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ABSTRACT

Strategies have been developed for the synthesis of 2-substituted indoles and indolines starting from acyclic r-phosphoryloxy enecarbamates.
A highly chemoselective cross-coupling of N-(o-bromophenyl)- r-phosphoryloxyenecarbamates with boron nucleophiles enabled the efficient
preparation of various N-(o-bromophenyl)enecarbamates, which served as useful precursors for subsequent Heck-type cyclization or 5- endo -
trig aryl radical cyclization to furnish 2-substituted indoles or indolines, respectively.

Utilization of alkenyl phosphates in palladium(0)-catalyzed
reactions, pioneered by Oshima and co-workers,1 has recently
gained much attention among organic chemists due to their
potential as substitutes for triflate counterparts.2 Alkenyl
phosphates are easy to prepare and handle because they are

more stable than the corresponding triflates. In addition,
reagents for phosphorylation, such as diphenylphosphoryl
chloride, are less expensive than conventional triflating agents
[e.g., trifluoromethanesulfonic anhydride orN-phenyl bis-
(trifluoromethanesulfonimide)]. However, the reactivity pro-
file of alkenyl phosphates remains largely unexplored despite
their potential to expand the scope of palladium(0)-catalyzed
processes. An understanding of the reactivity difference
between alkenyl phosphates and other functionalities, such
as aryl bromides/chlorides, is essential for the successful
design of sequential or cascade processes involving pal-
ladium(0)-catalyzed reactions.

We reported that Suzuki-Miyaura coupling with cyclic
R-phosphoryloxy enol ethers is a powerful process for the
convergent synthesis of marine polycyclic ether natural
products.3,4 However, acyclicR-phosphoryloxy enamides/
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enecarbamates have not been used in palladium(0)-catalyzed
processes despite their potential utility in the synthesis of
nitrogen heterocycles.5 We recently reported the first suc-
cessful application of acyclicR-phosphoryloxy enecarbam-
ates to the synthesis of indole-2,3-quinodimethanes and 2-(N-
alkoxycarbonylamino)-1,3-dienes and demonstrated their
versatility in the Heck reaction.6 As part of our studies on
the exploitation ofR-phosphoryloxy enamides/enecarbamates
in the palladium(0)-catalyzed synthesis of nitrogen hetero-
cycles,7 we describe herein strategies for the synthesis of
2-substituted indoles and indolines starting from acyclic
R-phosphoryloxy enecarbamates based on a highly chemo-
selective Suzuki-Miyaura coupling.

Scheme 1 illustrates our strategies for the synthesis of
2-substituted indoles and indolines starting from acyclic
R-phosphoryloxy enecarbamates. Thus, a highly chemose-
lective cross-coupling ofR-phosphoryloxy enecarbamate2,
readily derived from the corresponding imide1 by treatment
with KHMDS and (PhO)2P(O)Cl, in the presence of an aryl
bromide would giveN-(o-bromophenyl)enecarbamate3. The
Heck-type cyclization of3 would afford 2-substituted indole
derivative 4. On the other hand, 5-endo-trigaryl radical
cyclization of 3 would furnish 2-substituted indoline5,
although this type of cyclization is generally disfavored
according to Baldwin’s rules.8

We first examined a chemoselective cross-coupling of
R-phosphoryloxy enecarbamate2 with 1.1 equiv of phenyl-
boronic acid9 (Table 1). When the reaction was performed

with 2, phenylboronic acid, Pd(PPh3)4, and Cs2CO3 in
dioxane at 60°C, the desired enecarbamate6a was isolated
in 47% yield (from1) along with a considerable amount of
indole 7 (entry 1). To suppress the formation of7, we
surveyed a series of reaction conditions and found that the
addition of H2O as a cosolvent dramatically increased the
yield of 6a. Thus, employing Pd(PPh3)4 catalyst and Cs2-
CO3 in 10:1 dioxane/H2O at 50 °C, the cross-coupling
proceeded smoothly and without incident, giving6a in 72%
overall yield from1 (entry 2). Further examination revealed
that 10:1 DMF/H2O is the best solvent for the cross-coupling;
a remarkable chemoselectivity was attained under these
conditions, and6a was isolated in 90% yield (entry 4). On
the other hand, when the reaction was performed at room
temperature, the yield of6a declined (entry 5). Thus, under
the aqueous Suzuki-Miyaura conditions, the reactivity order
R-phosphoryloxy enecarbamate> aryl bromide is estab-
lished.

We then investigated the Heck-type cyclization of6a as
summarized in Table 2. Although there are reports on the

(4) (a) Fuwa, H.; Sasaki, M.; Satake, M.; Tachibana, K.Org. Lett.2002,
4, 2891. (b) Fuwa, H.; Kainuma, N.; Tachibana, K.; Sasaki, M.J. Am. Chem.
Soc.2002, 124, 14983. (c) Tsukano, C.; Sasaki, M.J. Am. Chem. Soc.2003,
125, 14294. (d) Tsukano, C.; Ebine, M.; Sasaki, M.J. Am. Chem. Soc.
2005,127, 4326. (e) Fuwa, H.; Ebine, M.; Sasaki, M.J. Am. Chem. Soc.
2006,128, 9648. (f) Fuwa, H.; Ebine, M.; Bourdelais, A. J.; Baden, D. G.;
Sasaki, M.J. Am. Chem. Soc.2006,128, 16989.

(5) For leading reviews on palladium(0)-catalyzed synthesis of hetero-
cycles see: (a) Zeni, G.; Larock, R. C.Chem. ReV.2006,106, 4644. (b)
Humphrey, G. R.; Kuethe, J. T.Chem. ReV.2006,106, 2875. (c) Cacchi,
S.; Fabrizi, G.Chem. ReV.2005,105, 2873.

(6) Fuwa, H.; Sasaki, M.Chem. Commun.2007, 2876.
(7) (a) Fuwa, H.; Kaneko, A.; Sugimoto, Y.; Tomita, T.; Iwatsubo, T.;

Sasaki, M.Heterocycles2006, 70, 101. (b) Fuwa, H.; Sasaki, M.Org.
Biomol. Chem.2007,5, 1849.

(8) Baldwin, J. E.J. Chem. Soc.,Chem. Commun.1976, 734.
(9) Miyaura, N.; Suzuki, A.Chem. ReV.1995,95, 2457.

Scheme 1. Concept of the Present Work

Table 1. Chemoselective Cross-Coupling of2 with
Phenylboronic Acida

% yield

entry substrate solvent temp (°C) 6a 7

1 2 1,4-dioxane 60 47 24
2 2 1,4-dioxane/H2O (10:1) 50 72 0
3 2 THF/H2O (10:1) 50 85 0
4 2 DMF/H2O (10:1) 50 90 0
5b 2 DMF/H2O (10:1) rt 52 0

a All reactions were performed with 10 mol % of Pd(PPh3)4, 1.1 equiv
of PhB(OH)2, and 3 equiv of Cs2CO3. Yields are overall from1. b Na2CO3
was used as a base.

Table 2. Screening of Conditionsa

entry base (equiv) solvent temp (°C) % yield

1 K2CO3 (3) DMF 100 48
2b,c K2CO3 (3) CH3CN 80 71
3b,c Et3N (10) DMF 100 76
4b Et3N (10) DMF 100 94
5b i-Pr2NEt (10) DMF 100 38
6 PMP (5) DMF 100 18

a All reactions were carried out for 20-24 h unless otherwise noted.
Yields are overall from1. b Reactions performed in a sealed tube.
c n-Bu4NCl (1 equiv) was used as an additive.
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Heck-type cyclization of related enamines and enamino-
nes,10,11 its application to the synthesis of 2-substituted
indoles has been less explored and, to the best of our
knowledge, the use ofN-alkoxycarbonyl derivatives in such
reactions has not been reported. We initially performed the
cyclization of6a using 10 mol % of Pd(PPh3)4 and K2CO3

as a base in DMF at 100°C (Table 2, entry 1). The desired
N-Boc-2-phenylindole7 was isolated in 48% yield, and the
major byproduct was the dehalogenated6b (22%). On the
other hand, under the Jeffery conditions,12 the desired product
7 was cleanly obtained in an improved 71% yield, and the
formation of 6b was completely suppressed (entry 2).
Employing Et3N as a base, further enhancement of the yield
was attained (entries 3 and 4). Thus, exposure of6a to
catalytic Pd(PPh3)4 and Et3N in DMF at 100°C afforded7
in 94% yield. Changing the base toi-Pr2NEt or 1,2,2,6,6-penta-
methylpiperidine (PMP) was found to be detrimental due to
the significant dehalogenation as a side reaction (entries 5
and 6).

Having secured reliable conditions for the cross-coupling
and cyclization processes, application of the present strategy
to a variety of substrates was investigated, and the results
are summarized in Table 3. Suzuki-Miyaura cross-coupling

of 2 with a range of arylboronic acids proceeded without
incident to give enecarbamates8-12 without touching the
aryl bromide. Under the established conditions, cyclization

reactions of8-12were efficiently achieved, affording 2-aryl
and 2-heteroaryl indoles13-17 in good to excellent yields.13

We next investigated a cross-coupling/cyclization cascade
starting fromR-phosphoryloxy enecarbamate2, exploiting
its unique reactivity profile (Scheme 2). In the previous

experiment, we unexpectedly isolated indole7 as a byproduct
in 24% yield when cross-coupling of2 with phenylboronic
acid was performed in anhydrous dioxane at 60°C (see Table
1, entry 1). Under these conditions, however, further conver-
sion of enecarbamate2 to indole 7 stalled after ca. 24 h.
Elevation of temperature (100°C) and/or prolonged reaction
time proved to be ineffective. After several attempts, we
found that consecutive cross-coupling/cyclization could be
realized using 10 mol % of Pd(PPh3)4, Cs2CO3 (3 equiv),
arylboronic acid (1.1 equiv), andn-Bu4NBr (1 equiv)12 in
10:1 DMF/H2O at 50-70 °C. Under these conditions, we
isolatedN-Boc-2-substituted indole derivatives7, 13, and
14 in good yields.

Finally, 5-endo-trig aryl radical cyclization of enecarbam-
ates6aand8-11was examined. It is well-known that 5-exo-
trig radical cyclization is a powerful strategy for the
construction of 3-substituted indoline derivatives.14 To the
best of our knowledge, however, there has been no report
of the application of 5-endo-trig radical cyclization for the
synthesis of an indoline system.15,16To our delight, treatment
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Table 3. Application to a Variety of Substratesa

a Cross-coupling reactions: Pd(PPh3)4 (0.1 equiv), Cs2CO3 (3 equiv),
boron nucleophile (1.1 equiv) in 10:1 DMF/H2O at 50 °C. Cyclization
reactions: Pd(PPh3)4 (0.1 equiv), Et3N (10 equiv) in DMF at 100°C.
b Yields in parentheses are the correspondingN-deprotected indole.

Scheme 2. Suzuki-Miyaura Coupling/Heck-Type Cyclization
Cascade
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of 6a and 8-11 with Bu3SnH in the presence of catalytic
AIBN in toluene at 100°C (method A) gave a series of
2-substituted indolines18-22 in moderate to good yields
(Table 4). Furthermore, we found that radical cyclization

could also be performed under mild conditions using SmI2

in the presence oft-BuOH in THF/HMPA17 at room
temperature (method B). The latter method affords 2-sub-
stituted indolines in somewhat better yields and eliminates
the need for tedious chromatographic separation of tin
byproducts.

In conclusion, the present study clearly demonstrates the
synthetic utility of acyclicR-phosphoryloxy enecarbamates
as novel versatile precursors in the synthesis of 2-substituted
indoles and indolines. We found that the addition of water
as a cosolvent in the Suzuki-Miyaura reaction ofR-phos-
phoryloxy enecarbamates with aryl or heteroaryl boronic
acids allowed for a highly chemoselective cross-coupling,
giving a series ofN-(o-bromophenyl)enecarbamates in excel-
lent yields. The establishment of the reactivity orderR-phos-
phoryloxy enecarbamate> aryl bromide under aqueous
Suzuki-Miyaura conditions is noteworthy. The Heck-type
cyclization of N-(o-bromophenyl)enecarbamates was suc-
cessfully employed in the synthesis of 2-substituted indole
derivatives. Consequently, the Suzuki-Miyaura cross-
coupling/Heck-type cyclization cascade was developed based
on the established reactivity difference betweenR-phospho-
ryloxy enecarbamate and aryl bromide functional groups. We
have also succeeded in the 5-endo-trig aryl radical cyclization
of N-(o-bromophenyl)enecarbamates, which is an unprec-
edented example of the successful application of generally
disfavored 5-endo-trig cyclization to the synthesis of indoline
derivatives.18
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Table 4. 5-endo-trigAryl Radical Cyclization

a Method A: n-Bu3SnH, AIBN, toluene, 100°C. Method B: SmI2,
t-BuOH, HMPA, THF, room temperature.b Reaction performed in the
absence oft-BuOH.
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