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Abstract: We report an efficient and environmentally friendly electrochemical approach to perform dearomatiza-
tion reactions of indoles at a constant potential in an undivided cell at room temperature. MgBr; is used as a redox
mediator to indirectly oxidize the indole nucleus into a bromonium ion which is involved in dihydroxylation, hy-
droxycyclization and bromocyclization of indoles. Notably, we synthesized bromopyrroloindolines which are inter-
mediates for the total synthesis of natural products. No organic byproducts are generated with this protocol which
avoids the use of an additional electrolyte.
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In the last decade, the resurgence of electrochemistry! contributed to an upsurge of oxidative vicinal difunction-
alization methods of alkenes in sustainable conditions.? The related electrochemical dearomative 1,2-difunctional-
ization of (hetero)arenes has been less studied. In this context, our research group aims to develop dearomatization
reactions of indole** to generate three-dimensional indolines of potential biological relevance.’

Scheme 1. Halide-mediated electrochemical dihydroxylation of indoles.
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Pioneering works, albeit sporadic, demonstrated that electrochemistry could be a powerful tool to achieve the
dearomatization of indoles 1 into indolines 2 (Scheme 1).° In this vein, we recently reported a general electrochem-

ical dearomative dialkoxylation and diazidation of indoles bearing an electron-withdrawing group on the indole
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nitrogen in galvanostatic conditions (9 mA/cm?).” As in previous works,®¢ this reaction proceeds via the direct
oxidation at the anode of the indole nucleus into a radical cation A. The direct oxidation of the substrate at the
anode at a quite high potential could prevent selectivity in this oxidative process and could lead to over-oxidation
reactions. We reasoned that the use of a redox mediator to indirectly oxidize the C2=C3 bond could allow a better
chemoselectivity. Among potential electrocatalyst,'® we thought that halides could be efficient redox mediators via
their oxidation at the anode into electrophilic species. Indeed, the anodic oxidation of halides is known and is a
clean halogenation method for alkenes, alkynes or (hetero)arenes® including indoles.® Halides are also used as elec-
trocatalysts in oxidative coupling reactions at the alpha position of carbonyl groups.!® We reasoned that the elec-
trophilic halide intermediate generated at the anode would selectively react with the C2=C3 bonds to form a
halonium ion B which would then be opened by water. The halide of the resulting 2,3-hydroxyhalogenoindolenine
C could then be displaced by a second molecule of water via extended imminium D in order to form the dihydrox-
ylindolenine 3.

For instance, the dihydroxylation of N-Ts-3-methylindole 1a with water'! delivered moderate yields of dihydrox-
yindoline 3a in our previous reported conditions at a constant current of 8.9 mA.cm™ in acetonitrile with nBusNBF4
as electrolyte (Table 1, entries 1,2). Aiming at improving the yield of the dihydroxylation of 1a via a redox mediator,
as depicted in Scheme 1, we replaced the electrolyte by halides. Among the chlorides (entries 3,4), bromides (entries
4-6) and iodides (entries 8,9) which were evaluated, MgBr, proved to be the more promising redox mediator (entry
5). Decreasing the load of MgBr; from one equivalent to 0.25 equivalent lead to an increase of the yield to 60%
(entry 10). Conducting, the electrolysis in potentiostatic conditions (entries 11-13) instead of galvanostatic condi-
tions led to an improved yield (70%) at a constant potential of 5V between the two electrodes (entry 12). Finally, a
slight increase of the yield to 74% could be obtained, as a 4:1 diastereoisomeric ratio in favor of the cis diastereoi-
somer, with a higher concentration of water (entry 14). It should be noted that replacing MgBr, by nBusNBF, at a
constant potential of 5V between the electrodes led to no reaction (entry 15) which seems to indicate that MgBr»
acts as a redox mediator. In addition to be a redox mediator, MgBr; also acts as an electrolyte.

Table 1. Optmization of the electrochemical dihydroxylation of 1a.
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Entry Additive Current density ~ CHsCN/H20  Yield 3°

(equiv.) or potential®

1 BusNBFs (1) 8.9 mA/cm2 41 49 %
2 BusNBFs (1) 8.9 mA/cm? 312 50 %
3 MgCl2 (1) 8.9 mA/cm? 411 34%
4 NaCl (1) 8.9 mA/cm? 411 28 %
5 MgBr2 (1) 8.9 mA/cm? 4/1 47 %
6 NaBr (1) 8.9 mA/cm? 4/1 33%
7 KBr (1) 8.9 mA/cm? 411 34%
8 Mgl (1) 8.9 mA/cm? 411 NR

9 Nal (1) 8.9 mA/cm? 4/1 NR

10 MgBr2 (0.25) 8.9 mA/cm? 4/1 60 %
11 MgBr2 (0.25) 45V 41 60 %
12 MgBr: (0.25) 5V 4n 71%
13 MgBr: (0.25) 6V 4n 64 %
14 MgBr2 (0.25) 5V 312 74 %
15 Bu:NBFs (1) 5V 312 NR

a) Undivided cell, graphite-SK50 anode (1.4 cm x 0.8 cm x 0.2 cm submerged), platinum plated cathode (1.4 cm x 0.8 cm x 0.2 cm
submerged), 1 (0.2 mmol), additive, 5 mL of CH3CN/H20, room temperature; b) between the two electrodes; c) Isolated yield.



The synthesis of 3a was also conducted on a gram scale. Subsequently, we studied the scope of this MgBr,-
mediated electrochemical dihydroxylation reaction (Scheme 2). Switching the tosyl group born by the nitrogen of
the indole to acyl groups such as acetyl, formyl and benzoyl yielded indolines 3a-c but with the ¢rans isomer as the
major product.!! At this point, we decided to continue our investigation with a tosyl as the electron-withdrawing
group on the nitrogen in most cases. The substitution on the benzene part of the indole proved to be tolerant to both
electron-donating, groups, halogens and electron-withdrawing groups with the formation of indoline 3e-i with the
cis isomer as the major compound in almost all cases. 2,3-Unsubstituted-N-Ts-indole was also a competent sub-
strate which delivered indoline 3j. The cis-dearomative dihydroxylation of N-Ts indoles proceeded well with vari-
ous substituents at the C3-position such as alkyl groups (3k,l). 3-Cyclopropyl-indoline 3m was obtained with minor
amounts of the opening of the cyclopropyl ring. A nitrile could also be present on the C3-alkyl side chain to deliver
3n without hydrolysis. We were also interested by the behavior of tetrahydrocarbazoles in these reaction conditions.
We were pleased to observe the formation of the cis-2,3-dihydroxyindolines 30-t which contain either electron-
donating (3p), halogens (3q,r) or electron-withdrawing (3s,t) substituents. This result is in contrast with our previ-
ous direct methoxylation conditions in which a-methoxy tetrahydrocarbolines were obtained instead of the desired
2,3-dimethoxyindolines. It proves that the MgBr,-mediated conditions are milder than our previous ones since 30-
t did not evolved into a-hydroxyl tetrahydrocarbolines.

Scheme 2. MgBr,-mediated electrochemical dearomative dihydroxylation of indoles.
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a) undivided cell, graphite-SK50 anode (1.4 cm x 0.8 cm x 0.2 cm submerged), platinum plated cathode (1.4 cm x 0.8 cm x 0.2 cm sub-
merged), constant potential of 5 V between the electrodes, 1 (0.2 mmol), MgBr2 (0.05 mmol), CH3CN/H20 (3 mL/2 mL), room temperature;
b) isolated yields (diastereomeric ratio of the major isomer as drawn) are indicated; ¢ anode (3.4 cm x 0.8 cm x 0.2 cm submerged), cathode
(3.4 cm x 0.8 cm x 0.2 cm submerged), 1 (4.5 mmol), MgBr2 (1.125 mmol), CH3CN/H20 (10 mL/6 mL).



Scheme 3. MgBr,-mediated electrochemical dearomative hydroxycyclization of indole derivatives.

| | constant o
i ﬁ potentlal N’ 0
5 R1 H R8
undivided cell or R8
TsN/v
5
ab wn

CH3CN/H,0 (3:2), r R
MgBr; (25 mol %) \

N’ ““OH
8 RO
s OH 5a,R®=F, R8= H oo
68%, (95:5) @:@/
N Q\ 5b,R5=CN, R®=H N Q
Ry £ R® 65%(95:5) O=\=\
RS OH , R® 5¢, R°=H, R®=Me Ph
“',,“' 440/0’ (955) 5d, 47%, (955)
Eoc R 6a, R5=OMe, 47% (95:5)
° TsN/7 6b, R® = Me, 59% (95:5)

(X-ray crystal structure)

5 RS
Se, R® = H, 54% (955) ¢
5f, RS = Me, 47% (95:5) NS "OH 6 RS=F, 36% (95:5)

COOEt

a) Undivided cell, graphite-SK50 anode (1.4 cm x 0.8 cm x 0.2 cm submerged), platinum plated cathode (1.4 cm x 0.8 cm x 0.2 ¢cm sub-
merged), constant potential of 5 V between the electrodes, 4 (0.2 mmol), MgBr2 (0.05 mmol), CH3CN/H20 (3 mL/2 mL), room temperature;
b) isolated yields (diastereomeric ratio of the major isomer as drawn) are indicated.

We then turned our attention towards substrates that contain a nucleophilic entity on a three carbon-side chain
born by the C3-position of 4 (Scheme 3). In the case of oxygenated nucleophiles, the C2-position of the oxidized
indole is intramolecularly intercepted by this nucleophile, while the C3-position is attacked by water. Hydroxy-
tetrahydropyranoindolines Sa-d were thus obtained from indoles containing a terminal primary or a tertiary alcohol.
Replacing the alcohol by a carboxylic acid led to the corresponding "I-valerolactones Se,f. In contrast, the regiose-
lectivity was inverted with a nitrogenated intramolecular nucleophile, since 2-hydroxy-3,3-spiroindolines 6a-c were
obtained via intramolecular attacked of the sulfonamide at the C3-position of the indole.

We did not anticipated that removing one carbon from the tether at the C3-position would lead to the cyclized 3-
bromo-indolines 8 rather than the expected hydroxyindolines. Indeed, the highly strained nature of the 5,5-fused
extended iminium intermediate D prevents its formation. Usually the formation of such cyclized 3-haloindolines
required the use of electrophilic halogen reagents.'? More recently, halides in combination with stoichiometric ox-
idants were also employed.'* Therefore, in order to avoid the use of a stoichiometric oxidant, we decided to study
the scope of this useful electrochemical transformation using 1 equivalent of MgBr, (Scheme 4). Tryptophol deriv-
atives bearing various functional groups led to the formation of 3-bromofuranoindolines 8a-d. Replacing MgBr»
by MgCl; delivered the corresponding 3-chlorofuranoindoline 8e albeit in a lower yield. Bromocyclisation of pro-
tected tryptamines delivered bromopyrroloindolines 8f,g. Subsequently, we decided to evaluate protected trypto-
phans since the resulting bromopyrrolindolines are important intermediate for the total synthesis of natural prod-
ucts.'? The cyclization of diversely protected (L) and (D)-trytophan derivatives proceeded with an exo selectivity
to deliver exo-3-bromopyrrolindlines 8h-I.



Scheme 4. Dearomative halocyclization of tryptophol, tryptamine and tryptophan derivatives.
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a) Undivided cell, graphite-SK50 anode (1.4 cm x 0.8 cm x 0.2 cm submerged), platinum plated cathode (1.4 cm x 0.8 cm x 0.2 ¢cm sub-
merged), constant potential of 5 V between the electrodes, 7 (0.2 mmol), MgBr2 (0.2 mmol), CH3CN/H20 (4 mL/1 mL), room temperature;
b) isolated yields (diastereomeric ratio of the major isomer as drawn) are indicated; ¢) on 0.1 mmol of 7 and MgBr2in CHsCN/H20 (4 mL/1

mL); d) anode (3.4 cm x 0.8 cm x 0.2 cm submerged), cathode (3.4 cm x 0.8 cm x 0.2 cm submerged), 7 (0.6 mmol), MgBr2 (0.6 mmol),
CH3CN/H20 (12 mL/3 mL).

We were then eager to demonstrate the synthetic utility of the products obtained by this electrochemical halocy-
clization (Scheme 5). Indeed, it is well known that the bromide atom of 3-bromoindolines such as 8 could be sub-
stituted by various functional groups. Therefore, allylfuranoindoline 9 was obtained by treating bromo-furanoindo-
line 8a with allylsilane and AOTf. As described by Ye, exo- 3-bromopyrroloindoline 81 obtained from D-tryptophan
could be converted with +-BuOK into endo-3-indolyl-pyrroloindoline 10 which is an intermediate of the synthesis
of gliocladins B and C.'*

Application of the electrochemical bromocyclization to (L)-tryptophan-derived diketopiperazine 11 with 2 equiv-
alents of MgBr; resulted in a double bromo-cyclisation to yield exo-endo compound 12 and endo-endo compound
13 in respectively 14% and 18% yields which were respectively converted by Tokuyama into (—)-epi-amauromine
and (+)-novoamauromine.'?! This procedure is competitive with the use of NBS by Tokuyama which required to
perform the double bromocyclisation in 2 steps.



Scheme 5. Synthetic applications.
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a) Undivided cell, graphite-SK50 anode (1.4 cm x 0.8 cm x 0.2 cm submerged), platinum plated cathode (1.4 cm x 0.8 cm x 0.2 ¢cm sub-
merged), constant potential of 5 V between the electrodes, 1 (0.1 mmol), MgBr2 (0.2 mmol), CH2Cl2/H20 (4 mL/1 mL), room temperature.

In order to have a better understanding of the reaction, we performed cyclic votammetry (CV) of the reactants
(Figure 1). MgBr; in pure acetonitrile showed a low current intensity however, it is possible to see oxidation peaks.'*
Performing the CV in a mixture of acetonitrile and water (3:2 or 4:1) resulted in a net increase of the current
intensity. It could probably be explained by the hydrolysis of MgBr, thus liberating bromide ions in reaction mix-
ture. As expected, the oxidation of MgBr; occurs at a lower potential than NTs-skatole 1a. The CV at 500 mV/s or
100 mV/s of the mixture of 1a, MgBr; (25 mol%) in CH;CN/H,O confirmed that MgBr; is oxidized first at the
anode and acts as a redox mediator of the dihydroxylation reaction. For the formation of the furanoindoline 8a from
N-Ts tryptophol 7a, we observed a similar behavior with the oxidation of MgBr» at lower potential than 7a. In
addition and as stated before (Table 1, entry 15), no reaction occurs without MgBr; in our reaction conditions
(constant potential of SV between the two electrodes) with nBusNBF, as electrolyte. These observations rule in
favor of the mechanism depicted in Scheme 1 which involved the selective oxidation of a bromide anion into an
electrophilic bromide intermediate which effects the oxidation of indoles 1 or tryptophol and tryptamine derivatives
7.



Figure 1. Cyclic voltammograms of reactants.
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Recorded from 0 to 2.5 V. Glassy carbon working electrode; Pt counter electrode; Ag/AgCl (3M ag. KCI) ref electrode; 0.025 mmol 1a or
7a and/or 0.025 mmol MgBr2, 0.025mmol nBusNBF4 in 5 mL of CH3CN/H2O (ratio indicated on the CV).

In conclusion we developed a strategy to perform the electrochemical dearomatization of indoles with a redox
mediator in order to avoid the direct oxidation of the indole nucleus at the anode. The electrochemical generation
of an electrophilic bromine reagent from MgBr; leads to oxidation of the indole into a bromonium ion. Upon reac-
tion with water, this intermediate is transformed into 2,3-dihydroxyindolines. In presence of an intramolecular nu-
cleophile and water, hydroxycylization occurs. In the cases of tryptophols, tryptamine and tryptophan derivatives,
a halocyclization took place leading to 3-bromofuranoindolines and 3-bromopyrroloindolines which are known

intermediates for the total synthesis of natural products.
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