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The copper-catalyzed directed dearomatization of indoles with the assistance of directing groups has
been developed for the synthesis of [45_TD$DIFF]2,3-diazido indolines with good yields and excellent
diastereoselectivities in aqueous solution. The resultant [45_TD$DIFF]2,3-diazides can be smoothly converted to
other functional groups, including vicinal diamines, triazoles and benzotriazoles, in a single step.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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2,3-Diamino indoline, an important vicinal diamine, is a very
common moiety in natural products and pharmaceutics, especially
in alkaloids. The methodology for its preparation, which would
enable the study of its biological functions and the development of
relatedalkaloiddrugs,hasattractedsignificant interest (Fig.1) [1–4].
For example, the alkaloid psychotrimine has been isolated from
Psychotria rostrat by Takayama and exhibits high antifungal activity
via membrane disruption. Thus, green and efficient methods for
building 2,3-diaminoindoline groups are highly desirable.

During the past decade, difunctionalization of C¼C double
bonds has emerged as a valuable and efficient synthetic approach
[5–8]. In comparison to direct diamination, the diazido-process has
attracted more interest. This is due to the easy conversion of
diazido products to vicinal diamines. In addition, the dearomati-
zation of indoles via nitrogen transfer involves a radical species,
and azide radicals are easier to form than amine radicals [9,10].
Vicinal diazides are useful synthons for heterocylic biologically
active compounds [11], and play an important role in drug
discovery and chemical biology due to their use in click chemistry
[12–14]. Thus far, several methodologies have been successfully
developed for the construction of 2,3-diazidoindoline. Yasumitsu [47_TD$DIFF]
qq.com (Q. Zhu).
rk.

itute of Materia Medica, Chinese
et al. developed an efficient method for the diazidation of indoles
using azidoiodinane with a 7:2 ratio of diastereomers [15].

The group of Moriarty has reported the diazidation of indole
using iodosobenzenewith a [48_TD$DIFF]34% yield (Scheme 1a) [16]. Xu and co-
workers have developed a diastereoselective (d.r. up to 20:1)
diazidation of indole catalyzed by an iron complex with chiral
ligands [17]. Vincent and co-workers have reported the synthesis
of 2,3-diazido indoline via electrochemistry in 41%–79% yield
(Scheme 1b) [18]. However, these methods have some limitations,
including low yields, poor diastereoselectivities, harsh conditions,
the requirement for organic solvents, expensive ligands and
complex reactor setups. Thus, conducting the highly stereo-
selective, efficient 2, 3-diazidation of indole under mild conditions
is still a significant challenge.

Herein, we report a directing-group-assisted, stereoselective
2,3-diazidation of indole via the copper-catalyzed direct dear-
omatization of indoles.

This method can be used for a broad range of indoles, with good
yields and excellent diastereoselectivities in aqueous solution
(Scheme 1). Additionally, this novel method enables the late-stage
modification of indole-containing bioactive molecules such as
tryptophan and 3-indoleacetic acid.

In recent years, directing groups have been shown to greatly
improve the reactivity and stereoselectivity of C–H activation
[19–26]. Various directing groups have been developed for the
dearomatization of indoles, giving indolin-3-ones and
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Natural products containing 2,3-diaminoindoline.

[(Scheme_1)TD$FIG]

Scheme 1. Diazidation of double bonds in indoles.

Table 1
Optimization of the reaction conditions.a [TD$INLINE]

Entry Catalyst Azido Oxidant Solvent Yield (%)b

1 Cu(OAc)2 NaN3 PhI(OAc)2 DMF 30
2 CuI NaN3 PhI(OAc)2 DMF 14
3 CuBr NaN3 PhI(OAc)2 DMF 20
4 Rh(CP)2Cl2 NaN3 PhI(OAc)2 DMF ND
5 Pd(OAc)2 NaN3 PhI(OAc)2 DMF ND
6 RuCl3 NaN3 PhI(OAc)2 DMF ND
7 Cu(OAc)2 NaN3 PhIO DMF 25
8 Cu(OAc)2 NaN3 PIFA DMF 20
9 Cu(OAc)2 NaN3 DCP DMF 15
10 Cu(OAc)2 NaN3 H2O2 DMF ND
11 Cu(OAc)2 NaN3 K2S2O8 DMF ND
12 Cu(OAc)2 NaN3 TBHP DMF 10
13 Cu(OAc)2 NaN3 MnO2 DMF ND
14 Cu(OAc)2 TMSN3 PhI(OAc)2 DMF 60
15 Cu(OAc)2 TMSN3 PhI(OAc)2 Acetone 85
16 Cu(OAc)2 TMSN3 PhI(OAc)2 H2Oc 90
17 Cu(OAc)2 TMSN3 PhI(OAc)2 H2O 30

ND: no product or product less than 5%.
a Cu(OAc)2 used as Cu(OAc)2�H2O, indole (0.3mmol) catalyst (0.06mmol) azide

source (0.9mmol), oxidant (0.9mmol), solvent 2.5mL at 25 �C for 3 h.
b Isolated yields.
c H2O 2.5mL (contained [38_TD$DIFF]20% acetone) at 25 �C for 40min.
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cyclopropanated indolines in high yields [27–30]. Inspired by these
results, we hypothesized that directing groups could also promote
the formation of [45_TD$DIFF]2,3-diazido indoline via the diazidation of indoles.
Thus, we commenced our study by using 2-pyrimidyl as the
directing group, and initially screened transition metal catalysts.
Among the tested catalysts, Cu(OAc)2 gave the desired product in [49_TD$DIFF]

30% yield (Table 1, entries 1–6). Then PhIO, PIFA, DCP, H2O2, K2S2O8,
TBHP and MnO2 were considered as oxidants. The results showed
that [PhI(OAc)2] was the most effective oxidant (Table 1, entries 7–
13).

To further improve the product yield, different azide sources
were screened, and the use of TMSN3 greatly increased the yield to [50_TD$DIFF]

60% (Table 1, entry 14). Subsequently, the effect of the solvent on
the reaction was studied using organic solvents including DMSO,
dioxane, THF, DCE, DCM, MeOH, and MeCN. None of these solvents
improved the yields with the exception of acetone (Table S1 in
Supporting information), for which the yield increased to [51_TD$DIFF]85%
(Table 1, entry 15). To explore the environmental friendliness of the
methodology, the reaction was carried out in aqueous media.
Similarly to the literatures, the desired product 3 was successfully
obtained [31–33]. Interestingly, the yield increased slightly to [52_TD$DIFF]90%
and reaction time decreased to 40min (water:acetone = 4:1)
(Table 1, entry 16). However, 3 was formed in [49_TD$DIFF]30% yield and more
than [50_TD$DIFF]60% of 1a was recovered when using water as single solvent
(Table 1, entry 17). Thus, 0.3mmol of 1, 0.9mmol of 2, 0.9mmol of
[PhI(OAc)2], in aqueous solution 2.5mL (contained [38_TD$DIFF]20% acetone) at
25 �C for 40minwere chosen as the optimal reaction conditions for
the directed diazidation.

With the optimized reaction conditions in hand, a range of
different substituted indoles with 2-pyrimidyl groups were
investigated. As shown in Scheme 2, all of the functional groups
in indole at different positions (C3- to C7-) were well tolerated in
the reaction, and the desired products (3-19) were produced in
moderate to excellent yields (44%–90%). Electron-donating groups,
such as methyl and methoxy (4, 5, 10, 11, 12, 17, 18) offered higher
yields than electron-withdrawing groups (6-9, 13-16, 19).

Then, we studied the applicability of the methodology to
natural compounds. After the installation of the pyrimidyl group as
a directing group, indole-3-acetic acid, a ubiquitous endogenous
growth hormone in plants, can undergo the reaction to obtain the
desired product (20) and its derivative (21) in [53_TD$DIFF]60% and 71% yield,
respectively. The natural amino acid tryptophan can also tolerate
this reaction and gave 22 in [54_TD$DIFF]70% yield. Furthermore, 4-azaindole
with an added pyrimidyl group also afforded the expected product
23 in [55_TD$DIFF]55% yield, while pyrrole did not offer the desired product 24.

The stereoselectivity of the reaction was further demonstrated.
Several typical diazido indolines (3, 4, 10, 12) were selected for
chiral HPLC analysis and two peaks (1:1) were observed, indicating
that they are stereoisomers (see the Supporting information). The
single trans-stereoisomer of 10 was further unequivocally con-
firmed by 2D NMR, in which there is no significant NOE observed
between Ha (CH) and Hb (CH3) (Supporting information). Taken
together, these results demonstrate that this methodology
produces only the trans-stereoisomer of diazido indolines (3-21,
23). Base on these results, it is not surprising that 2-pyrimidyl
substituted tryptophan gave 19 in a 1:1 ratio of diastereomers, due
to the chiral carbon in tryptophan.
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Scheme 3. Scope of the directing group. Reaction conditions: 1 (0.3mmol), 2
(0.9mmol), Cu(OAc)2�H2O (0.06mmol), PhI(OAc)2 (0.9mmol), aqueous solution
2.5mL (contained [38_TD$DIFF]20% acetone) at 25 �C for 40min. Isolated yields.

[(Scheme_2)TD$FIG]

Scheme 2. Scope of indoles in the 2,3-diazidation. Reaction conditions: 1a
(0.3mmol), (0.9mmol), Cu(OAc)2�H2O (0.06mmol), PhI(OAc)2 (0.9mmol), aqueous
solution 2.5mL (contained [38_TD$DIFF]20% acetone) at 25 �C for 40min. Isolated yields.
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Then, the efficiency of the different directing groups was
studied. The 2-pyridyl group gave the [56_TD$DIFF]trans-stereoisomers of
2,3-diazido indolines 25–32 in satisfying yields (Scheme 3). Similar
to the 2-pyrimidyl group, electron-donating groups, including
methyl (26, 27, 30), gave higher yields than electron-withdrawing
groups (28, 29, 31, 32). Scheme 3 also shows that 2-picolinamide
was an efficient directing group, and the corresponding products
33–37 were obtained in 63%–88% yield. It is most likely that
Cu(OA)2 coordinated to the 2-picolinamide group of indole and
formed a six-membered ring structure, leading to product
formation. Additionally, 7-azaindole with an added pyridine group
gives a moderate yield of the corresponding product 38 in [57_TD$DIFF]65%
yield.

To examine the gram-scale applicability of this directing group-
assisted dearomatization of indole, a reaction using 1a (6mmol) as
the substrate was performed under the standard conditions
(Scheme 4). Product 3 was obtained in [58_TD$DIFF]88% yield as a single
trans-stereomer in the absence of any ligand.

Subsequently, the synthetic utility of the diazido indolines was
studied. First, the hydrogenation of 3 with Pd/C conveniently
produced the vicinal diamine 39 in [59_TD$DIFF]81% yield. Alternatively, 25 can
undergo [3 + 2] cycloaddition with benzyne to deliver [60_TD$DIFF]trans-
benzotriazole indoline 40 with a reasonable yield. Then, the click
reaction between [61_TD$DIFF]trans-2,3-diazide indolines (3, 25) and phenyl-
acetylene were examined, yielding the desired [62_TD$DIFF]trans-bistriazole
indolines 41 and 42 in high yields (Scheme 5). After that, we tried
to remove the pyridyl and pyrimidyl directing groups. The
compound 41 was treated with methyltrifluoromethanesulfonate
for 12 h, followed by hydrolysis with NaOH inmethanol at 60 �C for
6 h. Surprisingly, instead of the deprotected product, the elimina-
tion product 43 was obtained in [54_TD$DIFF]70% yield. Similarly, the
deprotection of the pyrimidyl group (42) by sodium ethoxide in
DMSO did not afford the expected deprotected product, and the
elimination product 43 was obtained in [52_TD$DIFF]90% yield.

To gain insight into the mechanism of the trans-2,3-diazidation
of indoles, several control experiments were then performed.
PhI(OAc)2 and TMSN3 have been reported to be involved in the
generation of azido radicals [34]. Thus, the dearomatization
reaction was performed in the presence of 2,2,6,6-(tetramethylpi-
peridin-1-yl)oxyl (TEMPO), a well-known radical scavenger.
Instead of the diazidation product, compound 44 was formed in
[63_TD$DIFF]98% yield (Scheme 6a). This result demonstrated that the reaction
system involves a radical process. In the presence of another
radical acceptor, 1,1-diphenylethylene, the reaction also did not
offer 3, which further confirms that the reaction is a free radical
reaction. In order to demonstrate the function of the directing
groups (N-2-pyridyl andN-2-pyrimidyl), we designed a series ofN-
substituted indoles as control substrates.

As shown in Scheme 6b, 1-methyl-1H-indole (1A), 1-phenyl-
1H-indole (1B), 1-(pyridin-3-yl)-1H-indole (1C), 1-benzyl-1H-
indole (1D), 1-tosyl-1H-indole (1E) and tert-butyl 1H-indole-1-
carboxylate (1F) did not afford the expected diazido product and
most of the starting material was recovered. These experiments
indicated that the directing group could facilitate coordination
with copper acetate, and thus is essential for the successful
diazidation.

Taken together, we proposed a possible mechanism for the
copper-catalyzed diazidation of indole substrates with directing
groups (Scheme 7). Cu(OA)2 first coordinates to the pyrimidyl
group of indole II, forming a stable five-membered ring structure
via regioselective activation of the C–H bond at the C-2 position of
the indole to afford the CuII complex III, together with the loss of
acetic acid. The azido radical generated by the reaction of PhI(OAc)2
and TMSN3 is transferred to the CuII complex III and coordinates to
CuII, forming the CuIII-azide complex IV. Then the azide group is
rapidly inserted into the indole C-2 position. Meanwhile, the
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Scheme 4. Gram scale synthesis.

[(Scheme_6)TD$FIG]

Scheme 6. Mechanistic studies of the diazidation of indoles. ND: no product or
product less than [39_TD$DIFF]5%.

[(Scheme_7)TD$FIG]

Scheme 7. Proposed catalytic mechanism.
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double bond in the indole C2, C3 position is dearomatized,
producing the carbo radical complex V. The [64_TD$DIFF]trans-stereochemistry
may be caused by a coplanar structure in complex V. In order to
form the stable complex VI, another azido radical is introduced to
reverse side of the indoline, where it encounters less steric
hindrance. Protonation of VI with acetic acid then produces
product 3 and regenerates the catalyst Cu(OAc)2.

In summary, we developed a copper-catalyzed 2,3-diazidation
of indole derivatives via C–H activation using azidotrimethylsilane
as the azide source. The methodology provides the synthesis of a
variety of 2,3-diazide-substituted indoles in high yields. The
reaction exhibits broad substrate tolerance and high diastereose-
lectivity under relatively mild conditions. Moreover, the indole
derivatives react well in aqueous solution with no need for inert
gas atmosphere. To the best of our knowledge, the reaction
mechanism represents the first example of pyrimidyl, pyridyl and
picolinamide as directing groups for the direct diazidation of
indoles via C��H activation. Furthermore, the azide group can be
easily converted into other functional groups, including vicinal
diamines, triazoles and benzotriazoles. This gram-scale method-
ology has wide applicability for the synthesis of complex
molecules or natural products containing indoline moieties.
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Scheme 5. Functionalization of diazido indolines and deprotection of the direction group. Reagents and conditions: (a) phenylacetylene (2.5 equiv.), copper sulfate
pentahydrate (0.1 equiv.), L-ascorbic acid (0.2 equiv.), tBuOH/H2O = 2:1, r.t., 3 h.
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Appendix A. Supplementary data

Supplementarymaterial related to thisarticlecanbe found, in the
online version, at doi:https://doi.org/10.1016/j.cclet.2019.10.035.
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