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ABSTRACT: An oxidative nucleophilic cyclization of 2-
alkynylanilines with thiophenols under metal-free conditions
was developed. The one-pot two-step reaction involves a
PhI(OAc),-mediated oxidative dearomatization and a
Bronsted acid promoted nucleophilic cyclization. DFT
calculations were performed to understand the reaction
pathway.

ue to their remarkable biological and medicinal activities,
3-substituted indoles are of synthetic importance. 2-
Alkynylanilines are versatile precursors to prepare substituted
indoles as a result of their ready availability." The direct
electrophilic cyclization® (Scheme 1, procedure A) and the

Scheme 1. Synthesis of 3-Substituted Indoles from 2-
Alkynylanilines
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transition metal-assisted electrophilic cyclization of 2-alkynyla-
nilines (Scheme 1, procedure B)*~® are the most widely
employed methods. These reactions enable the incorporation
of an electrophile in the 3-position of indoles. Recently, the
transition-metal-catalyzed cascade cyclization/coupling reac-
tions (Scheme 1, procedure C) have been developed.” These
tactics provide an alternative way to access 3-substituted
indoles. At times, the high cost and the toxicity of transition
metals limit the utility of such methods. In this paper, we
present our preliminary results on the unprecedented metal-free
oxidative nucleophilic cyclization of 2-alkynylanilines with
nucleophiles (Scheme 1, procedure D).
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up to 77% yield

Dearomatization of aromatic compounds is one of the most
powerful tools in the synthesis of complex molecules.'” Our
recent studies'' revealed that the dearomatization strategy of 2-
alkynylanilines'” might offer a unique opportunity to build 4-
substituted indoles through oxidative dearomatization and
subsequent metal-catalyzed cascade cyclization/Michael addi-
tion/aromatization. However, when we examined the reaction
of N-Ts 4-methyl-2-(2-phenylethynyl)benzenamine 1 with 4-
methylbenzenethiol using Pd(OAc), as the catalyst, the
reaction gave rise to 3-sulfenylindole 3 as the major product
instead of the expected 4-sulfenylindole 2 (Scheme 2). The

Scheme 2
Tolyl -Tolyl
™" ) 1equiv)PhiOAg), T8 1o,
Me 7z MeOH, rt, 5 min Me Me
2) (2 equiv) p-Tolyl-SH N—ph * N—ph
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Ts conditions Ts Ts
1 catalyst conditions 2 3
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none toluene, reflux 0% 76%

structure of compound 3 was confirmed by its single-crystal
diffraction analysis."> Moreover, the formation of compound 3
was still observed when some other different types of metal
salts such as Au(I), Pt(II), Rh(II), Cu(Il), Zn(Il), Sc(III)
Au(IIl), and Fe(Ill) were employed. These experiments
indicated that the presence of a metal catalyst might not be
essential to the formation of 3-sulfenylindole. Indeed, the
reaction in the absence of an added catalyst also produced
compound 3 in 24% yield. After screening of solvents and
temperatures for the second step reaction, the isolated yield of
3-sulfenylindole 3 was improved to 76% when the reaction was
conducted in toluene at reflux.

The potential therapeutic value of 3-sulfenylindoles in many
diseases'* inspired us to investigate the possible pathway of this
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reaction and explore its synthetic utility."> When compound 1
was mixed with 4-methylbenzenethiol in toluene at reflux, no
reaction was observed. The groups of Larock and Zhang have
developed the electrophilic cyclization of 2-alkynylaniline
derivatives with argflsulfenyl chlorides or disulfides with the
aid of n-Bu,NI>*® PdCL,'® or Fe/L,>* To rule out the
possibility of electrophilic cyclization, we examined the reaction
of compound 1 with 1,2-di-p-tolyldisulfane, but no reaction was
observed (Scheme 3, eq 1). The PhI(OAc),-mediated oxidative

Scheme 3. Search for Mechanistic Insight
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dearomatization produced 2-alkynylcyclohexadienimine 4 in
95% yield (Scheme 3, eq 2). The reaction of compound 4 with
4-methylbenzenethiol under the standard conditions afforded
compound 3, but only in 41% yield (Scheme 3, eq 3). This
experiment indicated that the second step of the one-pot
reaction might be promoted by acetic acid generated from the
metabolism of (diacetoxyiodo)benzene in the oxidative
dearomatization step. Moreover, when sodium 4-methyl-
benzenethiolate was used instead of 4-methylbenzenethiol,
the formation of 3-sulfenylindole was not observed, but
compound 5§ was isolated in 77% yield (Scheme 3, eq 4).
Treating compound $ in toluene at reflux did not lead to the
conversion to 3-sulfenylindole even with the aid of Pd(OAc),
(Scheme 3, eq S). But it is noteworthy that, when compound §
was mixed with 1.1 equiv of PhI(OAc), in methanol at room
temperature, the conversion occurred and gave rise to
compound 3 in 55% yield (Scheme 3, eq 6).

The above experiments indicated that there are at least two
possible reaction pathways for the formation of 3-sulfenylindole
from the dearomatized product (Scheme 4). In pathway a, the
proton promotes the departure of the methoxyl group of 2-
alkynylcyclohexadienimine to form an intermediate II. The
positive charge on the nitrogen atom of this intermediate
induces a cascade cyclization and nucleophilic addition by
thiophenol. In pathway b, the nucleophilic addition to the triple
bond of 2-alkynylcyclohexadienimine occurs before the
aromatization and the cyclization. With the aid of acid, the
generated intermediate IV undergoes a tandem cyclization and
aromatization to produce 3-sulfenylindole.

To further understand the reaction pathway, density
functional theory (DFT) calculations were performed.'” The
primary results revealed that, compared with the nucleophilic
addition to the triple bond (the total barrier is 36.9 kcal mol™"),
the relative free energy (69.3 kcal mol™") of the intermediate
having a positive charge on the nitrogen atom is much higher.
This means that the nucleophilic cyclization favors pathway b
to a large extent. As shown in Figure 1, the detailed reaction
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Scheme 4. Possible Reaction Pathways
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Figure 1. Free-energy reaction profile (kcal mol™') from the
dearomatized product to 3-sulfenylindole, calculated at the PCM
(Toluene) B3LYP/6-31++G(d,p)//B3LYP/6-31G(d) level. TS
transition state.

pathway is indicated. The reaction is initiated by an
asynchronous concerted electrophilic addition of thiophenol
to the triple bond of 2-alkynylcyclohexadienimine via TSAB to
form the key intermediate B. This is the rate-determining step.
Subsequent cyclization of B affords a bicyclic intermediate C.
With the aid of acetic acid, the departure of a methoxyl group
(TSCD) and the elimination of a proton (TSDE) lead to the
formation of the thermodynamically stable 3-sulfenylindole.

Moreover, the NBO (natural bond orbital) analysis of the
structure of 2-alkynylcyclohexadienimine revealed that its C-8
position is more positively charged (0.09) compared to the C-3
(—0.23) position (Figure 2). The corresponding condensed
Fukui function also shows that the nucleophilic attack will
occur at the C-8 position."®

The species of protecting group at the nitrogen atom of 2-
alkynylaniline has a big influence on the reaction. The tosyl
group proved to be the best (Scheme S). The scope of this
metal-free oxidative nucleophilic cyclization was further ex-
plored, and the results are summarized in Table 1. For most
cases, the one-pot two-step reaction proceeded smoothly
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Figure 2. Optimized structure of 2-alkynylcyclohexadienimine. The
numbers in the parentheses are the NBO charges on atoms, and the
numbers in square brackets are the condensed Fukui functions.

Scheme 5
Ph p-Tolyl
Me 4 1 . . S
) (1.1 equiv) PhI(OAc),, MeOH, rt, 5 min Me
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Table 1. Oxidative Nucleophilic Cyclization of 2-
Alkynylanilines with Thiophenols

R1

) > SR*
Rj@( 1) (1.1 equiv) PhI(OAC),, MeOH, rt, 5 min Rzmw
R3 NH 2) (2 equiv) R*SH, toluene, reflux, 10 - 12 h R® N

'i's Ts

entry R! R? R® R* product (%)“

1 CH, Me H 4-MeC¢H, 3 (76)
2 4-MeC4H, Me H 4-MeC¢H, 9 (75)
3 4-MeOC¢H,  Me H 4-MeC¢H, 10 (72)°
4 4-CIC(H, Me H 4-MeC¢H, 11 (65)
s 4-CF,CH, Me H 4-MeC¢H, 12 (61)
6 4-NO,C¢H, Me H 4-MeCgH, 13 (59)
7 2-thiophene Me H 4-MeCgH, 14 (77)®
8 n-Bu Me H 4-MeCgH, 15 (0)
9 CO,Et Me H 4-MeCgH, 16 (0)
10 CgHs Et H 4-MeC¢H, 17 (75)°
11 CH, iPr H 4-MeC¢H, 18 (73)°
12 CeHg nBu  H 4-MeC¢H, 19 (71)°
13 CeHj H H 4-MeC¢H, 20 (51)7°
14 CH, Me Me  4-MeCgH, 21 (69)°
15 C¢Hs Me Br 4-MeCgH, 22 (0)
16 CH, Me H 2-MeC4H, 23 (75)
17 CeH, Me H 3-MeC¢H, 24 (75)°
18 CeH; Me H 3,5-Me,CgH, 25 (71)°
19 CeH, Me H CH, 26 (72)°
20 CH, Me H 4-MeOC4H, 27 (55)
21 CH, Me H 4-BrCH, 28 (73)
22 CgH, Me H 4-CIC(H, 29 (71)
23 CH, Me H 4-FCH, 30 (62)
24 CeHg Me H n-Bu 31 (0)

“Reported yields are of the isolated products. Benzoic acid (1 equiv)
was added. “The isolated product was 5-methoxy 3-sulfenylindole.
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leading to the corresponding 3-sulfenylindoles in moderate to
good yields. In some cases, 1 equiv of benzoic acid was added
to promote the nucleophilic cyclization. The R' group at the
alkynyl moiety of 2-alkynylanilines could be not only an
electron-rich but also an electron-poor aryl group (Table 1,
entries 1—7). It is noteworthy that 2-alkynylanilines bearing an
electron-poor alkynyl group are normally not good substrates
for electrophilic cyclization. Interestingly, when the R' group
was an n-butyl group, the reaction did not produce 3-
sulfenylindole, but gave rise to a 4-sulfenylindole in 45% yield
(Table 1, entry 8). The condensed Fukui function analysis of 2-
alkynylcyclohexadienimine bearing an n-butyl group supports
the experimental fact as well. The condensed Fukui functions
for the corresponding C-3 and C-8 positions are 0.09 and
—0.07, respectively. This means that, for this substrate, the C-3
position is a more favored site for the nucleophilic attack. When
the R' group was an ester group, the reaction is complex (Table
1, entry 9). The para-substituent of 2-alkynylanilines could be
an ethyl, an isopropyl, or a n-butyl group (Table 1, entries 10—
12). When the R* group of 2-alkynylaniline was a hydrogen
atom, 2 equiv of PhI(OAc), were used in the oxidative
dearomatization step to generate 4,4-dimethoxy-2-alkynylcyclo-
hexadienimine, and the one-pot reaction provided 5-methoxy 3-
sulfenylindole 20 in S1% yield (Table 1, entry 13). When -
bromo 2-alkynylaniline was used as a substrate, the oxidative
dearomatization was very complex (Table 1, entry 15). A range
of thiophenols could be used as a nucleophile to be introduced
in the C-3 position of indole. However, compared to the high
reactivity of thiophenols, butane-1-thiol was not a suitable
nucleophile, and it only served as a reductant to reduce 2-
alkynylcyclohexadienimine to 2-alkynylaniline.

In conclusion, we have developed an oxidative nucleophilic
cyclization of 2-alkynylanilines with thiophenols under metal-
free conditions. This method provides an alternative way to
prepare 3-substituted indole derivatives. The current direction
is aimed at extending the reaction scope and investigating the
reaction mechanism, and these results are forthcoming.
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