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Abstract: We report a chemoselective tandem oxidative
cyclization/aromatization of indole derivatives tethered to aniline
sulfonamides using catalytic amount of tetrabutylammonium iodide in
the presence of tert-butyl hydroperoxide (TBHP) as an oxidant under
nearly neutral conditions at room temperature. The corresponding
indolo[2,3-b]quinolines were obtained as sulfonate salts, which could
be easily isolated in analytically pure form via only a simple filtration
of the crude reaction mixture. The natural product quinindoline could
be easily obtained after basic work-up of the sulfonate salt. Control
experiments revealed that both ionic and radical active species could
be generated in situ under mild conditions for the corresponding
oxidative transformations to proceed in a chemoselective manner.

Indole is a scaffold that is widely found in many natural products
and bioactive compounds; more than 4000 indole-derived
alkaloids have been found in nature.['l Indoloquinolines, which
have fused indole and quinoline rings, are a family of relatively
rare and unique natural alkaloids (Figure 1). These compounds
show a wide range of biological activities such as antibacterial,
antiviral, antifungal, antimuscarinic, antihyperglycemic and
antitumor  activity.? Cryptolepine, 5-methyl-5H-indolo[3,2-
blquinoline, was isolated in 1951 as the first example of these
alkaloids.®! However, due to the strong toxicity of cryptolepine,?*l
more recently, neocryptolepine (cryptotackieine), 5-methyl-5H-
indolo[2,3-b]quinoline, has been a focus of attention as a
promising natural alkaloid that displays interesting and varied
biological activities with low toxicity.”l = Neocryptolepine was
isolated in 1996 from the bark of the roots of Cryptolepis
sanguinolenta, albeit in small quantities.’® Neocryptolepine could
also be easily synthesized?®  from  quinindoline
(norcryptotackieine, 1a),l! which is also a natural product that
exhibits many of the same bioactivities as neocryptolepine
including antiproliferative, cytotoxic, and antitumor properties.?
In addition, several studies revealed that introduction of an
appropriate substituent at certain positions of the indoloquinoline
mother skeleton could lead to better biological activity.?®l
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Figure 1. Representative examples of indoloquinoline alkaloids.

Because quinindoline, neocryptolepine and their analogues have
received great interest in the fields of synthetic and medicinal
chemistry, many synthetic approaches have been developed to
construct the basic 6H-indolo[2,3-b]quinoline framework.2%10
Among these, indole derivatives are often used as a starting
material, from which the quinoline moiety is formed via
cyclization.®! Recent representative methods are shown in
Scheme 1. Seidel and colleagues reported a practical Brgnsted
acid-promoted reaction of indole with aminobenzaldehydes under
reflux conditions in ethanol to give neocryptolepine and
analogues via annulation/aerobic oxidation cascades (Scheme
1a).®®  However, this reaction was limited to secondary
aminobenzaldehydes to give the corresponding N-substituted
quinolines. Primary aminobenzaldehydes afforded 3-(2-
aminophenyl)quinolines instead of indoloquinolines via an indole
ring-opening process. On the other hand, iodine-mediated
oxidative coupling of indole derivatives to construct
indoloquinolines was also reported. For example, Liang and
colleagues reported an intermolecular coupling of N-alkyl indoles
with  1-(2-tosylaminophenyl)-ketones to give indolo[2,3-
bJquinolines (Scheme 1b).°9  The reaction sequence was
proposed to proceed via an iodine-mediated amination of indoles
with sulfonamides at the C2-position followed by intramolecular
cyclization of the 2-amino indole intermediates, subsequent
detosylation gave the corresponding indoloquinolines. However,
no reaction was observed for N-unsubstituted indoles. In addition,
concentrated HCI was required to achieve the second step and
tosyl chloride was generated as a side product of detosylation.
On the other hand, Sekar and colleagues reported an
intramolecular tandem cyclization of indole derivatives tethered to
aniline sulfonamide followed by detosylation and aromatization to
give the corresponding indolo[2,3-b]quinolines (Scheme 1c¢).%l
However, similar to the intermolecular coupling reaction shown in
Scheme 1b,% the substrate scope of this intramolecular reaction
was also limited to N-alkyl substituted indoles. In addition, both
the inter- and intramolecular coupling methods required a
stoichiometric amount of molecular iodine in the presence of
cesium carbonate under heating conditions.[°¢*

Based on our recent findings regarding the tandem oxidative
dearomative!'"! cyclization of homotryptamines,[' we report here
the hypoiodite-catalyzed!'*>'l chemoselective tandem oxidative
cyclization of indole derivatives 2 tethered to aniline sulfonamides
to give indolo[2,3-b]quinolin-5-ium sulfonates 3 under mild
conditions using catalytic amount of tetrabutylammonium iodide
and TBHP as an oxidant at room temperature (Scheme 1d).
Although, similar to previous iodine-mediated intramolecular
coupling reactions under basic conditions,®® our catalytic



oxidative coupling proceeded under nearly neutral conditions via
a similar intermediate dihydroindolo[2,3-b]-quinoline 4, but to give
the products 3 as a salt, which could be easily isolated in
analytically pure form via only a simple filtration of the crude
reaction mixture. In addition, both N-unsubstituted and N-Me
indole derivatives 2 could be used under our catalytic conditions
to give the corresponding indolo[2,3-b]quinolin-5-ium salts 3 in
good to high yields.
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Scheme 1. Representative examples of the synthesis of indolo[2,3-b]quinolines
from indole derivatives. “Ns, 4-nitrobenzenesulfonyl.

Recently, we reported the quaternary ammonium hypoiodite-
catalyzed oxidative cyclization/peroxidation of homotryptamine
derivatives 5 with TBHP to give the corresponding
peroxyindolenines 6 under mild conditions (Scheme 2a).'4 The
tandem process would proceed via intramolecular oxidative
aminocyclization of 5 to give tetrahydropyridoindole 7 as an
isolable intermediate. Oxidative coupling of 7 with TBHP at the
C-3 position would then would afford peroxyindolenines 6. To
expand the substrate scope, we examined indole 2a, an aniline
analogue of homotryptamine, as a substrate under the identical
reaction conditions (Scheme 2b). The reaction proceeded with a
similar efficiency, however, initially expected peroxide adduct 8a
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was not obtained. Instead, a hardly soluble salt, which was
determined to be quinindolin-5-ium nosylate 3a by X-ray analysis
(Scheme 2d), was obtained in 76% isolated yield after simple
filtration. A reaction kinetic profile analysis using in situ "TH NMR
monitoring of the reaction progress revealed the rapid
consumption of 2a to give dihydroindolo[2,3-b]quinoline 4a, an
analogue of 7,I'7 as an intermediate, which was then converted
to 3a (Scheme 2c). We speculated that the enhanced acidity of
benzylic protons in 4a might lead to aromatization/denosylation to
give 3a rather than intermolecular oxidative coupling with TBHP.
The natural product quinindoline (1a) could be obtained
quantitatively as a free base by treatment of 3a with aqueous
NaHCOs solution (Scheme 2e).

a) Oxidative cyclization/peroxidation of homotryptamines (our previous work)[12
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Scheme 2. Tandem oxidation of indole derivatives 2a and 5, and initial findings
of this work.

We investigated the reaction parameters for the tandem oxidative
cyclization/aromatization of 2a using 10 mol% of BusNI as a
catalyst (Table 1). A brief screening of common organic solvents
revealed that toluene was the most suitable reaction medium
(entries 1-5). Interestingly, the use of diethyl ether or ethyl
acetate gave only intermediate 4a in moderate yield (entries 2 and
3). On the other hand, almost no reaction occurred in polar
medium such as acetonitrile or N,N-dimethylformamide (entries 4
and 5). Next, we investigated common oxidants that have been
used in several hypoiodite catalysis (entries 6-9).1'* A reduction
in the amount of TBHP (3 to 2.5 equiv.) led a similar yield, albeit
after a longer reaction time (entry 6 versus entry 1). On the other
hand, a faster reaction proceeded with the use of cumene
hydroperoxide (CHP) as an oxidant to give 3a in lower yield along



with several unidentified byproducts (entry 7). Interestingly, a
clean reaction was observed with the use of hydrogen peroxide,
albeit to give only intermediate 4a in good vyield (entry 8),
suggesting that alkyl hydroperoxides plays a crucial role in the
oxidation of 4a to 3a. Finally, no reaction proceeded in the
absence of iodide catalyst (entry 9).

Table 1. Investigation of conditions for the oxidation of 2a.[!

O BuyNI (10 mol%)
oxidant O | \ |

‘ ,\T TES conditions, 25 °C N E/“N - N 4!}1 O
H S Ns
2a 3a 4a

Entry  Oxidant (equiv.) Solvent  Time [h] Yield, 3a, 4a [%]®!
1 TBHP (3) Toluene 24 86 (76)9, <1

2 TBHP (3) Et.0 24 <1,21

3 TBHP (3) EtOAc 24 <1, 52

4 TBHP (3) CH3CN 24 <1,<5

5 TBHP (3) DMF 24 n.r.d

6 TBHP (2.5) Toluene 36 85, <1

7 CHP (3) Toluene 10 65, <1l

8 30% H202 (3) Toluene 24 <1,75

off TBHP (3) Toluene 24 n.r.d

[a] A solution of 2a (0.1 mmol), BusNI (10 mol%) and oxidant (1.5-3 equiv.) in
solvent (0.02 M) was stirred at 25 °C. [b] Determined by 'H NMR analysis of
the crude mixture dissolved completely in DMSO. [c] Isolated yield after filtration
of the crude mixture (another batch). [d] No reaction. [e] Several unidentified
by-products were also observed. [f] In the absence of BusNI. n.r., no reaction.

A series of indoles 2 were examined for the tandem oxidative
cyclization/aromatization reaction under optimized conditions
(Scheme 3). Products 3 were obtained in good yield as sulfonate
salts in analytically pure form after a simple filtration of the crude
reaction mixture. Beside the 4-nosyl group as a protecting group
for aniline tether, other sulfonyl groups such as tosyl (Ts) and
methanesulfonyl (Ms) groups could also be used to afford the
desired products 3b and 3c, respectively. Notably, substitution
(R?> = Me) at the methylene tether was tolerated under our
conditions to give 3d in good yield. Electron-donating or -
withdrawing substituents at both the indole and aniline moieties
were also tolerated to give the corresponding 3e—I in good yields.
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Scheme 3. Tandem oxidation of 2 to 3. [a] Unless otherwise noted, reactions
were performed using 0.2 mmol of 2. [b] 4.9 mmol (2.0 gram) of 2a was used.

Interestingly, in sharp contrast to a previous oxidative
peroxycyclization of homotryptamines in which N-substituted
indoles were inert to oxidation,'? N-Me-indole derivative 2m
could be used for this oxidative cyclization/aromatization reaction
(Scheme 4). Notably, compared to 3a-l, due to the higher
solubility of the corresponding sulfonate salt 3m, we obtained N-
Me indoloquinoline 1m as a free base in good yield after a basic
work-up and column chromatography.

oal: e LT
N Ns Toluene, 25 °C, 36 h N N/

Me Me
2m 1m: 79%

BuyNI (10 mol%)
TBHP (5 equiv.)

Scheme 4. Tandem oxidative cyclization/aromatization of N-Me-indole 2m.

On the other hand, a chemoselective oxidative cyclization of
indoles 2a, 2d, 2e and 2j with the use of aqueous hydrogen
peroxide as an oxidant under otherwise identical conditions gave
the corresponding dihydroindolo[2,3-b]-quinolines 4 in high yield
(Scheme 5). Notably, re-aromatized products 3 were not
observed under these conditions.
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Scheme 5. Chemoselective oxidative cyclization of 2 to 4.

To probe the active species, several control experiments were
performed using 2a as a model substrate (Scheme 6). No
reaction of 2a was observed with stoichiometric amounts of
various iodine-based oxidants such as molecular iodine (l2),
triiodide (Is7), and high-valence iodines (I03™ and 1047) (Scheme
6a, entry 3). On the other hand, rapid oxidation of 2a proceeded
with the use of ftriiodide under basic conditions to afford
intermediate 4a in 52% yield along with several unidentified side
products (Scheme 6a, entry 4), suggesting that, as in our previous
oxidative coupling reactions,'¥l hypoiodite might be a catalytic
active species for the oxidative cyclization of 2a to 4a. However,
no oxidative aromatization product 3a (or 1a) was obtained in the
absence of TBHP, suggesting that TBHP should be required for
the oxidation of 4a (Scheme 6a, entry 4 versus entries 1 and 2).
Next, we investigated the oxidative aromatization of 4a to 3a in
detail (Scheme 6b). Again, oxidation of 4a with a stoichiometric
amount of triiodide (I37) or high-valence iodines (I03” and 104") did
not give 3a (or 1a), and most of the unreacted 4a was recovered
(Scheme 6b, entry 2). On the other hand, oxidation of 4a with the
use of |2 proceeded to give 3a in 67% yield (Scheme 6b, entry 3).
However, no reaction was observed under dark conditions
(Scheme 6b, entry 4), suggesting that a radical species (i.e., I*)
generated in situl'™ rather than |2 itself might be the active species
for the oxidation. Interestingly, the oxidation of 4a also proceeded
with the use of only TBHP (Scheme 6b, entry 5). In contrast with
the use of I2, the oxidation reaction still proceeded under dark
conditions with the use of TBHP, albeit with a decrease in the
chemical yield (Scheme 6b, entry 6 versus entry 4). Contrarily,
the use of TEMPO as an additive hampered the reaction,
suggesting that radical species might be generated from TBHP
(Scheme 6b, entry 7). Obviously, oxidation of 4a with TBHP
proceeded much faster in the presence of a catalytic amount of
Bu4NI regardless of the presence of light (Scheme 6b, entries 1
and 8), which suggests that the I/I* couple might catalyze the
generation of radical species such as tert-butylperoxy (-BuOO-)
or tert-butoxy radicals (-BuO-) from TBHP.'“ Interestingly,
similar to the oxidation of 2a (Scheme 6a, entry 4), 4a was
consumed smoothly with the use of a stoichiometric amount I*
species generated in situ from I3~ under alkaline conditions.
However, 3a was obtained in less than 20% yield along with
several unidentified products (Scheme 6a, entry 9). These results
suggest that the low concentration of I* species generated in situ
under catalytic conditions might be crucial to induce high
chemoselectivity. Finally, we may be able to rule out the
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possibility of aerobic oxidative aromatization since no reaction
was observed in the absence of reagents under air (Scheme 6b,
entry 10).

a)
2a ——  3aor 4da
Toluene, 25 °C
Conv. [%]  Yield [%]
Entry Reagent (equiv.) Time [h] 2a 3a 4a
1 BugNI (0.1), TBHP (3) 24 >05 86 <1
2 BuyNI (0.1), TBHP (1) 24 60 10 46
3 l5, BugNl3, NalO3 or BugNIO, (2) 24 <1 <1 <1
4 BuygNI3 (1), BusNOH (2) 0.1 >05 <1 52
b)
4a 3a
Toluene, 25 °C
Conv. [%]  Yield [%]
Entry Reagent (equiv.) Time [h] 4a 3a
1 BuyNI (0.1), TBHP (2) 10 >95 71
2 BuyNI3, NalO3 or BuyNIO, (2) 24 <5 <5
3 (1) 4 >95 67
4 I (1) (under dark) 24 <5 <5
5  TBHP(2) 24 70 60
6 TBHP (2) (under dark) 24 60 50
7 TBHP (2) + TEMPO (2) 24 <5 <5
8 BuyNI (0.1), TBHP (3) (under dark) 10 >95 70
9 BuyNIz (1), BuyNOH (2) 0.1 >95 <20
10 none (under air) 24 <5 <5

Scheme 6. Control experiments to probe active species.

To gain further insight into the reaction mechanism, we
investigated the effect of radical scavengers (Scheme 7).
Oxidation of 2a proceeded with similar efficiency in the presence
of radical scavengers such as 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO) or 1,1-diphenylethylene (DPE) to give
intermediate 4a in good yield; no formation of 3a was observed
(Scheme 7a). These results suggest that while a free-radical
pathway might be unlikely for the oxidative cyclization of 2a to 4a,
radical species might play a role in the oxidative
aromatization/denosylation of 4a to 3a. Indeed, the reaction of 4a
in the presence of TEMPO or DPE under otherwise identical
conditions was sluggish and more than half of the unreacted 4a
was recovered (Scheme 7b). Interestingly, however, a free base
1a was obtained instead of sulfonate salt 3a in low yield,
suggesting that the generation of 4-nitrobenzenesulfonic acid
might be inhibited in the presence of radical scavengers. The clue
to understand this particular aromatization/denosylation process
came from a careful investigation of the side products of the
radical trapping experiments. From the control experiment using
DPE, we obtained two major side products, which were
unambiguously determined to be nosyl hydroperoxide 9 and its
reduced form 10 by X-ray analysis (Scheme 7b). These results
clearly indicated the generation of nosyl radical species!'® that
would be trapped by DPE to give a Markovnikov adduct, which
was further captured by O2 to give nosyl hydroperoxide 9 under
air.



a)
BugNI (10 mol%) Additive 3a [%] 4a [%]
TBHP (3 equiv.)
2a ——— > 3aorda - 86 <1
Additive (3 equiv.) TEMPO <1 60
Toluene, 25 °C, 24 h DPE <1 86
b) BuyNI (10 mol%)
HH 0, 0,
TBHP (2 equiv.) Additive 3a [%] 1a [%]
4a 3a or 1a - 70 <1
Additive (2 equiv.)
Toluene, 25 °C, 12 h TEMPO <1 10
fDPE <1 30

side products from DPE: 9 (20%) and 10 (10%)

NO NO
ph N /©/ 2 ph /©/ 2
Y8 s

&> &>

Ph O O Ph O O
9 10

Q A

Scheme 7. Control experiments with radical scavengers.

Based on the above observations and previous findings,['>'¥ a
proposed mechanism is depicted in Scheme 8. Control
experiments in Scheme 6 revealed that both ionic (i.e., hypoiodite)
and radical (i.e., BuO- and/or t-BuOOQO-) species might be
generated in situ and worked in synergy under our catalytic
oxidation conditions to proceed a chemoselective tandem
oxidation.['"¥ While the hypoiodite-catalyzed oxidative cyclization
of 2 gave dihydroindoloquinoline intermediates 4 via an ionic
process, denosylative aromatization of 4 to indoloquinolines 1
might involve a free-radical species. In the ionic process, a
reversible N-iodination of N-unsubstituted indoles 2 with I* active
species might afford indolyl hypoiodite 11, which might then give
4 via intramolecular aminocyclization at the C-2 position.[217]
Alternatively, iodination of N-substituted indoles (i.e., 2m) at the
C-3 position might give iminium cations 12. Intramolecular
trapping with a sulfonamide tether (12 to 13) followed by
elimination might also afford 4. We could not completely rule out
the possibility of a C-3-iodination pathway for N-unsubstituted
indoles. On the other hand, in the radical process, ['“®l abstraction
of benzylic hydrogen of 4 with a free-radical species such as t-
BuOO- or t-BuO- might trigger denosylative aromatization to give
the indoloquinoline 1 and nosyl radical 14, which could be
oxidized to the 4-nitrobenzenesulfonic acid (15). In situ
protonation of free base 1 with 15 would give indoloquinoline
sulfonate salts 3.
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—ionic process— ionic active species

BuyN*I~+ -BuOOH —> BuyN*IO~ + t-BuOH

BusN*IO~ +H,0 === IOH + Buy;N*HO"

\y HN — - 4
O o R=H) O W -r
N 4Ns l}l Ns
R I
2 1
I* | (R=H oralkyl)

| O
HN N -
N+ iNs RH,J

12 13
—radical process—

(Ar = 4-NO,CgHy)

QI\/‘+ArS
N

t=BuOO- or t-BuO-

radical active species l [O]
12 1,
t-BuO- + -BuOOH ArSO;H
Bu,N*HO™ 15
Te )
NN
AN
+BuOOH Bu,N*I- +BuOO- 3H NsO

Scheme 8. Proposed mechanism.

Finally, we investigated the tandem oxidative cyclization of other
two types of indole derivatives (Scheme 9). A chemoselective
oxidation of indole derivative 16 tethered to phenol gave
chromeno[2,3-blindole 17, which is a core structure of the
alkaloids hyrtimomine A and hyrtimomine B.['81 On the other hand,
oxidative cyclization of tryptophane derivative 18 afforded
pyrrolo[2,3-blindole 19, which is found in many natural alkaloids."]

O

BuNI (10 mol%)
TBHP (2.5 equiv.)

=
O \) HO Toluene, 25 °C, 9 h N=
N o)
H 16 17: 65% yield
COoMe Bu NI (10 mol%)
NH TBHP (3 equiv.) { Xy~ CO;Me
| N
Ny “Ns Toluene, 25 °C, 24 h N" “Ns
N
H 18 19: 50% yield

Scheme 9. Chemoselective tandem oxidative cyclization to chromenoindole 17
and pyrroloindole 19.

In conclusion, we have developed a chemoselective tandem
oxidative cyclization of indole derivatives tethered to aniline
sulfonamides using catalytic amount of tetrabutylammonium
iodide and TBHP as an oxidant. Catalytic tandem oxidations
proceeded under nearly neutral conditions at room temperature
via dihydroindolo[2,3-b]-quinolines as isolable intermediates to



give the corresponding indolo[2,3-b]quinolines as sulfonate salts,
which could be easily isolated in analytically pure form via only a
simple filtration of the crude reaction mixture. The natural product
quinindoline could be easily obtained after basic work-up of the
sulfonate salt. Interestingly, control experiments revealed that
while oxidative cyclization of indole derivatives proceeded with
hypoiodite as a catalytic active species via an ionic process,
radical species might play a role in oxidative
aromatization/desulfonylation  of  intermediate to  give
indoloquinoline sulfonate salts. Importantly, both ionic and radical
active species would be generated in situ under these mild
conditions for the corresponding oxidative transformation to
proceed in a chemoselective manner.
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A chemoselective I*/TBHP catalysis was developed for tandem oxidative cyclization/aromatization of indole derivatives under nearly
neutral conditions to give the corresponding indolo[2,3-b]quinoline sulfonate salts, which could be easily isolated via only simple
filtration of the crude reaction mixture. Interestingly both ionic and radical active species would be generated in situ for the
corresponding oxidative transformations to proceed in a chemoselective manner.
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