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Abstract: The first efficient methods for the stereose-
lective synthesis of various (E)-, (Z)-, and disubstitut-
ed 3-alkylideneoxindoles via radical cyclization reac-
tions were investigated using tandem indium-mediat-
ed carbometallation and palladium-catalyzed cross-
coupling reactions. The proper combination of sub-
strates and reaction conditions is important for good
yields. The key step is the first stereoselective car-
boindation reaction using the strong coordination

ability of an indium cation to the amide carbonyl oxy-
gen. We applied this method to the synthesis of TMC-
95A precursor. A new N-debenzylation method with
N-hydroxyphthalimide-O2-Co(OAc)2-Mn(OAc)2 was
also developed using a one-electron oxidation proce-
dure.

Keywords: indium; oxindoles; palladium; radicals;
stereoselective; vinylindium

Introduction

Various methods for regio- and stereoselective synthe-
ses of substituted olefins have been developed using a
wide variety synthetic methods.[1,2] On the other hand,
oxindoles belong to an important class of natural indole
alkaloids,[3] drug candidates[4] and metabolic intermedi-
ates. Among them, 3-alkylideneoxindoles are well
known to be versatile compounds in terms of synthetic
applicability andbiological activity. For example, (E)-al-
kylideneoxindoles are important synthetic intermedi-
ates of TMC-95A[5] (Scheme 1). Much attention has
also been directed to (E)- and (Z)-alkylideneoxindoles
as promising inhibitors of tyrosine kinase such as
SU4984 (Scheme 1),[6] cyclin-dependent protein kinase
inhibitors,[7] and antirheumatic agents.[8] However, de-
spite their importance, the stereoselective synthesis of
(E)- and (Z)-3-alkylideneoxindoles remains difficult.[5,9]

Stereoselective synthesis of disubstituted 3-alkylide-
neoxindoles has also not been achieved despite the
fact that these compounds are expected to have unique
biological activity due to their similarity to the anti- Scheme 1.
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breast cancer drug tamoxifen. Therefore, the develop-
ment of a stereoselective and diversity-oriented ap-
proach for the synthesis of (E)-, (Z)- and disubstituted
3-alkylideneoxindoles is highly demanded and a consid-
erable challenge for the organic chemists. We have re-
cently reported the stereoselective synthesis of 3-alkyli-
deneoxindoles (Scheme 2).[10] Herein, we present a de-
tailed account of the scope and limitations of this meth-
od. We have not only developed modified reaction con-
ditions for the synthesis of (E)-, (Z)- and disubstituted 3-
alkylideneoxindoles but have also developed the first
oxidative radical approach for debenzylation of N-ben-
zylamide with N-hydroxyphthalimide (NHPI)-O2-
Co(OAc)2-Mn(OAc)2.

Results and Discussion

In-Mediated Radical Cyclization of 2-Iodoynamides

To initiate our examination of In-mediated radical cycli-
zations, 2-iodoalkynes 4a–4u were synthesized in the
usual manner in moderate yields as shown in Scheme 3.

We initially focused on the cyclization of 4a under the
reaction conditions previously developed (In and I2 in
DMF).[11] Although the cyclization product (E)-6a was
obtained exclusively, the chemical yield of 6a was only
40% due to the recovery of the starting material 4a in
45% yield (Table 1, run 1). After optimization of the re-
action conditions, we found that additives had a dramat-
ic effect on the reaction rate. When Br2 was added to the
reaction mixture instead of I2, 5-exo-radical cyclization
smoothly proceeded to give (E)-6a in 81% yield as a sin-
gle isomer (run 2). Furthermore, it was revealed that
pyridinium tribromide (Py ·HBr3) could be used for
this reaction instead of Br2 (run 3). We preferred to
use Py ·HBr3 due to its easy handling. In contrast, treat-
ment of 4awith In andNBSprovided no desired product
(run 4). In order to confirm whether these stereoselec-
tive cyclizations proceeded via a radical mechanism,[11c]

the reaction of compound 4a with In and Py ·HBr3 was
carried out in the presence of 2 equivs. of galvinoxyl as
a radical scavenger. The yield of 6a decreased to only
12% and most of the starting material 4a (75%) was re-
covered. This result indicated that the cyclization pro-
ceeded via a radical mechanism by a single electron

transfer process from indium.[12] These results suggest
that this reaction proceeds by InX and/or InX2 (X¼ I
and Br) produced from the oxidation of In(0) with X2.
Therefore, we used commercially available InI and
InBr instead of the combination of In and X2. The reac-
tions with these reagents gave (E)-6a as a single product
but in lower yields (runs 5 and 6) because of the inferior
solubility of commercially available InI and InBr in
DMF. To clarify the origin of the exclusive formation
of the (E)-isomer, 4awas subjected to typical radical re-
action conditions using metal hydrides such as InCl3-
NaBH4,

[13] and Bu3SnH-Et3B.[14] These reactions afford-
ed amixture of (E)- and (Z)-alkenes 6a in a ratio of 1/1 to
2/1 (runs 7 and 8). It is thought that the In-mediated cy-
clization reaction with In-Br2 or In-Py ·HBr3 might ef-
fectively proceed via an sp2-s radical intermediate, and
the (E)-selective alkene production was attributed to
strong coordinationof the indiumatom to the amide car-
bonyl group of the intermediate 5a (Scheme 4). It has
been reported that similar coordination of indium re-
agents to a hydroxy group of the substrate can be used
to control stereogenic centers.[15] The efficient formation
of 6a in the case of In-Br2 and In-Py ·HBr3 can be ex-
plained on the basis of redox potentials.[16] It is known
that the oxidation potential of In(0) is more negative
to the reduction potentials of Br2 and I2 and that the re-
duction potential of Br2 is positive to that of I2. Thus, cat-
ionic states of In can be formed in the presence of Br2 or
I2 as a thermodynamically favorable process, and the for-
mation is particularly promoted by Br2. We tried to ob-
serve cyclic voltammograms of In with Br2 and In with
I2 in DMF in order to obtain further information about
the differences in the reactions, referring to previous re-
sults for SmI2 and SmBr2 showing remarkable potential
differences.[17] However, no clear redox responses in-
volving In ions were observed. This is presumably due
to the less electro-active nature of In. Actually, electro-

Scheme 2.

Table 1. Optimization of reaction conditions.

Run Conditions Yield [%]

6a (E :Z) 4a

1 In (2 equivs.)þ I2 (1 equiv.) 40 (E) 45
2 In (2 equivs.)þBr2 (1 equiv.) 81 (E) 0
3 In (2 equivs.)þPy ·HBr3(1 equiv.) 80 (E) 0
4 In (2 equivs.)þNBS (1 equiv.) 0 80
5 InI (2 equivs.) 32 (E) 55
6 InBr (2 equivs.) 45 (E) 40
7 InCl3 (0.1 equiv.)þNaBH4 (2 equivs.) 19 (1.1 : 1) 50
8 Bu3SnH (1.2 equivs.)þEt3B (1.2 equivs.) 59 (2 : 1) 0
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chemical data of In are scarcely available up to now. Fi-
nally, the optimal reaction conditions of runs 2 and 3
were used for the following examinations.

Scope and Limitation of the Reactants

We next investigated the optimal amide moiety for the
In-mediated reaction. The reaction of benzylamide 4a
with In and Py ·HBr3 smoothly proceeded to give the
cyclization product 6a in good yield (Table 1, run 3).
However when benzylaniline 4b was used, the reaction
could not yield the cyclization product but yielded com-

pound 7b (Table 2, run 1). It was proven that the amide
carbonyl oxygen is necessary for the radical cyclization
reaction with In. We examined several amides 4c–4e
bearing different protecting groups. The radical cycliza-
tion reaction smoothly proceeded to give 6c–6e[18] (runs
2–4). It is thought that radical intermediates generated
from 4c–4e exist as amixture of three rotamersG,H and
I depicted in Scheme 5. In the case in which the N-pro-
tecting group is benzyl (A¼Bn), rotamer G is predom-
inant.WhenA is small, rotamersH and I aremore stable
than rotamerG. Then the proportion of rotamersH and
I might increase according to the decrease of bulkiness
of the N-substituents. Therefore, the hydrogenated
products 7d[19] and 7e might be produced along with
compounds 6d[20] and 6e (runs 3 and 4). In contrast to
compound 4f, compound 4g bearing a methanesulfonyl
group on the nitrogen atom smoothly gave the reductive
radical cyclization products 6g as a mixture of (E)- and
(Z)-olefins. They tended to gradually isomerize to in-
dole derivatives (run 6). A possible reason for com-
pound 4f giving not a cyclized product but compound
7f is that intermediateKwas more predominant than in-
termediate J because of the less dipole repulsion be-
tween amidecarbonyl and methanesulfonyl groups. We
also applied this radical cyclization reaction to the
iodo ester 4h. The reaction proceeded to give benzofur-
an-2-one 6h,[21] which is well known as a potential inhib-
itor of angiogenesis,[22] together with compound 7h (run
7). We next investigated the reaction of para-substituted

Scheme 3. Preparation of 2-iodoalkynes 4a–4u. Reagents and conditions: (a) benzyltrimethylammonium dichloroiodate
(BTMAICl2) (1.1 equivs.), CaCO3 (1.3 equivs.), CH2Cl2: MeOH¼5 :2, room temperature, 24 h; 83–97%; (b) 4-(4,6-dime-
thoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) (1.2 equivs.), RCCCO2H (1.1 equivs.), CH3CN, room
temperature, 16 h; 60–80%; (c) i) n-BuLi (1.1 equivs.), THF, �78 8C, 30 min, ii) RCCCO2Me (1.5 equivs.), 3 h; 50–70% except
for 3l (7%) and 3m (27%); (d) BnBr (1.1 equivs.), Cs2CO3 (2 equivs.), TBAI (tetrabutylammonium iodide) (0.1 equiv.), DMF,
room temperature, 13 h; 80–92%; (e) MeI (1.1 equivs.), NaH (1.1 equivs.), room temperature, 5 h; 90%; (f) MsCl (1.1 equivs.),
Et3N (1.5 equivs.), room temperature, 8 h; 78–80%; (g) 1-bromohept-2-yne (1.1 equivs.), K2CO3 (3 equivs.), acetone, reflux,
1.5 h, 79%; (h) 1-bromobut-2-yne (1.1 equivs.), K2CO3 (3 equivs.), acetone, reflux, 1.5 h, 79%; (i) Boc2O (1.5 equivs.), Et3N
(1.1 equivs.), THF, room temperature, 5 h, 72%; (j) i) t-BuLi (2.2 equivs,), Et2O, �78 8C, 30 min; ii) ICH2CH2I (1.5 equivs.),
room temperature, 6 h, 79%; (k) CF3CO2H (1.2 equivs.), CH2Cl2, 0 8C ! room temperature, 3 h, 91%.

Scheme 4.
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iodo-amides 4i–4m in order to examine the substituent
effects on aromatic ring and in order to synthesis 5-sub-
stituted indol-2-one derivatives as promising tyrosine
kinase inhibitors.[6b, c] Reaction of compounds 4i and 4j
bearing electron-donating groups (EDG) on the aro-
matic rings gave the desired cyclized products 6i and 6j
but not in good yields (27% and 58%, respectively) ac-
companied by starting materials (20% and 39%) (runs
8 and 9). On the other hand, the reaction of compounds
4k–4m bearing electron-withdrawing groups (EWG)
on the aromatic rings gave no desired product but rather
compounds 7k–7m (runs 10–12). We propose the reac-
tion mechanism illustrated in Scheme 6. Treatment of
compounds 4i–4m with In and Py ·HBr3 provides aryl
radical intermediates 8. It might be more difficult to dis-
sociate the bond between an aromatic carbon and iodine
when the aromatic ring has EDG. However, once the
aryl radical 8 is formed, it is easily cyclized according
to path A to give compounds 6i and 6j (runs 8 and 9).
Since electron-releasing substituents will raise the ener-
gy of the singly occupied molecular orbital (SOMO), in-
teraction of SOMO with the relatively low-lying LUMO
of alkynes having electron-withdrawing groups would
increase. In contrast to these results, it is easy to produce
an aryl radical when Z is EWG, but this radical might
have more electronic affinity. Then the reaction might
proceed according to path B to produce compounds
7k–7m (runs 10–12). It became clear that substituents
on the aromatic rings significantly influence the reactiv-
ity of the aryl radical intermediates. In conclusion, anN-
(iodophenyl)alkynylamide structure (Z¼H) is the opti-
mum structure for the In-mediated radical cyclization
reaction.

Stereoselective Synthesis of (E)-3-
Alkylideneoxindoles

Having established the optimized reaction conditions
and appropriate reactant structure, we next applied
these conditions to synthesize various (E)-3-alkylide-
neoxindoles 6n–6u. Representative results are shown
in Table 3. The In-mediated cyclizations of 4a, 4n–4q
under the same reaction conditions gave the desired
products 6a, 6n–6q as single (E)-isomers in good yields
(Table 3, runs 1–6). In the case of R¼Me, both (E)- and
(Z)-olefins were obtained (run 7). However, this prob-
lemwas resolvedonly in that compound 4rwas addedaf-

Table 2. Reductive radical cyclization reaction.

Run 4 Z X Y R Time [h] Yields [%]

6 (E : Z) 7

1 4b H NBn H,H Bu 12 0 7b 60
2 4c H NBn O H 12 6c 68 0
3 4d H NMe O H 12 6d 40 7d 40
4 4e H NH O H 12 6e 39 7e 45
5 4f H NMs O H 12 0 7f 55
6 4g H NMs H,H Me 5 6g 88 (1 : 1.1) 0
7 4h H O O H 24 6h 40 7h 40
8 4i OMe NBn O Bu 20 6i 27 0
9 4j Me NBn O Bu 20 6j 58 0

10 4k Cl NBn O Bu 40 0 7k 91
11 4l CF3 NBn O Bu 40 0 7l 71
12 4m CN NBn O Bu 40 0 7m 72

Scheme 5.
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ter 5 minutes to the solution of In and Py ·HBr3 in DMF
(run 8). In contrast, treatment of 4s–4u, each bearing an
electron-donating group (EDG) on the aromatic ring in
the R group, with In and Py ·HBr3 predominantly pro-
vided the corresponding (E)-isomers 6s–6u along with
(Z)-isomers as minor products (runs 9–12). The ratio
ofZ/Ewas dependent on the substituents on the aromat-
ic ring in theRgroup. Substrates bearing an electron-do-
nating group in the R group tended to provide a (Z)-iso-
mer as a minor adduct. Addition of water (20%) to the
reaction mixture promoted the cyclization reaction
(runs 2 and 11). It was found that during chromatogra-
phy on silica gel (Z)-isomers were always eluted faster
than (E)-isomers. In addition, the vinylic proton signals
of (E)-isomers always appear at a lower field in the 1H
NMR spectrum than the corresponding signals of the
(Z)-isomers due to the effect of the amide carbonyl oxy-
gen.

Application to the Synthesis of a TMC-95A Precursor

We next applied the (E)-selective 3-alkylideneoxindole
synthetic method to obtain a synthetic intermediate of
TMC-95Aas outlined in Scheme 7. (E)-11, an important
TMC-95A intermediate, has been synthesized by some
groups[5] but the ratio of (E)- to (Z)-was not high.Weap-
plied our procedure to the stereoselective synthesis of
(E)-11. 2-Iodoaniline was reacted with triphosgene
and sodium bicarbonate at room temperature,[23] result-
ing in the production of the corresponding isocyanate.
Successive treatment of this isocyanate with lithium
anion of compound 9[24] in THFandwith benzyl bromide
in the presence of tetrabutylammonium iodide and cesi-
um carbonate gave the desired ynamide 10 in 67% over-
all yield. In-mediated reaction of 10 under the optimal
conditions proceeded smoothly, but unfortunately, a
mixture of (E)- and (Z)-stereoisomers 11 was obtained
in 20 and 25%yields, respectively. There are several pos-
sible reasons for this poor stereoselectivity of (E)-11.

Table 3. Reductive radical cyclization reaction for the synthesis of (E)-alkenes.

Run 4 R Reaction time [h] Yield [%] of 6 (E :Z)

1 4a Bu 12 6a 80 (E)
2 4a Bu 5 6a 80 (E)
3 4n Et 24 6n 75 (E)
4[a] 4o CH2OBn 24 6o 70 (E)
5 4p p-CF3-C6H4 18 6p 75 (E)
6 4q Ph 24 6q 80 (E)
7 4r Me 24 6r 72 (1 : 1)
8 4r Me 24 6r 70 (E)
9 4s p-CH3-C6H4 18 6s 84 (19 : 1)

10 4t p-MeO-C6H4 18 6t 80 (10 : 1)
11 4t p-MeO-C6H4 14 6t 80 (11 : 1)
12 4u 18 6u 70 (12 : 1)

[a] Two-fold amounts of In and Py ·HBr3 were used.

Scheme 6. Reductive radical cyclization and reductive deiodination.
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One possible reason is that only (E)-11was produced at
the first stage of the radical cyclization reaction, but then
an isomerization reaction from (E)-11 to (Z)-11 gradu-
ally took place at room temperature under these reac-
tion conditions. Indeed, this isomerization reaction
was confirmed using (E)-11 under the reductive radical
cyclization conditions.

Stereoselective Synthesis of (Z)-3-
Alkylideneoxindoles

In order to confirm the existence of the vinylindium in-
termediate 5a, the reaction mixture of 4a was quenched
with 1 N DCl, resulting in the production of the deuter-
ated product (E)-6a-D (75% D) (Scheme 8). Since this
observation confirmed the involvement of 5a, we next
examined the reaction of vinylindium intermediate 5c
and aryl halides in the presence of a palladium catalys-
t[11a,11c] (Table 4). Treatment of the vinylindium inter-
mediate 5c, prepared from 4c, with 4-iodotoluene and
0.05 equivs. of Pd(PPh3)4 afforded the coupling product
(Z)-6 s in 30% yield along with the protonated product
6c (run 1). The low yield of 6 s was attributed to the low
reactivity of the vinylindium intermediate 5c. Since the
(E)-isomer 6s could not be identified in the reaction
mixture, the (Z)-selectivity was revealed to be very
high. To improve the chemical yield, we tried to deter-
mine appropriate cross-coupling reaction conditions.
We found that the addition of LiBr (3 equivs.)[11c,15f] to-
gether with Pd(PPh3)4

[25] accelerated the coupling reac-
tion to give the expected (Z)-alkene 6s as a single isomer

(run 2). This effect of LiBr could be explained as follows.
The bromide anion of LiBr may coordinate to the indi-
um atom of 5c to form an indium ate complex (indates),
whose In�Cbond could bemuchmore reactive than that
of 5c as an alkenyl donor. When we used
Pd(acac)2 as a ligandless palladium catalyst[26] with
LiBr, (Z)-alkene 6swas obtained in 60%yield as a single
product (run 3). We accomplished a novel stereoselec-
tive synthesis of (Z)-3-alkylideneoxindole 6s from 4c
by a tandem intramolecular carboindation and ligand-
less Pd-catalyzed cross-coupling reaction via 5c. To im-
prove the chemical yield of (Z)-6s, we continued to try
to determine the optimum reaction conditions. After re-
ductive radical cyclization of 4c, tandem cross-coupling
reaction of 5c with p-tolyl iodide, Pd(acac)2 (0.05
equivs.), and LiBr (1 equiv.) was examined at 50 8C.
The reaction produced the desired product (Z)-6s in
only 10% yield (run 4). Our attention was directed to
amore reactive Pd-carbon complex, Pd(dba)2-NHC, de-
veloped recently.[27] The reactionof 4cwithPd(dba)2 and
NHC [nitrogen heterocyclic carbene¼1,3-bis(2,6-diiso-
propylphenyl)imidazol-2-ylidene] in the presence of LiI
and CuBr[28] proceeded smoothly even at 50 8C, giving
the desired adduct (Z)-6s in 75%yield (run 5).Although
the Pd-NHC-catalyzed cross-coupling reaction did not
occur without CuBr, use of 0.5 equivs. of CuBr along
with 1 equiv. of LiI was sufficient to give the desired
product (Z)-6s in good yield (run 6).

We applied this optimized method to the synthesis of
some (Z)-alkenes. Table 5 shows representative results.
Most of the reactions proceeded smoothly to give (Z)-
alkenes in good yields (runs 1–3). When only 4-iodoani-
solewas used as an aryl halide, amixture of (Z)- and (E)-
alkene 6t was obtained due to labile isomerization from
(Z)- to (E)-isomer (run 4). We succeeded in obtaining
compounds (Z)-6 stereoselectively at a lower reaction
temperature. Unfortunately, we did not succeed in the
synthesis of 6v using BuI as a cross-coupling reagent
(run 5).

Stereoselective Synthesis of Disubstituted 3-
Alkylideneoxindoles

Tamoxifen, which has three aryl groups on the carbon-
carbon double bond, is the most widely used antibreast
cancer drug in clinical practice.[29] We anticipated that
tamoxifen analogues 12 bearing tetrasubstitued olefins

Scheme 7. Synthesis of a TMC-95A intermediate. a) triphos-
gene (0.33 equivs.), NaHCO3 (excess), CH2Cl2/H2O, room
temperature, 2 h, 98%; b) n-BuLi (1.5 equivs.), 9 (1.5 equivs.),
THF, �78 ! �40 8C, 4 h, 79%; c) BnBr (3 equivs.), TBAI (3
equivs.), Cs2CO3 (3 equivs.), DMF, room temperature, 3 h,
87%; d) In (2 equivs.), Py ·HBr3 (1 equivs), DMF, room tem-
perature, 6 h, 45%.

Scheme 8.
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could be prepared by using our new approach. Tandem
cross-coupling reactions of 4with several aryl iodides via
a vinylindium intermediate were carried out in the pres-
ence of Pd(acac)2 andLiBr at 100 8C. In all cases, the cor-
responding disubstituted 3-alkylideneoxindoles 12were
obtained in good yields with no contamination of other
stereoisomers (Table 6, runs 1–6). Compound (Z)-12a
was obtained from compound 4q in high yield (run 1).
The stereoisomer (E)-12a could also be prepared from
4s by the same reaction procedure (run 2). The stereose-
lectivity of the products was unambiguously determined
by a comparison of their 1H NMR spectra. Regarding
the effect of the amide carbonyl oxygen, the methyl pro-
ton signals bearing a phenyl ring of the (Z)-isomer ap-
pear at a lower field than the corresponding signal of
the (E)-isomer. We also synthesized compounds (Z)-
12b and (E)-12b (runs 3 and 4). It is notable that a p-me-
thoxyphenyl group could be introduced with perfect re-
tention of its configuration in the synthesis of 12c (run 5)
but not in the synthesis of 6t (Table 5, run 4). Generally,
the coupling reaction into disubstituted 3-alkylideneox-

indoles 12 not only proceeded with perfect stereoselec-
tivity but also gave better yield than that of the corre-
sponding (Z)-adducts. Consequently, this method pro-
vides an efficient route to disubstituted 3-alkylideneox-
indoles, which can be regarded as oxindole analogues of
tamoxifen, widely used as an antibreast cancer drug.
Stereoselective syntheses of tamoxifen analogues have
been a subject of interest for organic and pharmaceuti-
cal chemists for many years.[30]

Debenzylation of 3-Alkylideneoxindoles by Oxidative
Radical Reaction

Crystal structures of the tyrosine kinase domain of
FGFR1 (fibrobrast growth factor receptor 1) in complex
with SU4984 and SU5402 were determined.[6a] It has
been reported that oxindoles make two hydrogen bonds
to the protein backbone of FGFR1K between N�H of
the oxindoles and the carbonyl oxygen of Glu562 and be-
tween carbonyl oxygen of oxindoles and the amide pro-

Table 4. Tandem carboindation and cross-coupling reaction for the synthesis of (Z)-alkenes.

Run Pd cat., Ligand Additive (equivs.) Temperature [ 8C] Reaction time [h] Yield [%]

(Z)-6 s 6c

1 Pd(PPh3)4 – 100 7 30 30
2 Pd(PPh3)4 LiBr (3) 100 5 60 0
3 Pd(acac)2 LiBr (3) 100 5 60 0
4 Pd(acac)2 LiBr (3) 50 24 10 60
5 Pd(dba)2, NHC LiI (1), CuBr (1) 50 24 75 0
6 Pd(dba)2, NHC LiI (1), CuBr (0.5) 50 24 72 0

Table 5. Synthesis of (Z)-alkenes under new conditions.

Run R Yield [%]

6 (E : Z)

1 Ph 6q 72 (Z)
2 p-CF3-C6H4 6p 75 (Z)
3 6u 70 (Z)

4 p-MeO-C6H4 6 t 64 (1 : 2.4)
5 Bu 6v 0
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ton of Ala564. Therefore, we examined some methods for
debenzylation of compound (Z)-12b in order to obtain
the deprotected oxindole compound (Z)-13b. We tried
several deprotection methods. The reactions of (Z)-
12b using the reagents like BBr3,

[31] KOt-Bu-O2,
[32]

CAN,[33] NBS-AIBN,[34] and NHPI-O2-metal system[35]

were examined. The best and the same results were ob-
tained when NBS-AIBN and NHPI-O2-Co(OAc)2-
Mn(OAc)2 reagent systems were used (Table 7, runs 4
and 5). A method for debenzylation from amide nitro-
gen with NBS-AIBN has already been reported.[34b] Ishii
reported that an NHPI-O2-metal system acts as a carbon
radical-producing catalyst from the C�H bonds of alka-
nes, alkenes, alcohols, etc., under relatively mild condi-
tions. We speculated that the reaction mechanism of
this reagent system[35c] resembles the debenzylation
mechanism using NBS-AIBN. We therefore examined
the usefulness of this reagent system for oxidative radi-
cal debenzylation. Fortunately, debenzylation reaction
proceeded smoothly with the use of this reagent system
under air atmosphere to afford (Z)-13b almost stereose-
lectively (run 5).

Finally we applied this novel oxidative radical depro-
tection method to some oxindole derivatives in order to

further develop deprotection methods. (E)-Oxindole 6a
and disubstituted oxindoles 12a and 12bwere examined
(Table 8). Their debenzylations proceeded smoothly to
yield deprotected products in high yields along with
small amounts of stereoisomers that were probably pro-
duced by thermal isomerization (runs 1–5). It was found
that this NHPI-O2-Co(OAc)2-Mn(OAc)2 system could

Table 6. Tandem carboindation and cross-coupling reaction for the synthesis of disubstituted 3-alkylideneoxindoles.

Run 4 R1 Ar Reaction time [h] Yield [%] of 12

1 4q Ph p-CH3-C6H4 6 (Z)-12a 80
2 4 s p-CH3-C6H4 Ph 6 (E)-12a 80
3 4q Ph p-CF3-C6H4 6 (Z)-12b 78
4 4p p-CF3-C6H4 Ph 5 (E)-12b 77
5 4q Ph p-MeO-C6H4 6 12c 73
6 4q Ph 7 12d 70

Table 7. Debenzylation of 3-alkylideneoxindoles.

Run Reagent Solvent Temperature Time [h] Yield [%] of 13b (E :Z)

1 BBr3 CH2Cl2 �78 8C 12 0
2 KO-t-Bu, O2 DMSO rt 6 0
3 CAN CH3CN :H2O¼5 : 1 rt 4 0
4 NBS, AIBN chlorobenzene reflux 12 95 (1 : 18)
5 NHPI, Co(OAc)2, Mn(OAc)2 AcOH 100 8C 12 93 (1 : 18)

Table 8. Debenzylation of 3-alkylideneoxindoles.

Run 6 or 12 R1 R2 Yield [%]

13 (E :Z)

1 (E)-6a Bu H (E)-13c 93 (99 : 1)
2 (E)-12a p-CH3-C6H4 Ph (E)-13a 91 (96 : 4)
3 (Z)-12a Ph p-CH3-C6H4 (Z)-13a 90 (4 : 96)
4 (E)-12b p-CF3-C6H4 Ph (E)-13b 97 (93 : 7)
5 (Z)-12b Ph p-CF3-C6H4 (Z)-13b 93 (5 : 95)
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remove the benzyl group from the amide nitrogen under
comparatively gentle conditions. It is expected that
these debenzylated compounds may have tyrosine kin-
ase activity, acts as a non-peptide antagonist of bombe-
sin and GRP (gastrin releasing peptides),[36] and exhibit
anti-rheumatic properties,[6] and cycline-dependent kin-
ase (CDK) activity.[7]

Conclusion

In conclusion, we have developed the first efficient
method for stereoselective and diversity-oriented syn-
thesis of various (E)-, (Z)-, and disubstituted 3-alkylide-
neoxindoles using In-mediated carbometallation and
Pd-catalyzed cross-coupling reaction under mild reac-
tion conditions. The key step is the first stereoselective
carboindation reaction using the strong coordination
ability of an indium atom. We also applied this method
to the synthesis of aTMC-95Aprecursor.Anewmethod
for debenzylation from amide nitrogenhas also been de-
veloped using an NHPI-O2-Co(OAc)2-Mn(OAc)2 sys-
tem. Our method provides a versatile tool for the total
synthesis of natural products and for random screening
to find drug candidates.

Experimental Section

General

See the Supporting Information for the procedures used to pre-
pare alkynes 4 and the characterization data of the compounds
made. Metallic indium was purchased from Kojundo Chemical
Laboratory Co., Ltd. All reactions were carried out under a
positive pressure of argon or nitrogen.

Typical Procedure for Indium-Mediated Reductive
Radical Cyclization

To a solution of iodoalkyne 4a (41.8 mg, 0.10 mmol) in DMF
were added indium(0) (22.8 mg, 0.20 mmol) and pyridinium
bromide perbromide (31.9 mg, 0.10 mmol) and stirred for
12 h at room temperature under an argon atmosphere. After
being quenched with water, the mixture was extracted with
AcOEt and dried over MgSO4. The residue was purified by col-
umn chromatography [silica gel, hexane/AcOEt (5/1)] to give
6a; yield: 23.3 mg (80%).

Typical Procedure for Tandem Carboindation and
Palladium-Catalyzed Cross-Coupling Reaction

To a solution of iodoalkyne 4c (36.2 mg, 0.10 mmol) in DMF
were added indium(0) (22.8 mg, 0.20 mmol) and pyridinium
bromide perbromide (31.9 mg, 0.10 mmol) and stirred under
at room temperature an argon atmosphere. After 12 h, to the
solution were successively added 4-iodotoluene (43.6 mg,

0.20 mmol), palladium(II) acetylacetonate (1.52 mg, 5.0�
10�3 mmol) and lithium bromide (17.2 mg 0.20 mmol) and
the mixture was stirred at 100 8C for 5 h. After being quenched
with water, the mixture was extracted with AcOEt and dried
over MgSO4. The residue was purified by column chromatog-
raphy [silica gel, hexane/AcOEt (5/1)] to give (Z)-6s; yield:
19.5 mg (60%).

Typical Procedure for Copper-Mediated Mild Cross-
Coupling Reaction

To a solution of iodoalkyne 4c (36.2 mg, 0.10 mmol) in DMF
were added indium(0) (22.8 mg, 0.20 mmol) and pyridinium
bromide perbromide (31.9 mg, 0.10 mmol) and stirred at
room temperature under an argon atmosphere. After 12 h,
to the solution were successively added 4-iodotoluene
(43.6 mg, 0.20 mmol), bis(dibenzylideneacetone)palladium(0)
(2.88 mg, 5.0�10�3 mmol), NHC ligand (4.74 mg, 1.5�10�2

mmol), copper(I) bromide (7.15 mg, 0.05 mmol) and lithium
iodide (13.3 mg 0.10 mmol) and the mixture was stirred at
50 8C for 24 h. After being quenched with water, the mixture
was extracted with AcOEt and dried over MgSO4. The residue
was purified by column chromatography [silica gel, hexane/
AcOEt (5/1)] to give (Z)-6s; yield: 23.4 mg (72%).

Synthesis of TMC-95A Intermediate

To a stirred solution of 2-iodoaniline (1.00 g, 4.57 mmol) in
CH2Cl2 (20 mL) were added triphosgene (452 mg,
1.52 mmol) and a saturated aqueous solution of NaHCO3

(20 mL) at 0 8C. After stirring at room temperature for 2 h,
H2O was added and aqueous layer was extracted with ether.
The combined extracts were dried over MgSO4, and then con-
centrated under reduced pressure. The crude isocyanate
(1.10 g, 98%) was used for the next reaction without further pu-
rification. To a solution of 9[24] (200 mg, 0.889 mmol) in THF
(3.0 mL) was added a 1.58 M solution of n-butyllithium
(0.56 mL, 0.889 mmol) in n-hexane. After the solution was stir-
red at �78 8C for 1 h, a solution of the isocyanate prepared
above (145 mg, 0.593 mmol) in THF (3.0 mL) was added to
the mixture. The reaction mixture was stirred at �78 8C for
an additional hour, before warming to �40 8C. The mixture
was then poured into a saturated aqueous solution of NH4Cl
and the mixture was extracted with diethyl ether. The com-
bined organic extracts were dried and concentrated under vac-
uum and the crude product was purified by SiO2 column chro-
matography (elution: 4 :1 hexane/ethyl acetate) to give the de-
benzylation compound of 10 as a colorless oil; yield: 302 mg
(79%).

Typical Procedure for Debenzylation by the NHPI-
Co(OAc)2-Mn(OAc)2 Method

To a solution of (Z)-12a (45.5 mg, 0.10 mmol) in AcOH
(1.0 mL) was added N-hydroxyphthalimide (16.3 mg,
0.10 mmol), cobalt(II) acetate (2.65 mg, 1.5�10�2 mmol)
andmanganese(II) acetate (1.73 mg, 1.0�10�2 mmol) and stir-
red for12 h at 100 8C. After being quenched with water, the
mixture was extracted with AcOEt and dried over MgSO4.
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The residuewas purified by columnchromatography [silica gel,
hexane/AcOEt (5/1)] to give (Z)-13a; yield: 32.8 mg (90%, E/
Z¼4/96).
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