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ABSTRACT: We report the use of electrochemistry to per-
form a direct oxidative dearomatization of indoles leading to
2,3-dialkoxy or 2,3-diazido indolines under undivided condi-
tions at a constant current. This operationally simple electro-
oxidative procedure avoids the use of an external oxidant and
displays an excellent functional group compatibility. The for-
mation of the two C-O or C-N bonds is believed to arise from
the oxidation of the indoles into radical cation intermediates.

The direct difunctionalization of double bonds is a field of
intense synthetic efforts since it allows the formation of two
new bonds via the introduction of two functional groups. In-
deed, such transformation of alkenes or styrenes is very well
documented and usually requires the use of an external stoi-
chiometric oxidant.' In the last years, electrochemistry has
been rediscovered to be a powerful sustainable synthetic tool
in organic chemistry, thanks to the recent discovery of selec-
tive reactions and to easy-to handle apparatus or electrolysis
set-ups which render electrochemistry accessible to all or-
ganic chemists.> Along with the bloom of photoredox cataly-
sis, this rebirth of electrosynthesis has enable the develop-
ment of external oxidant-free methods for the highly efficient
and selective difunctionalization of alkenes in mild conditions
which usually involves the generation of a radical intermedi-
ate which adds to the alkene (Scheme 1).3 Performing the di-
rect functionalization of a double bond imbedded in an aro-
matic heterocycle results in a more challenging dearomatiza-
tion processt and provides three-dimensional chemicals of
high added value.s It is particularly interesting to perform
such dearomatization reactions on the indole nucleus due to
the biological importance of this heterocycle. A myriad of
dearomative difunctionalizations of indoles are known,® in-
cluding our own work,? which generally require the use of a
strong oxidizing agent. In contrast, electrochemistry has been
scarcely explored in dearomatization reactions.3»"189 In this
context, we would like to report the electrochemical straight-
forward dearomatization of indoles with the formation of two
carbon-heteroatom bonds (C-O or C-N).

In the past 6 years, we have investigated the reactivity of N-
acyl indoles in dearomatization reactions including oxidative
couplings with nucleophiles.7f Following our synthesis of
benzofuro[3,2-b]indolines via a (3+2) annulation between N-
acyl indoles and phenols mediated by DDQ and FeCl;,7 Lei
and co-workers described an electrochemical version of our

reaction with improved yields and an extended scope.® In line
with our interest in dearomatization reactions of N-acyl in-
doles, it inspired us to explore the electrochemical oxidation
of N-acyl indoles in presence of nucleophiles through, pre-
sumably, the oxidation of the indole nucleus into a radical cat-
ion which is, mechanistically, in contrast to most of the elec-
trochemical difunctionalization of alkenes (Scheme 1) .82

Scheme 1. Electrochemical difunctionalization of al-
kenes and heteroarenes.
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As a proof-of-principal experiment, we studied the 2,3-bis-
methoxylation of N-Ac skatole 1a (Scheme 2, A).9% The elec-
trolysis of 1a at a constant current of 8.9 mA/cm? with a graph-
ite anode and a platinum cathode in a 11 mixture of MeOH
and acetonitrile in an undivided cell and n-Bu,NBF, as the
electrolyte at room temperature, yielded the expected 2,3-di-
methoxyindoline 2a in 77% yield as a 9:1 mixture of diastero-
isomers in favor of the trans addition of the two methoxy
groups. The use of 5 mol% of TEMPO allowed us to improve
the yield to 89% and to avoid decomposition of 1a. It was pos-
sible to implement this transformation on gram scale. The di-
alkoxylation could also be performed in ethanol leading to 2b
or with functionalized alcohols such as allyl alcohol, cyclopro-
pyl methanol, homopropargyl alcohol and ethylene glycol to
yield indolines 2c-2f. The electron-withdrawing substituent
on the nitrogen of the indole was next evaluated and indolines
2g-j containing pivaloyl, formyl, benzoyl and tosyl groups
were obtained. The nature of the substituents on the benzene
ring was next scrutinized. The reaction tolerates electron-do-
nating groups, halogens or electron-withdrawing groups at
Cs, C6 or C7 positions (2k-t). Indoline 2u was obtained effi-
ciently from 2,3-unsubstituted-N-Ts-indole. The dearomative
dimethoxylation reaction proceeds well with alkyl groups or
phenyl substituents at the C3 position (2v-z). More interest-
ingly, the mild conditions of the reaction allow to preserve



functional groups on the C3-side chain: cyano-containing in-
doline 2aa and bromo-containing indoline 2ab were obtained
without, respectively, hydrolysis or nucleophilic substitution
by methanol. Impressively, dimethoxylation of a 3-cycloprop-
ylindole could be performed without noticeable opening of
the cyclopropyl group leading to cyclopropylindoline 2ac.

Scheme 2. Electrolysis of indoles

A Dearomative dialkoxylation of indoles®? B Alpha-alkoxylation of 2,3-disubstituted indoles®"
RY g C(+) || Pt(-) N R OR® C(+) || Pt(-) n
RS undivided czell RS R RS i ﬁ undivided cell R L
N _Rr? 8.9 mA/em R A\ 8.9 mA/cm? N VoMe
6 “OR®
R® 21 CH,CN/RBOH (1:1) R TR ZR N1 ) CH,CN/RBOH (1:1) 3 R1
R’ nBuNBF, TEMPO(5%) “ R n-BugNBF, TEMPO (10 %)
________ 6 Eg“""""""" T MeO MeO
e 2% R®=Me, 89% (90:10)  2d, R8=;
3 [72% (90:10) on 1.3 g scale]® 49% (90:10)°
N OR® 2b, RE = Et, 58% (90:10) 2, RP= T R1 MeOH
.5)d 24% (85:15)7 | oo oL
Mo 26, RE= f~ X 47% (95:5)  (85:15) RiZTs
w0, OMe 2g, R' = Piv, 58% (90:10) R® { 3c, RS = Me, 54% <
N m,oy C:&n::-Me 2h, R'=CHO, 81% (77:23) N OMe 3d, RS = OMe, 44% N OMe
2f 4390 °C N"Ome 2i. R'=Bz, 88% (75:25) R 3e, RS = Br, 65% AC 3i, 46%
 43% R 2j, R'=Ts, 87% (91:9) EtG,
(X-ray crystal structure) RS =H (X-r 35,\/ crystal structure)
52 . 3f, R® = CI, 629
OMe 2k, R®=0OMe, 67% (80:20) OMe 3a,R' = Ac, 55% s 6 Ao D
R3 wiMe 2l R®=Me, 76% (75:25) (e 3b,R'=Ts 66% &R =CN.39% N OEt
N oo 2 RE= B, 77% (80:20) N “OMe 3h, R® = NO, 45% 3j, 23%
5= 0 C Transformation of 1-methoxy-N-Ts-tetrahydrocarbazolie 3b’
Ac 2n, R®=CN, 40% (90:10) Me 5o 58% (85:15) y y
OMe  2p,R=Me, 82% (60:40) OMe @Q NuM, TMSOTf @Q
,©:@:-Me 2q, R® = F, 74% (70:30) / N “OMe  CHyClp -50°C N Nu
RS N"““Ome 2r, R® = CI, 64% (70:30) N""OMe S Ts a4
Ac 2s, R® =Br, 80% (85:15) 25 859 ” 4a, Nu = N3, 90% 4b,Nu=CN,86%  4c, Nu=Allyl, 81%
2t, R® = NO,, 47% (85:15) u, 85% (75:25) | from TMSN, from TMSCN from AllyITMS
OMe OMe - el o m
RS R OMe N s ~~Br 4d, Nu = 2,4,6-triOMePh, 78% from 1,3,5-triOMePh
y : .J,..../ N Rg R® TsN
‘OMe S
Nc OMe N “OMe Ac m R3 /7
s Ac 2ab, 63% (95:5) g }
R*=H 2aa, 39% (95:5) ' N’ ““OMe
’ OMe CO,Me
2v, R3= Pr, 85% (90:10) OMe ., 2 OMe CO,Et
NHTs
2w, R®= Bu, 74% (80:20 @:@ -
A o i B i 2O g o
2 ' R3= ph’ 62% 95:5 -'}‘s ‘OMe 2ad, 46% 2ag, R5= F, R9= H, R'= Boc, 57%, r 85/15f9 53% (95:5)
v, - 62% (95:5) OMe  (95:5) 2ah, R®= CN, R%= H,R' = Boc, 76%, rr 90/1079  2al, R®=Me
(X-ray crystal structure) 2ac, 83% (90:10)f ’ o 5 o _ " ’ . ’ fg 54% (95:5)
RS Br (radical clock wn”~0H 2ai, R5=H, R?= Me, R = Boc, 72%, rr 70/30" o (95:5)
i RS= 9= 1= 9 9 (X-ray crystal
. ) ) N “Ome  2ae,54%  2aj, R®=H,R°=H,R , 62%, It 95/5
2z,R Bu, 86% (85' 15) exper’ment) Boc (80.'20)f O%Ph Sfl‘UCtUre)
D Dearomative diazidation of indoles®/ i RS N3 Ré=H
! 3 5- .
¢ ow o SR _— @f% D o iyt
RS und|V|ded cell  qs Na R® N, Na 5d. R7=CN, 48% (95:5)
N _R2 8.9 mA/cm? RR2 i 5a R3= Me 74% (95:5) R®=H, 5e, R® = Cl, 55% (95:5)
6 . 6 N ! 3= 0 . N
R 21 TMSN, (5 equiv.) R RN 5b, R®= CH,CN, 41% (95:5) s
R’ 1 CH4CN, n-BusNBF, 5 . N; 5f, RS = H, 70% (95:5) @‘:Q
] o NN R * 5g, R® = OMe, 56% (95:5) N ""*N3
E Transformation of diazides 5a,f r\quh N 5h, RS = Br, 79% (95:5) BK. 51% '(|'985‘5)
_ T N 5 _ ’ .
HN, H, (1 atm.) = Fn e Ny o 2w RU=Cl74% (95:9) Me,
% Pd-C (10%) CuSO, (10%) N 5j, R5 = CN, 59% (95:5)
_ -~ g ——— R 'N- \\N un< Me
N = Na ascorb. (20%) 6a ¢ [
76 Ts NH Mef;s' it #-BUOH/ H,0 T N
° (1:1), rt, 68% Ph 51, 59% (91:9) A 5m, 32% (95:5)
(X-ray crystal structure) (X-ray crystal structure) (radical clock experiment) Ts N, H (43% brsm)

@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),
constant current of 10 mA (J = 8.9 mA/cm?), 5 mL of solvent, room temperature; isolated yields (diastereomeric ratio) are indicated. 1 (0.4 mmol),
TEMPO (0.02 mmol), n-Bu,NBF, (0.4 mmol), R®OH/CH;CN (2.5 mL/2.5 mL); ¢ anode (0.8 cm x 3.4 cm x 0.2 cm submerged), cathode (3.4 cm x 0.8
cm x 0.2 cm submerged), constant current of 15 mA (J = 5.5 mA/cm?), 1 (8 mmol), TEMPO (0.0256 mmol), n-Bu,NBF, (2 mmol), MeOH/CH,CN (8
mL/8 mL); ¢ in AllylOH/CH;CN (1 mL/4 mL) or cyclopropyl methanol/CH;CN (1.5 mL/3.5 mL) or homopropargyl alcohol/CH;CN (1.5 mL/3.5 mL);
¢ in OH(CH.).OH/DMF (1.5 mL/3.5 mL); / on 0.2 mmol of 1; ¢ regioisomeric ratio; "1 (0.2 mmol), TEMPO (0.03 mmol), n-Bu,NBF, (0.2 mmol),
MeOH/CH;CN (2.5 mL/2.5 mL); ' 3 (0.2 mmol), NuM (0.3 mmol), TMSOTf (0.04 mmol), CH.CL. (2 mL), -50°C; /1 (0.2 mmol), TMSN; (1 mmol), n-
Bu,NBF, (0.2 mmol), CH;CN (5 mL).



The dimethoxylated indolines 2ad,ae were obtained from
tryptophan or tryptophol derivatives, despite the presence of
a nucleophilic entity on their C3-side chain. Adding one car-
bon to the C3-side chain led to intramolecular trapping by the
nucleophile. In the case of alcohols, methoxy-tetrahydropyra-
noindolines 2af-aj were obtained as the major products via in-
termolecular addition of methanol at the C3 position. In con-
trast, tosylamide-containing C3-side chains led selectively to
valuable trans-spirocyclic indolines 2ak,al, presumably via in-
itial intramolecular trapping of the indole radical cation at C3.

The reactivity of tetrahydroacarbazoles in the same oxida-
tive conditions was then examined (Scheme 2, B). In contrast
to 3-monosubstituted N-acyl indoles, alpha-monomethoxyla-
tion occurred.” This formal benzylic C-H functionalization
likely proceeds via the dearomative dimethoxylation of the
C2=C3 bond followed by elimination of the methoxy at C2 of
2 and isomerization of the iminium I into enamide intermedi-
ate II which could be attacked by methanol to yield 3 upon
allylic nucleophilic substitution.9"Alpha-methoxy carba-
zoles were thus obtained with acetyl or tosyl groups on the
nitrogen (3a,b) and electron-donating (3¢,d), halogens (3e,f)
or electron-withdrawing (3g,h) groups on the benzene part.
The reaction could also be extended to cyclopentaindole 3i.
Unfortunately, 2,3-dimethyl-N-Ts-indole was not a competent
substrate. Surprisingly, with ethanol, two alkoxylations oc-
curred on the two positions vicinal to the indole ring and di-
ethoxyindoline 3j was obtained. Methoxy-N-Ts-tetrahydro-
carbazole 3b could be used as a platform to access molecular
diversity. Addition of various nucleophiles leads to tetrahy-
drocarbazoles 4 substituted respectively by an azide (4a), a cy-
anide (4b), an allyl (4¢) and an arene (4d) (Scheme 2, C).uc

Next, we evaluated the possibility of forming two C-N bonds
instead of the C-O bonds during the electrochemical oxidative
dearomatization of indoles by replacing methanol by a nitro-
gen-containing reagent.3" During recent developments in dia-
zidation of alkenes, very few examples of diazidation of in-
doles were reported using an external oxidant.? Very recently,
a powerful electrochemical general diazidation of alkenes
with a manganese electrocatalyst was published in which only
one example from a 2,3-unsubstituted indole is described.3*
Eventually, the electrolysis of N-Ac skatole in presence of tri-
methylsilyl azide led to 2,3-diazide indoline 5a with an excel-
lent trans-diastereoselectivity (Scheme 2, D). This electro-
chemical diazidation reaction is compatible with a nitrile
group on the C3-side chain of the indole (5b), electron-donat-
ing (5¢) or electron-withdrawing (5d) groups or halogens (5e)
on the benzene ring. In contrast to the electrolysis in presence
of methanol, the dearomatized cis-products 5f-k were also ob-
tained from differently substituted N-Ts tetrahydrocarbazoles
or cyclopentaindole. Remarkably, it allows to create diastere-
oselectively two contiguous tetrasubstituted stereogenic cen-
ters. As for the dimethoxylation reaction, the diazidation pro-
ceeded without noticeable opening of the cyclopropyl ring in
the case of 5l. Finally, the formation of indoline 5m, presuma-
bly cis, through diazidation of a steroid-derived indole
demonstrates the versatility of this electrochemical protocol
towards complex substrates bearing C-H bonds prone to oxi-
dation.3 Indeed, diazide-containing indolines 5 were poised
to synthetic transformations. A double click reaction could be

performed on 5a with phenylacetylene yielding trans-bistria-
zole 6 and diazide 5f could be reduced to cis-2,3-diamine-con-
taining indoline 77 (Scheme 2, E).

We next focused our attention to the mechanism of these
dearomative difunctionalizations of indoles. No catalytic cur-
rent was observed for TEMPO in presence of 1a by cyclic volt-
ammetry (see SI).22 Moreover, the dearomative dimethoxyla-
tion of 1 could be performed without TEMPO in satisfactory
yields. It is therefore unlikely that TEMPO acts as a mediator
to directly oxidize the N-Ac indole 1 in the dimethoxylation
reaction.” The syntheses of 2ac and 5l represent radical clock
experiments (Scheme 2, A and E). The fact that the cyclopro-
pyl group at the C3-position did not undergo ring opening for
each reactions seems to indicate that a radical is probably not
formed at the C3-position of the indole. Cyclic voltammetry
experiments (see SI) suggest that methanol is involved in the
reduction process at the cathode (see SI) liberating methox-
ide.’s In the diazidation reaction, the reduction process at the
cathode is unclear to us, it is conceivable that adventitious wa-
ter in the medium could react with TMSN; and led to for-
mation of protons which are reduced at the cathode.’> While
NAc skatole 1a is oxidized before methanol or TMSN; (see SI),
oxidative waves of methoxide or azide anions are observed at
lower potentials than the oxidative wave of 1a (Scheme 3, A
and SI). To verify if methoxy or azide radicals are responsible
for the dimethoxylation or diazidation, these reactions were
each conducted at a constant potential of 1.3V (vs Ag/AgCl),
between the oxidative waves of the methoxide or azide anions
and the oxidative wave of 1a (Scheme 3, B). No reaction was
observed in the dimethoxylation reaction, while a low yield of
diazide 5a (23%) was obtained along with recovered 1a and
unidentified byproducts. Moreover, replacing TMSN; by NaN,
or Bu,NN;, which are well known to generate the azide radi-
cals by anodic oxidation, resulted in no reaction.

Scheme 3. Mechanistic considerations.
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Interestingly, in presence of an excess of TEMPO, both the
dialkoxylation and the diazidation did not proceed and only
the starting N-Ac indole was recovered which is in sharp con-
trast to the azidooxygenation of alkenes developed recently by
Lin which involved azide radicals.34¢ More importantly, we
noticed that in our classical constant current conditions, the
potential of the anode was above 2V (vs Ag/AgCl) for each re-
actions, which is superior to the oxidation potential of 1a.7 We
therefore believe that N-substituted indole 1 is oxidized di-

rectly at the anode into radical cation intermediate III. Meth-

1a with MeOH

Current (pA)

- -MeOH/CH3CN

l: ---1ain MeOH/CH3CN

——1a + TEMPO (15%) in MeOH/CH3CN

12 16 20
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generalroxidative @nd; deateriativierdifisretiondization wikin-

té%wdewiﬂﬁ%%’ﬁ ORISR A GOl TG s T s
ﬂea@tméﬂ likely proceeds via anodic oxidatlon of the N-substi-
tuted indole into a radical cation which could be trapped by
alcohols or azide yielding three-dimensional 2,3-dialkoxyin-
dolines or 2,3-diazidoindolines with a broad scope. These un-
divided electrolytic conditions avoid the use of an external ox-
idant and should inspire the development of other dearoma-
tization reactions to access high added-value architectures
from flat and readily available starting materials.
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It is unclear to us how the addition of a small amount of
TEMPO slightly increase the yield and avoid decomposition
of 1. It might prevent the increase of the potential at the anode
and therefore the decomposition of 1 at the end of the reaction
when the concentration of 1is too low.

In both reactions, gas evolution is observed at the cathode,
which we believe is hydrogen produced by the reduction of
methanol or adventitious water. In the diazidation, hexame-
thyldisilane was not detected by NMR when deuterated ace-
tonitrile was used as solvent, therefore TMSN; is probably not
directly reduced at the cathode.

If a N; radical was adding first to the indole, we would have
expected the trapping of the resulting carbon radical with
TEMPO (see ref 3a,d) which is not the case (Scheme 3, B). It is
likely that TEMPO is oxidized instead of 1a and the resulting
excess oxoammonium ion could react with methanol or
TMSN;,

Indeed, the potential at the anode is quite high and could lead
to side reactions. However, we have shown a reasonable func-
tional groups compatibility during the present study.

The electrolysis of 2-cyclopropyl-N-Ts-indole with MeOH led
to an intricate mixture of compounds with small amounts of
indole 9 (5%) which results from the opening of the cyclopro-
pyl by methanol. This result may suggest the existence of a
radical intermediate at C2 and a step-wise process for the for-
mation of IV from III.
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