom).
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carbocycles and even spirocycles with alkylalkynes via C−C bond
formation on an inert C(sp3)−H bond. Theoretical study revealed
an interesting Cu-catalyzed concerted pathway of the C−C bond
formation.
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