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Abstract
A copper-catalyzed intramolecular alkene oxidative amination that utilizes TEMPO as co-catalyst
and O, as the terminal oxidant has been developed. The method furnishes N-aryl and N-sulfonyl
indoles from N-aryl and N-sulfonyl 2-vinylanilines, respectively. Additionally, sequential copper-
catalyzed reactions where initial Chan-Lam coupling of 2-vinylanilines with arylboronic acids is
followed by oxidative amination of the alkene can generate N-aryl indoles in one pot.
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Methods for the synthesis of indoles have been studied extensively due to their prevalence in
natural products and bioactive compounds.! While classical reactions such as the Fischer
indole synthesis and the Bartoli indole synthesis feature prominently in synthetic routes,2
palladium-catalyzed intermolecular coupling methods such as Larock’s indole synthesis
using alkynes as well as intramolecular methods such as Heck reactions of 2-halo-N-
allylanilines have gained considerable usage in modern indole synthesis.1:23 Conversely,
Pd-catalyzed routes involving intramolecular oxidative cyclizations of 2-vinylanilines have
been used comparatively less, presumably because they have not been as general or
efficient.* Along these lines, Zheng and co-workers recently reported a comparatively more
general method for the synthesis of N-(4-methoxyphenyl) indoles using a ruthenium catalyst
under photo-redox conditions.>® A new method for the synthesis of a variety of 2,3-
unsubstituted indoles from N-acetyl- and N-carbamoyl-2-vinylanilines using hypervalent
iodine reagents has also appeared.>P
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Synthetic methods for indole synthesis based on comparatively less expensive copper
catalysts have also emerged.8 We recently reported a copper-catalyzed alkene C-H
amination whose scope includes the synthesis of N-sulfonyl- and N-phenyl indoles.%2 The
reported method utilized a Cu(OTf),ebis(oxazoline) complex as catalyst and 300 mol %
MnO, as terminal oxidant (Scheme 1).68 In an effort to reduce reliance on the stoichiometric
metal oxidant, we pursued development of a procedure based on terminal aerobic oxidation.
The ability of O, to oxidize Cu(l) to Cu(ll) is dependant on the solvent and copper
coordination sphere.”@ Under the reaction conditions generally effective for copper-
catalyzed alkene amination, and with the copper complexes most effective for this purpose
[Cu(OTf),*bis(oxazoline) and Cu(2-ethylhexanoate),], aerobic oxidation is minimally
effective (e.g., Table 1, entry 1). We were aware, however, that when 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO) is used as a co-catalyst in conjunction with an O, atmosphere,
turnover can be achieved in a variety of transition metal-catalyzed reactions.’

When 50 mol % of TEMPO was used in the presence of O, (1 atm, via balloon) under Cu(2-
ethylhexanoate), catalysis (20 mol%), 41% of indole 2a was isolated along with 20% of a
TEMPO-peroxide 2aa. The presence of 2aa is consistent with the presence of a carbon
radical reaction intermediate (vide infra).52

Changing to Cu(OTf), and bis(oxazoline) ligand 3, 65% conversion was achieved with the
remainder being starting 2-vinyl aniline 1a (Table 1, entry 3). Use of 1,10-phenanthroline 4
as ligand with Cu(OTf), gave similar results (Table 1, entry 4). We hypothesized that the
presence of side product 2aa formed in Table 1, entry 2, could be reduced if the TEMPO
loading were reduced. Gratifyingly, use of 20 mol% of both Cu(2-ethylhexanoate), and
TEMPO under O, (1 atm) gave 73% yield of indole 2a with only trace 2aa (Table 1, entry
5). Reduction of the copper loading to 15 mol% provided 2a in comparable yield (71%,
Table 1, entry 6). Further reduction in TEMPO loading resulted in decreased conversion to
2a (Table 1, entry 7). In the absence of copper there is no reaction (Table 1, entry 8).

Using the optimized conditions (Table 1, entry 6) the reaction scope was explored (Table 2).
Various N-sulfonyl 2-vinylanilines underwent the oxidative cyclization in moderate to good
yield (Table 2, entries 1-5). Interestingly, only the (E)-isomer was reactive when a mixture
of internal alkenes 1f (E:Z ratio = 2:3) was submitted to the reaction, giving indole 2f in
22% yield along with 22% recovered (2)-1f (Table 2, entry 6). Exclusive reaction with
(E)-1f gave 43% of indole 2f (Table 2, entry 7). N-Aryl-2-vinylanilines 1g, 1h, and 1i were
the most reactive substrates, giving 81-85% yield range (Table 2, entries 8-10). Substrates
with less alkene substitution, e.g. 1j, gave reduced conversion to the indole (55% isolated 2j,
Table 2, entry 10). The N-tosyl variant of 1j was unreactive.

Taken in sum, these results indicate the efficiency of the reaction is dependent on the
electronics and sterics of the alkene as well as the electronics of the amine. In general
alkenes that accept radicals more readily (e.g. 1,1-disubstituted alkenes), and N-substituents
able to stabilize an N-radical are more reactive. Primary anilines and N-alkyl anilines failed
to react under the optimized conditions.
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This new aerobic Cu-catalyzed indole synthesis is largely complementary in substrate scope
to recently reported oxidative amination reactions of 2-vinylanlinines.> When compared to
the Ru-catalyzed photocatalytic oxidative cyclization of N-(4-methoxyphenyl)-2-
vinylanilines,> the N-substituent scope of this aerobic copper-catalyzed reaction is much
wider, but the alkene substituent scope is more narrow. When compared to the hypervalent
iodine-mediated oxidative cyclization of 2-vinylaniline derivatives where unsubstituted
alkenes such as 1j perform best,3? this Cu-catalyzed reaction performs better with higher
substituted, 1,1-disubstituted alkenes but is less efficient with less substituted alkenes such
as 1j. In comparison to our previously reported method where 300 mol % MnO, was used as
the terminal oxidant,52 this new aerobic method requires less reagents and creates less waste.
Isolated yields of the indoles are comparable in some cases and somewhat lower in others,
and the substrate scope is more narrow (e.g. intermolecular C-H aminations do not work as
well under the aerobic conditions, not shown).

A catalytic cycle consistent with the observations in Tables 1 and 2 is illustrated in Scheme
2.%a Complexation of N-tosyl-2-vinylaniline 1a and Cu(2-ethylhexanoate), gives A.
Reversible N-Cu(Il) homolysis provides A in equilibrium with nitrogen radical B and
[Cu(1)] complex C. Addition of the amidyl radical to the pendant alkene generates benzylic
carbon radical D, which under oxidizing conditions proceeds to indole 2a. The [Cu(l)]
complex C is then oxidized by TEMPO radical, thereby regenerating the catalyst and
TEMPO anion.”™ The latter is oxidized by O, and re-enters the cycle. The relatively lower
reactivity of the less substituted vinylarene 1j argues against an alternative mechanism
involving outer-sphere electrophilic activation of the alkene by [Cu(l1)] since such C-[Cu]
bond formation should be more favorable on less substituted alkenes (in analogy to
hypervalent iodine promoted reactions).>°

A tandem reaction involving two different copper-catalyzed C-N bond formations was next
explored. N-aryl anilines are efficiently synthesized via copper-catalyzed Chan-Lam
coupling® between the corresponding anilines and boronic acids. In the event, commercially
available 2-isopropenylaniline 5 was subjected to Cu(OAc),-catalyzed couplings with
various aryl boronic acids at room temperature under air (Scheme 3). After 24 h, TEMPO
(20 mol %) and O (1 atm, balloon) were introduced and the mixture heated to 120 °C for 24
h. This concise process yielded N-aryl indoles 2g and 2k, 2| and 2m in moderate yields.

In conclusion, a new indole synthesis method involving oxidative cyclization of N-sulfonyl
and N-aryl-2-vinylanilines catalyzed by copper under aerobic reaction conditions has been
developed. A further illustration of the synthetic potential was demonstrated by a one-pot
Chan-Lam coupling / oxidative amination sequence. The reaction is complementary to
existing indole synthesis protocols and is especially applicable to the synthesis of 3-
substituted N-sulfonyl and N-aryl indoles starting from 2-vinyl anilines. Substrate reactivity
trends are consistent with amidy| radical reactivity. A catalytic sequence implicating
TEMPO as a co-catalyst that functions as intermediary between the copper(ll) carboxylate
and molecular O, is proposed.
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Previous method (uses 300 mol % MnO>) and present study (uses O,, 1 atm) for the copper-

catalyzed indole synthesis.
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Proposed Catalytic Cycle
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Cu(OAc), (20 mol%)
myristic acid (40 mol%)
2,6-lutidine, ArB(OH),

CHgPh, air, 1t, 24 h N
NH,  then TEMPO (20 mol%) |
0,, 120 °C, 24h Ar
5 2g, 2k-m
N N N N
OCF,4 N
/
2g, 53% 2k, 54% 21, 42% 2m, 39%

Scheme 3.
One-Pot Tandem Chan-Lam Coupling® / C-H Amination
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Table 1

Optimization of Reaction Conditions

[{_)u](mdée) ©:€ E)fg\ a‘b (/ﬁﬁr\)

o 120
4 3\
=
entry [Cu] (mol %) TEMPO (mol %) yield 22
1 Cu(eh), (15) - 28%
2 Cu(eh), (20) 50 a19%°
3 Cu(OTH)2#3 (20) 50 65%°
4 Cu(OTf#4(20) 50 65%°
5 Cu(eh), (20) 20 73%
6 Cu(eh), (15) 20 71%
7 Cu(eh), (15) 10 209%°
8 - 20 NR

Cu(eh)2 = copper(ll) 2-ethylhexanoate, NR = No reaction
alsolated yield.
b20% of 2aa was also isolated.

CConversion % based on crude 1H NMR.

1duosnue Joyiny

1duasnuen Joyiny

Synlett. Author manuscript; available in PMC 2015 March 09.



1duosnue Joyiny 1duosnuen Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Liwosz and Chemler

Table 2

Substrate Scope"’1

entry  substrate product yieldb

1 71%
2 1b, R =SES 2b, R =SES 55%
3 1c,R=Ns 2c,R=Ns 51%
4 1d, R =Ms 2d, R =Ms 50%
5 73%

22%
7 43%
8 83%
8 1h, Ar = 4-F-Ph 2h, Ar = 4-F-Ph 81%
9 1i, Ar = 4-MeO-Ph 2i, Ar = 4-MeO-Ph 85%

10

SES = 2-(trimethylsilyl)ethanesulfonyl, Ns = 4-nitrophenylsulfonyl, Ms = methane sulfonyl.

55%
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aReaction conditions used: 1a (0.174 mmol, 1 equiv), Cu(eh)2 (0.026 mmol, 15 mol %), TEMPO (0.035 mmol, 20 mol %), toluene (1.74 mL) and
02 (1 atm, balloon).

bIsolated yield after column chromatography

C22% of the (Z)-isomer of 1f was recovered.
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