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ABSTRACT: Pyrrolo[1,2-a]indole is a common structural
motif found in many natural products and pharmaceuticals. A
silver-mediated oxidative phosphinoylation of N-propargyl-
substituted indoles was used to construct a variety of 2-
phosphinoyl-9H-pyrrolo[1,2-a]indoles under mild conditions.
This transformation offers a straightforward route to the
formation of the C−P bond, cyclization, and isomerization in
one step.

Pyrrolo[1,2-a]indole is a distinctive structural motif found in
many natural products and pharmaceuticals.1 For example,

the natural product mitomycin-C, exhibiting powerful anti-
bacterial and anticancer activities, has been studied extensively.2

Another important class of heterocyclic compounds, flinderoles,
shows potent antimalarial activities.3 Because of the current
interest in these pharmacologically important pyrrolo[1,2-
a]indoles, many new synthetic methods have been reported for
their rapid generation.4

However, heterocycle-containing organophosphorus com-
pounds have drawn great interest in their wide application in
organic synthesis, medicinal chemistry, and material science.5

These compounds are commonly accessed through the
transition-metal catalyzed cross-coupling reaction6 and the
reaction of an electrophilic phosphorus reagent with a carbon
nucleophile.7 Since the addition of P-centered radicals to
unsaturated systems exhibits high reactivity, it provides a direct
and atom economic method to construct the C−P bond.8

Oxidative radical phosphinoylation−cyclization−aromatization
reaction represents an important method for rapidly constructing
aromatic heterocyclic organophosphorus compounds.9 It is
known that molecular modifications involving the introduction
of organophosphorus functionalities could increase their bio-
logical activity.10 If both the phosphinoyl group and the
pyrrolo[1,2-a]indole skeleton motif can be simultaneously
introduced into organic compounds, a series of new pyrrolo-
[1,2-a]indole-containing organophosphorus compounds might
be expected and might provide an opportunity to introduce
phosphinoyl group into the original lead compounds or drugs to
adjust their bioactivity. Yet, methods for the synthesis of
phosphinoyl-pyrrolo[1,2- a]indoles are lacking.11

Herein, we considered that N-propargyl-substituted indoles
could react with P(O)−H compounds via a radical way for the
construction of phosphinoyl-pyrrolo[1,2-a]indoles (Scheme 1).
To test the idea, the reaction of 1-(3-phenylprop-2-yn-1-yl)-1H-
indole (1a) and diphenylphosphine oxide (2a) were performed
in the presence of AgOAc in MeCN under argon. However, no

direct phosphinoylation−cyclization product 3a′ or 3a″ was
detected, and the unexpected isomerized product 3a was
obtained, albeit with a very low yield. The structure of 3a was
unambiguously confirmed by X-ray crystal structure analysis (see
Figure 1 and the Supporting Information).
To optimize the reaction conditions, some oxidants, such as

Mg(NO3)2·6H2O, CuSO4, TBHP, and Mn(OAc)3·2H2O were
tested,12 but the reaction did not work well under these
conditions (Table 1, entries 1−4). It has been found that silver
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Scheme 1. Reaction of N-Propargyl-substituted Indole with
Diphenylphosphine Oxide

Figure 1. X-ray structure of 3a.
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salts can work with R2P(O)H to form the corresponding
phosphinoyl radical.13 After the check of various silver salts, it is
found that when AgOAc was chosen as the oxidant, usingMeCN
as the solvent, the product 3a was obtained in 60% yield at 100
°C under an argon atmosphere (entries 5−7). Screening a few
other solvents, such as HOAc, 1,4-dioxane, toluene, and DMF
revealed that MeCN was the best choice (entries 7−11).
However, the yield of product 3a decreased when the
temperature was decreased to 80 °C or increased to 120 °C
(entries 12−13) indicating that the choice of temperature was
also crucial for the reaction. Further, the effect of acid was studied
(entries 14−16). When 1 equiv of diphenylphosphinic acid
Ph2P(O)OH was added, the desired product 3a was obtained in
70% yield, and other additions displayed decreased activity. After
optimization of the reaction conditions, we established an
efficient route to formation of 2-phosphinoyl-9H-pyrrolo[1,2-
a]indoles. The optimal reaction conditions are 1a (0.2 mmol), 2a
(0.4 mmol), AgOAc (0.6 mmol), Ph2P(O)OH (0.2 mmol), and
MeCN (2 mL) at 100 °C for 24 h under an argon atmosphere.
With the optimized reaction conditions in hand, the generality

of the method was explored, and the results are summarized in
Scheme 2. First, various functional groups on the benzene ring
were examined, and most of the functional groups were tolerated
under the optimized conditions. With methyl substituted on
benzene, these compounds reacted efficiently to give the desired
products (3b−3d) in 72−62% yields, indicating the position of
the substituent on the benzene ring exhibited slightly negative
effect. Some electron-donating (methoxy and tert-butyl) groups
were investigated and gave the corresponding products 3e and 3f
in 73 and 62% yields. More bulk biphenyl group at the triple
bond could be transferred and gave 3g in moderate yield.
Halogen atoms such as iodo, fluoro, bromo, and chloro on the
aromatic ring were unaffected under the present reaction
conditions to afford the corresponding products 3h−3k in
moderate to good yields, which could allow for further synthetic
transformations. Substrate bearing acetyl group on the benzene

ring was converted into product 3l in 64% yield. Due to the
strong electron-withdrawing property of CF3-group, 3m was
obtained in 28% yield. In addition, compounds with thienyl,
fluorenyl, and naphthyl could also react smoothly with 2a to
afford the expected products 3n−3p in 72−35% yield. When R2

was an aliphatic chain, 3q and 3r could be obtained in moderate
to low yields. Moreover, N-propargyl-substituted indoles with
two groups (R1, Et; R2, Ph) also reacted smoothly with
diphenylphosphine oxide to afford product 3r in 38% yield,
along with unidentified byproducts, and no starting materials
were recovered. Contrary to expectation, Ph2P(S)H or Ph2PH
was not competent to this reaction, only trace amount of desired
product was detected.
Next, we further turned our attention to exploring various

indole derivatives under standard conditions (Scheme 3). With

Table 1. Optimization of the Reaction Conditionsa

entry additive (equiv) solvent yield [%]

1 AgOAc (0.1) + Mg(NO3)2·6H2O (0.3) MeCN 15
2 CuSO4·5H2O (0.1) + TBHP (3.0) MeCN 20
3 TBAI (0.1) + TBHP (3.0) MeCN trace
4 Mn(OAc)3·2H2O (3.0) MeCN trace
5 Ag2CO3 (3.0) MeCN 17
6 AgNO3 (3.0) MeCN 13
7 AgOAc (3.0) MeCN 60
8 AgOAc (3.0) HOAc 58
9 AgOAc (3.0) 1,4-dioxane 43
10 AgOAc (3.0) toluene 50
11 AgOAc (3.0) DMF 45
12 AgOAc (3.0) MeCN 22b

13 AgOAc (3.0) MeCN 55c

14 AgOAc (3.0) + Ph2P(O)OH (1.0) MeCN 70
15 AgOAc (3.0) + HOAc (1.0) MeCN 43
16 AgOAc (3.0) + Pival (1.0) MeCN 48

aReaction conditions: 1a (0.2 mmol), 2a (0.4 mmol), additive in
solvent (2 mL) stirring under argon at 100 °C for 24 h. Oil bath
temperature. bAt 80 °C. cAt 120 °C.

Scheme 2. Scope of N-Propargyl-substituted Indoles

Scheme 3. Scope of Substituted Indols
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methyl substituted on the indole ring, such as 7-Me, 6-Me, and 3-
Me, these compounds reacted efficiently to give the desired
products (4a−4c) in satisfactory yields 76−60%. Some electron-
donating groups, such as methoxy and benzyloxy, were
investigated and gave the corresponding products 4d and 4e in
65% and 60% yields. A series of halogen-containing indoles were
tested, and the results showed that halogens could be well
tolerated in this reaction (4f−4h). Additionally, indole bearing
strong electron-withdrawing group NO2 failed to give the desired
product (4i). Moreover, the reactions between variously P(O)−
H compounds and 1a were also examined, giving the
corresponding products 4j−4l in 50−36% yields.
In an effort to improve our understanding of the reaction

profile, preliminary studies were carried out (Scheme 4). When

2.0 equiv of the radical inhibitor 2,2,6,6-tetramethylpiperidine
oxide (TEMPO) or 2,6-di-tert-butyl-4-methylphenol (BHT)
were added to this system under standard conditions, as we
expected, no product 3a was detected (Scheme 4a), which
suggested that this transformation might undergo a radical
process. Without 2a, 1a was treated under the standard
conditions, no intermediate was detected, and 1a was recovered
quantitatively (Scheme 4b). When Ph2P(O)OD was added to
the reaction mixture under the optimal conditions, isotope-
labeled product was detected in HRMS spectra, which suggested
that diphenylphosphinic acid might play an important role in the
process of isomerization of intermediate E (Scheme 4c).
A plausible mechanism can be proposed based on the above

experiments (Scheme 5). First, diphenylphosphine oxide 2a
reacts with AgOAc to form the phosphinoyl radicalA, which then
adds to 1a to give the alkenyl radical B. The resulting alkenyl
radical B participates in an intramolecular radical reaction to
generate the intermediate C, which goes through a single

electron transfer process to generate intermediate D. Finally,
intermediate D undergoes deprotonation to produce E, and the
isomerization of E in the presence of Ph2P(O)OH and acetic acid
affords the targeted product 3a.
In summary, we have developed a highly efficient protocol for

the preparation of various 2-phosphinoyl-9H-pyrrolo[1,2-a]-
indoles by silver-mediated cascade phosphinoylation−cycliza-
tion−isomerization involving C−P and C−C bond formation
under mild conditions. Given that both the phosphinoyl group
and the pyrrolo[1,2-a]indole motif were simultaneously
introduced into organic compounds, this simple protocol may
provide a general approach to 2-phosphinoyl-9H-pyrrolo[1,2-
a]indole frameworks of importance in medicinal and synthetic
chemistry.
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