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Metal-Free Radical [2+2-+1] Carbocyclization of Benzene-Linked 1,n-
Enynes: Dual C(sp®)—H Functionalization Adjacent to a Heteroatom**

Ming Hu, Jian-Hong Fan, Yu Liu, Xuan-Hui Ouyang, Ren-Jie Song, and Jin-Heng Li*

Abstract: A new metal-free oxidative radical [2424-1] carbo-
cyclization of benzene-linked 1,n-enynes with two C(sp’)—H
bonds adjacent to the same heteroatom is described. This
method achieves two C(sp’)—H oxidative functionalizations
and an annulation, thus providing efficient and general access
to a variety of fused five-membered carbocyclic hydrocarbons.

Complex polycyclic hydrocarbons, including carbocyclic
compounds containing fused five-membered rings
(Scheme 1), are privileged structural elements in chemical
biology and material sciences.? Numerous methods have
thus been developed to access these carbocyclic frameworks,
but many face limitations associated with the use of unavail-
able starting materials or require several synthetic steps with
low overall yields."! Therefore, the development of general
methods, especially one-pot strategies, of producing these
structures from readily available starting materials is strongly
desired.

The direct cyclization of 1,n-enynes using [242+4m]
annulation strategies is one of the most rapid and convenient
ways to build diverse fused polycyclic hydrocarbons. Typ-
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Scheme 1. Examples of compounds containing fused five-membered
carbocyclic rings.
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ically, the [242+1] carbocyclization of 1,n-enynes with a one-
carbon unit is an appealing route to the five-membered fused
carbocyclic ring systems.“*! However, the majority of such
transformations focus on the use of CO as a one-carbon unit
(the Pauson—-Khand-type reaction).”) C—H oxidative coupling
reactions have recently proven to be powerful methods for
constructing C—C bonds'® by oxidative coupling with a C-
(sp’)—H bond in ethers, cycloalkanes, common alkanes, and
carbonyl compounds.”! We reasoned that similar compounds,
containing two reactive C(sp’)—H bonds on the same carbon
atom, might be used as a one-carbon unit for 1,n-enyne
[242+41] carbocyclization through a dual C(sp*)—H function-
alization. Herein, we report the first radical [2+2+1] carbo-
cyclization™ of benzene-linked 1,n-enynes (n =6, 7) with two
C(sp’)~H bonds which are adjacent to a heteroatom: The
reaction proceeds with tert-butyl perbenzoate (TBPB) oxida-
tion under metal-free conditions, thereby providing a general
and straightforward means of accessing various fused five-
membered carbocyclic hydrocarbons, including cyclopen-
ta[c]chromen-4-ones, cyclopenta[c]chromenes, cyclopenta[b]-
benzofuran, and cyclopentala]indene (Scheme 2). In this
transformation, three new C—C bonds and two new rings
are constructed in one reaction through a double C(sp®)—H
oxidative functionalization and annulation sequence.
Initially, we focused our efforts on optimizing the reaction
conditions for the [2+2+1] carbocyclization reaction between
N-methyl-N-(2-(phenylethynyl)phenyl)methacrylamide (1a)
and 1,4-dioxane (2a; Table 1). After a series of trials, treat-
ment of the 1,7-enyne 1a with 2a and TBPB at 110°C for
12 hours afforded the desired cyclopenta[c]chromen-4-one
3aa” in the highest yield (entry1). A number of other
oxidants, including tert-butyl hydrogenperoxide (TBHP), di-
tert-butyl peroxide (DTBP), benzoyl peroxide (BPO), dicu-
mylperoxide (DCP), and PhI(OAc),, were subsequently
investigated (entries 2-6), and they were found to be less
effective than TBPB (entries 2-5 versus entry 1), and PhI-
(OAc), proved to be an ineffective oxidant for this carbocyc-
lization reaction (entry 6). While a higher amount of TBPB
had no effect on the reaction (entry 7), a lower amount of
TBPB had a negative effect (entry8). Screening of the
reaction temperatures revealed that using 130°C afforded
3aa in the same yield as that using 110°C (entry 9), but when
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Scheme 2. [2+2+1] carbocyclization through a double C(sp*)—H oxida-
tive coupling.
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Table 1: Screening of optimal reaction conditions.?!

o
@\/ 7[ _ TBPB(2equy) /
)H/ 110°C, Ar, 12 h

N [e]

|3aa
Entry  Variation from the standard reaction conditions  Yield [%]"
1 none 76
2 TBHP instead of TBPB 53
3 DTBP instead of TBPB 19
4 BPO instead of TBPB 69
5 DCP instead of TBPB 32
6 Phl(OAc), instead of TBPB trace
7 TBPB (3 equiv) 76
8 TBPB (1.5 equiv) 55
9 At 130°C 74
10 At 100°C 26
11 2a (20 equiv) in benzene (0.5 mL) 76
121 none 71

[a] Reaction conditions: Ta (0.3 mmol), 2a (2 mL), TBPB (2 equiv),
argon, 110°C and 12 h. TBHP (5™ in decane). Some by-products,
including the vinyl C—N bond-decomposition products, were observed.
The d.r. value of the product was 3:1, as determined by '"H NMR
spectroscopic analysis of the crude product. [b] Yields of isolated
product. [c] 1a (1 g, 3.64 mmol) and 2a (6 mL) for 36 h.

the reaction was run at 100°C the yield was lowered to 26 %
(entry 10). Gratifyingly, the reaction could be performed at
a loading of 20 equivalents 2a in benzene (entry 11). A good
yield could be achieved for a gram-scale reaction of la
(entry 12).

After the optimal reaction conditions were determined,
the scope of this [242+1] carbocyclization protocol with
regard to the two C(sp’)—H bonds adjacent to a heteroatom
(Scheme 3) as well as benzene-linked 1,n-enynes (Scheme 4)
was exploited. As shown in Scheme 3, a variety of C(sp’)—H
bonds adjacent to an oxygen atom (2b-g), a sulfur atom
(tetrahydro-2 H-thiopyran; 2h), or a nitrogen atom (2i) were
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Scheme 3. Variation of the C(sp®)—H bonds adjacent to the heteroatom
(2). [a] Reaction conditions: Ta (0.3 mmol), 2 (2 mL), TBPB (2 equiv),
argon, 110°C, and 12 h. The d.r. value is given within parentheses and
was determined by '"H NMR spectroscopic analysis of the crude
product. [b] At 130°C for 24 h.
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first investigated in the presence of la and TBPB. The
optimal reaction conditions were compatible with a wide
range of ethers (2b—g), thus providing 3ab-ag in moderate to
good yields. For example, 2,3-dihydrobenzo[b][1,4]dioxine
(2b) or 2,3-dihydrobenzofuran (2d) were successfully con-
verted into 3ab (73%) and 3ad (57 %), respectively. The
acyclic ethers 2¢ and 2g also reacted to give 3ac and 3agl,
respectively, in moderate yields. When using tetrahydrofuran
(2e) or tetrahydro-2H-pyran (2 f), the reaction afforded high
yields of the corresponding 3ae and 3af. Gratifyingly,
tetrahydro-2H-thiopyran (2h) reacted with 1a and TBPB,
thus resulting in 3ah in 52 % yield. Unfortunately, the attempt
to cyclize the amine 2i failed to form 3ai.

We next set out to investigate the scope of the benzene-
linked 1,n-enynes (1) in reactions with 2a and TBPB
(Scheme 4). The [24241] carbocyclization protocol was
applicable to various benzene-linked 1,n-enynes, namely
aniline-linked 1,7-enynes (1b-y), phenol-linked 1,7-enynes
(1z—aa), the phenol-linked 1,6-enyne lab, and benzene-
linked 1,6-enyne lac. First, substitution effects were exam-
ined by using the substrates 1b-y. The 1,7-enynes 1b and 1c,
having a N-Bn group or a free N-H group, respectively,
reacted with 2a and TBPB to deliver the corresponding
products 3ba and 3ca in good yields. However, the 1,7-enyne
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Scheme 4. [24+24-1] Carbocyclization of the 1,n-enynes (1) with 2a.
[a] See Table 1 and Scheme 3. The d.r. value is given within parenthe-
ses and was determined by 'H NMR spectroscopic analysis of the
crude product. Ts =4-toluenesulfonyl.
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1d, which has an N-Ts group, was unreactive and resulted in
no formation of 3da. These results demonstrated that both
aryl and alkyl groups at the alkyne terminus were tolerated
under the optimal reaction conditions (3 ea—pa). It was noted
that the electron-rich aryl groups led to a higher reactivity
(3ea and 3ja) than the electron-deficient aryl groups (3 fa—
ia). Because the naphthalen-1-yl-, pyridin-3-yl-, and thiophen-
3-yl-containing alkynes 1k-m showed good reactivity, the
products 3ka-ma were obtained in 63-76% yields. When
using the aliphatic alkynes 1n—p, even with a bulky fert-butyl
or a cyclopropyl group, the reaction still achieved high yields
(3nma—pa). Screening revealed that the 1,7-enynes 1q and 1r,
having a Bn group and a Ph group, respectively, at the 2-
position of the acrylamide moiety were smoothly converted
into the corresponding 3qa and 3ra in good yields. For the 1,7-
enyne 1s, which has a 2-monosubstituted acrylamide moiety,
the chemoselectivity was shifted toward the formation of the
spiro[cyclopenta[c]quinoline-2,2"-[1,4]dioxan]-4(1 H)-one 3sa
rather than spiro[cyclopenta[c]quinoline-2,2'-[1,4]dioxan]-4-
(5 H)-one. Several substituents, namely Me, Cl, F, and CF;, on
the aromatic ring of the aniline moiety were well-tolerated
(3ta—ya), and steric bulk has no effect on this reaction (3ta,
3wa,’l and 3ya). In the case of the phenol-linked 1,1-enynes
1z-ab, three oxygen-containing polycyclic hydrocarbons,
namely the cyclopenta[c]chromen-4-one 3za, cyclopenta[c]-
chromene 3aaa, and cyclopenta[b]benzofuran 3aba, were
constructed in 53-81% yields. Interestingly, the important
cyclopentala]indene skelecton (3aca) could be formed using
the benzene-linked 1,6-enyne 1ac.

Control experiments [Eq (1); TEMPO =2,2,6,6-tetrame-
thylpiperidin-1-yl)oxyl] showed that the reaction of 1a with
2a and TBPB was completely suppressed when a stoichio-
metric amount of radical inhibitors, including TEMPO,
hydroquinone, and BHT, were added. Notably, the product
4a was formed from 2a and TEMPO. These results suggest
that this [242+1] carbocyclization is initiated by the forma-
tion of alkyl radicals from ethers 2.

The mechanism for this [24-2+1] carbocyclization reac-
tion was proposed on the basis of the present results and
previous reports (Scheme 5).°%1% Tnitially, the C(sp’)—H

o)
Ph _>
o
©\/ 7[ j TBPB (2 equiv) l .
)Y 110°C, Ar, 12 h o
N o)

Additive
TEMPO
hydroquinone
2,6-di-tert-butyl-4-methylphenol (BHT)

Yield of 3aa
trace [ j/
trace

trace 4a, 92%

bond adjacent to the oxygen atom in 2a is broken to deliver
the alkyl radical A by TBPB under heating (supported by the
formation of 4a)."%! Subsequently, the addition of A across
a C—C double bond in the enyne 1 produces the radical
intermediate B, followed by cyclization with a C—C triple
bond to afford the vinyl radical intermediate C. The
intermediate C the undergoes a 1,5-H shift, followed by
a radical cyclization with the C—C double bond, mainly
through a backside attack of the C(sp?)—Ph bond to selec-
tively form the radical intermediate E."” The intermediate E
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Scheme 5. Possible reaction mechanism.

then reacts with TBPB, thus leading to the cation intermedi-
ate F¥ Finally, loss of a proton from F affords the product
3aa.

In summary, we have developed a metal-free radical
[242+1] carbocyclization reaction of benzene-linked 1,n-
enynes with two C(sp®)—H bonds adjacent to a heteroatom.
THE process involves a dual C(sp®)—H oxidative functional-
ization and annulation sequence. Diverse fused five-mem-
bered carbocyclic hydrocarbons were assembled in a straight-
forward manner. This method represents the first example of
the oxidative functionalization of two C(sp’)~H bonds
adjacent to a heteroatom by a metal-free radical process.
Furthermore, this reaction exhibits a broad substrate scope
and excellent functional-group tolerance. Further studies of
the enantioselective aspects and applications of 1,n-enyne
oxidative radical cyclizations are currently underway in our
laboratory.

Keywords: carbocycles - enynes - heterocycles - peroxides -
radicals
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