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Abstract A concise new synthetic route to furo[2,3-blindolines has
been developed by taking advantage of the reactivity of N-alkenyloxy-
indole intermediates. These compounds spontaneously undergo [3,3]-
sigmatropic rearrangement followed by cyclization to form hemiami-
nals as single diastereomers. Tin-promoted N-hydroxyindole formation
followed by conjugate addition to activated alkynes provides simple
and modular access to a diverse array of N-alkenyloxyindoles and their
corresponding furo[2,3-b]indolines. Microscale high-throughput exper-
imentation was used to facilitate investigation of the scope and toler-
ance of this transformation and related studies on the nucleophilic aro-
matic substitution and rearrangement of N-hydroxyindoles with
halogenated arenes have also been evaluated.

Key words N-hydroxyindole, [3,3]-sigmatropic rearrangement, het-
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Heterocyclic hemiaminals are important structural mo-
tifs in organic molecules.! The heterocyclic hemiaminal fu-
ro[2,3-blindoline motif in particular has captured the imag-
ination of the synthetic chemistry community on account
of its prevalence in natural products? and the pharmaceuti-
cal compounds they inspire.> Numerous synthetic strate-
gies have been employed in the synthesis of furo[2,3-b]in-
dolines.* Representative approaches include cyclization of a
tethered alcohol with imine or iminium intermediates de-
rived from oxindoles2" and tryptohols2c or cyclization of an
aniline with a lactol-derived oxocarbenium ion intermedi-
ate (Scheme 1, A).> While these routes have been used to ef-
ficiently access simple furo[2,3-blindolines, the additional
synthetic steps required to prepare functionalized starting
materials decreases their generality. One approach to the
synthesis of these heterocycles that has remained unex-
plored is sigmatropic rearrangement, due to challenges in
generating and controlling the reactivity of the appropriate
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precursors.®-® We hypothesized that [3,3]-sigmatropic rear-
rangement of N-alkenyloxyindoles followed by cyclization
of the resulting 3H-indole ketone would provide a rapid,
modular entry into densely functionalized compounds
(Scheme 1, B). This approach is attractive because it has the
potential to direct the energy of N-O bond cleavage during
[3,3]-sigmatropic rearrangement towards quaternary cen-
ter formation and dearomatization of the indole nucle-
us.’011 We recently reported that N,0-dialkenylhydroxyl-
amines undergo [3,3]-sigmatropic rearrangement to form
v-ketoimines that spontaneously cyclize to 2-aminotetra-
hydrofuran derivatives.'? Due to our ongoing interest in de-
veloping the synthetic utility of unsaturated hydroxyl-
amines and nitrones, we were curious to determine if simi-
lar reactivity would be observed for N- alkenyloxyindoles.
Herein, we report the conjugated addition of N-hydroxyin-
doles to activated alkynes resulting in rapid [3,3]-sigma-
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Scheme 1 Strategies for furo[2,3-b]indoline synthesis
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tropic rearrangement and cyclization to form furo[2,3-b]in-
dolines. Microscale high-throughput experimentation
(HTE) was employed to rapidly survey the scope and limita-
tions of this new process, which provides facile and modu-
lar access to a variety of these important heterocycles.

To support our investigation of N-alkenyloxyindoles as
key intermediates for the synthesis of furo[2,3-b]indolines,
arange of N-hydroxyindoles were prepared by SnCl,-medi-
ated reductive cyclization of 2-nitrostyrenes (Scheme 2).13
With these precursors in hand, we began screening condi-
tions for the conjugate addition of 2b to propiolate 3a (Table
1). Using insight from a related synthesis of phenyl alkenyl
ethers, we were initially gratified to observe the formation
of 4ba in 51% yield (Table 1, entry 1).!* Variation of reaction
conditions by switching the solvent to DMSO, changing the
base to K,COs;, lowering the reaction temperature, and de-
creasing the number of equivalents of base, all enabled a
gradual increase in yield (entries 2-8). DMSO was replaced
with DMF to better accommodate lower reaction tempera-
tures (entry 9) and KOt-Bu was observed to give similar re-
sults to K,CO; (entry 10). A small additional increase in
yield was observed with further lowering of reaction tem-
perature, albeit at the expense of reaction time (entry 11).
Finally, the stoichiometry of the alkyne was shown to have
no significant effect on the yield of 4ba (entry 12).
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Scheme 2 Sn-promoted synthesis of N-hydroxyindoles from 2-nitro-
styrenes

Having established optimal conditions for the desired
cascade reaction, we decided to explore the scope of this
transformation. To rapidly establish a broad understanding
of the interactions between diversely substituted N-hy-
droxyindoles and activated alkynes, we turned to mi-
croscale HTE.'> While HTE is routinely employed for discov-
ery and optimization of novel reactivity, this tool has rarely
been employed to study the scope of new chemical trans-
formations.'® In this context, HTE has the potential to ex-

Table 1 Optimization of Conjugate Addition/Rearrangement Condi-
tions

e =08
CO,Et
| N\ . T ) Ho
F 2b o 3a F H 4ba
Entry Solvent Base Base Alkyne Temp Yield
(equiv)  (equiv)  (°C) (%)
1 MeCN DABCO 1 1.2 70 51
2 MeCN DABCO 1 1.2 40 39
3 MeCN K,CO5 1 1.2 40 59
4 DMSO K,CO5 1 1.2 40 62
5  DMSO K,CO; 0.5 1.2 40 62
6 DMSO K;CO3 0.2 1.2 40 61
7 DMSO K,CO; 0.2 1.2 25 64
8 DMSO K,COs 0.2 2 0 69
9 DMF K;COs 0.2 2 0 69
10 DMF KOt-Bu 0.2 2 0 69
11 DMF KOt-Bu 0.2 2 -15b 74
12 DMF KOt-Bu 0.2 1 0 70

3 HPLC yield calculated as HPLC area percent at 210 nm.
b Reaction time 3 d.

amine all possible combinations of reaction partners and
reveal synergies that lead to high yield and problematic
combinations that give poor results.

We examined an array of eight N-hydroxyindoles with
eight activated alkynes (Figure 1). To our delight, good to
excellent yields were observed in a majority of combina-
tions. In general, the more electron-rich N-hydroxyindoles
2b, 2c, 2d, and 2i gave higher yields than electron-deficient
N-hydroxyindoles 2e, 2g, and 2h. These results suggest that
the increasing the nucleophilicity of the N-hydroxyindole
leads to higher yield, perhaps by increasing the rate of the
desired conjugate addition relative to competitive decom-
position pathways. This hypothesis was also supported by
the observation of slower reactions using mesyl-substitut-
ed hydroxyindole 2e despite having minimal steric hin-
drance in the vicinity of the reaction center. 2,3-Dimethyl-
substituted substrate 2f gave somewhat lower yields due to
increased steric bulk, but nicely demonstrated the ability to
form products with two adjacent quaternary centers. Addi-
tional experiments with N-hydroxyindoles 2j and 2k did
not result in product formation. Control experiments re-
vealed that these substrates decomposed in the presence of
base, suggesting that heteroatom substitution at the 3-posi-
tion leads to substrate instability. A wide variety of activat-
ed alkynes were also tolerated in the cascade reaction ar-
ray. Aryl-substituted alkynes 3a, 3d, 3e, and 3f gave higher
yields than the less hindered Me-substituted alkyne 3b and
CF;-substituted alkyne 3h, possibly due to stabilization of
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Figure 1 Substrate scope for synthesis of furo[2,3-b]indolines 4 from N-hydroxyindoles 2 and alkynes 3. Reaction conditions: 20 pmol 2, 1.05 equiv 3,
20 mol% KOt-Bu, DMF, 0.1 M, 0 °C. Yields of isolated compounds given in parentheses are from 1 mmol scale reactions under identical conditions.

the product alkenyl ether via conjugation. Diester 3¢ tended
to give high product yields, highlighting its high electro-
philicity. Nitrile 3g was also tolerated, though yields were
lower presumably due to competitive 1,2-addition or an-
ionic polymerization. Neither N-alkenyloxyindole nor 3H-
indole intermediates were ever observed, suggesting that
conjugate addition is the rate-limiting step in this reaction
cascade. A cross section of nine substrates were selected for
scale-up and isolation (highlighted in red). Gratifyingly,
these experiments showed that microscale HTE experi-
ments provided reasonable guidelines for viable synthesis.

Encouraged by the success of activated alkyne electro-
philes, we hypothesized that electron-deficient halogenat-
ed arenes might also be competent cascade reaction part-
ners via SyAr substitution, [3,3]-sigmatropic rearrange-
ment, and cyclization sequence. We were excited to
observe that the combination of N-hydroxyindoles 2i or 2b
with 2-fluoro-4-cyanopyridine or 2,5- difluoropyridine
gave the expected fused heterocyclic products 5 and 6, re-

spectively, following the SyAr substitution, [3,3]-sigma-
tropic rearrangement, and cyclization sequence (Scheme 3,
A). These results emphasize the utility of this new method
to access heteroatom-substituted derivatives of the benzo-
furo[2,3-b]indoline core structure of natural products and
pharmaceuticals.?®32 Reaction of N-hydroxyindoles 2d or 2f
with 2,6-dichloroquinoxaline or 2-fluoro-5-cyanopyridine
gave 3H-indole products 7 and 8, respectively, via SyAr sub-
stitution and [3,3]-sigmatropic rearrangement (Scheme 3,
B). These observations support the proposed [3,3]-sigma-
tropic rearrangement-cyclization reaction sequence and
suggest that hemiaminal cyclization may be an equilibrium
which is influenced by subtle changes in electronics. A
combination of N-hydroxyindole 2g with 2,5-difluoropyri-
dine provided N-aryloxyindole product 9 which was inert
toward [3,3]-sigmatropic rearrangement under the reaction
conditions (Scheme 3, C), potentially due to the very elec-
tron-deficient nature of the fluoropyrimidine. Finally, sub-
strate 2b reacted with 2-bromo-1,4-naphthoquinone to
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Scheme 3 Survey of reactivity of N-alkenyloxyindoles with halogenated arenes

give the unexpected product 10, which can be regarded as
an unusual example of a formal [3,9]-sigmatropic rear-
rangement (Scheme 3, D).”

In conclusion, we have demonstrated that formation of
N-alkenyloxyindole intermediates allows an energetic N-O
bond cleavage to drive dearomatization and quaternary
center formation, resulting in a modular, concise synthesis
of furo[2,3-b]indolines. N-Hydroxyindoles were synthe-
sized from 2-nitrostyrenes via a tin-mediated reductive cy-
clization and upon treatment with activated alkynes, these
compounds underwent conjugate addition followed by rap-
id [3,3]-sigmatropic rearrangement and cyclization.'®1?
Rapid substrate scope exploration was achieved with mi-
croscale HTE experiments and underscored the utility of
this important tool for facilitating comprehensive reaction
tolerance studies. Analogous experiments combining N-hy-
droxyindoles with electron-deficient heteroarenes revealed
the subtle effects of substitution on the ability of N-ary-
loxyindoles to undergo [3,3]-sigmatropic rearrangement
and subsequent cyclization. We anticipate this new method
will be a useful tool in synthetic studies of biologically ac-
tive furo[2,3-b]indoline pharmacophores.
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(72%) of a white solid. '"H NMR (500 MHz, CDCl;): 6 =7.61 (d,J =
7.6 Hz, 2 H), 7.46 (d, J = 7.5 Hz, 1 H), 7.44-7.29 (m, 3 H), 6.98-
6.83 (m, 1 H), 6.83-6.69 (m, 1 H), 6.01 (d, J = 2.8 Hz, 1 H), 5.18 (s,
1H),4.19(q,J=7.1 Hz, 2 H), 1.80 (s, 3 H), 1.19 (t, ] = 7.2 Hz, 3 H).
19F{'H} NMR (471 MHz, CDCl;): 8 = -135.67. *C{"H} NMR (126
MHz, CDCl;): 6 = 166.14, 164.80, 148.03 (d, J = 240.5 Hz), 136.72
(d, J = 3.5 Hz), 134.33 (d, J = 12.5 Hz), 130.63, 130.21, 129.27,
127.53,120.57 (d,J = 3.1 Hz), 120.20(d,J = 5.5 Hz), 114.65 (d, ] =
16.9 Hz), 108.81, 103.63, 59.81, 59.24 (d, J = 2.1 Hz), 24.01,
14.00. HRMS (ESI/QTOF): m/z [M + HJ* calcd for CyoH,FNO;:
340.1343; found: 340.1384.

© 2020. Thieme. All rights reserved. Synlett 2020, 31, A-E

Downloaded by: University of Rochester. Copyrighted material.



