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Intramolecular radical cyclization approach to
access highly substituted indolines and 2,3-
dihydrobenzofurans under visible-lightt

Clarice A. D. Caiuby, 2 Akbar Ali,? Vinicius T. Santana,® Francisco W. de S. Lucas, 22

Marilia S. Santos,? Arlene G. Corréa, {22 Otaciro R. Nascimento, (2° Hao Jiang®
Lo s~ () *a
and Marcio W. Paixao =

The combination of visible-light and tris(trimethylsilyl)silane promoting intramolecular reductive cyclization
protocol for the synthesis of functionalized indolines and 2,3-dihydrobenzofurans has been developed. The
transformations occur in the absence of transition metal and additional photocatalyst. In addition, quantum
yield (®) was determined and electron paramagnetic resonance spectroscopy was performed to better
understand the reaction pathway.

Introduction

Oxygen- and nitrogen-containing heterocyclic scaffolds are
important components of a variety of important natural prod-
ucts and prevalent structural motifs in biologically active
molecules, agrochemicals and designed materials."

In particular, indolines and 2,3-dihydrobenzofurans have
attracted considerable interest from both synthetic and
medicinal chemistry due to the presence of these privileged
scaffolds in pharmaceutical® and naturally occurring alkaloids®
(Fig. 1). Under this scenario, highly decorated architectures
containing those systems exhibit noteworthy anti-HIV inhib-
itor,* antihypertensive® and anti-inflammatory® activities.

As a consequence of their high biological potentials, signif-
icant effort has been devoted to the development of efficient
protocols for the synthesis of these heterocyclic frameworks.”
Towards this end, some traditional methods involves oxidation
processes,® Lewis or Bronsted acids® and transition-metal-
catalyzed reactions - for example, the intramolecular hydro
functionalization of alkenes, aryl functionalization, the heter-
oannulation of 1,3-dienes and transition-metal-catalyzed
dicarbofunctionalization of unactivated olefins via tandem
cross-coupling/cyclization process to afford a variety of oxygen
and nitrogen heterocycles.*’
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Aside from these approaches, free-radical mediated reac-
tions have been developed to access these unique heterocyclic
cores.' However, a large number of the seminal single-electron-
transfer strategies requires stoichiometric quantities of
hazardous reagents (e.g. tributyltin hydride or AIBN) as radical
generators — in which implicates environmental concerns.”

Nevertheless, the field of synthetic organic photochemistry is
rapidly growing in importance as it represents an efficient and
environment-friendly alternative to the previous described
methods.” The photon energy allows to access reactive inter-
mediates that cannot be accessed by other strategies employing
a clean energy source under mild conditions. Under this
concept, either UV or visible light mediated approaches have
been described to access indolines and dihydrobenzofurans
(Scheme 1).

Very recently, Li and co-workers introduced an elegant metal-
free carboiodination protocol for the syntheses of highly deco-
rated indolines and 2,3-dihydrobenzofurans under UV
radiation.™

On the other hand, the use of visible-light as a source of
energy for promoting chemical transformation has emerged as
an interesting topic in organic synthesis.’® In this sense,
different research groups have demonstrated the syntheses of
nitrogen- and oxygen-containing heterocyclic scaffolds using
Cu(1),"® Ir(m)"” and Ru(u)'® based complexes under visible-light
irradiation. Moreover, Jamison and coworkers have described
the combination of nickel- and photoredox-catalysis (Ni/Ru) for
the regioselective synthesis of 3-substituted indolines from
alkenes and 2-iodoacetanilides."

Although the advances of metal promoted photoredox
strategies in the activation of small molecules, these
approaches also revealed some drawbacks such as catalysts
cost, removal from the reaction medium and the need of an
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Fig. 1 Selected examples of biologically active indolines and 2,3-dihydrobenzofurans.
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Scheme 1 Photo-promoted strategies for synthesis of indolines and 2,3-dihydrobenzofurans.
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excess of additive. In this context, electron donor-acceptor
(EDA) complex have been explored as an alternative.>

Nevertheless, in spite of the considerable advances that have
been made in this field, the design of general and mild photo-
chemical strategies that improves efficiency, lower cost and
decrease waste are highly desirable.*® In this regard, our
research group has recently described a metal-free photo-
chemical protocol for the synthesis of N-heterocyclic
compounds.”* Encouraged by this work, which took advantage
of the EDA complex formation - herein, we report the extension
of this approach towards the synthesis of highly substituted
indolines and 2,3-dihydrobenzofurans.

Results and discussion

We began our investigation performing a screening of different
solvents and the starting material (see ESI Tables S2 and S47).
The N-allyl-N-2-haloanilines were evaluated, considering the
halogen atom and nature of the substituent on the nitrogen.
The N-allyl-N-(2-iodophenyl)acetamide 1a was chosen as model
substrate, employing reaction conditions similar to our previ-
ously reported synthesis of the privileged indole and oxindole
scaffolds (Table 1, for complete details see ESIT). Pleasing, the
reaction of 1a in the presence of 1 equiv. of tris(trimethylsilyl)
silane (TTMSS), acetonitrile as solvent under a compact fluo-
rescent lamp (CFL) irradiation for 24 hours provided 47% of the
targeted indoline 2a (Table 1, entry 1). The addition of ethanol
(5 equiv.) as hydrogen source did not change the reaction yield
(Table 1, entry 2). We also evaluated the amount of TTMSS and

Table 1 Optimization study for the intramolecular cyclization photo-
promoted synthesis of indoline®

I
©:NM — Reaction Conditions - ©:§\

OJ\ 1a 2a

o

Entry Silane hy Temp Time (h) Yield” (%)
164 TTMSS CFL It 24 47
26¢ TTMSS CFL rt 24 50
3¢ TTMSS CFL rt 24 70
& TTMSS LEDs rt 24 92
5% TTMSS uv rt 0.5 65
6 Et;SiH LEDs rt 48 —
7 PhSiH, LEDs It 48 —
8 TTMSS Darkness rt 72 70
9 TTMSS Darkness 50 °C 5 72
10" TTMSS LEDs rt 5 89
11 — Darkness 50 °C 48 —_
12/ — LEDs rt 48 —

“ Unless otherwise specified reactions were performed using 1a (0.20
mmol), silane (2 equiv.), MeCN (4 mL). ? Yield of isolated products.
¢ Reaction vessel placed between two 12 W CFL lamp. ¢ 1 equiv. of
TTMSS was used. ¢ Reaction was performed with 1 equiv. of TTMSS
and 5 equiv. of EtOH. / Irradiated with a white light-emitting diode
(LEDs) strip. ¢ UV radiation (40 W). " Irradiated with a blue LEDs strip
under argon atmosphere and degasified solvent.
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found that with 2 equiv. proved beneficial to the yield of the
desired product (Table 1, entry 3).

To our delight, using white-light LEDs as the source of visible
irradiation showed a significant effect on chemical efficiency -
thus providing indoline 2a in 90% yield (Table 1, entry 4). Under
UV-irradiation (254 nm) for 30 min at room temperature, the
model reaction provides product 2a in 65% along with
byproducts. These findings were attributed to high energy of the
irradiation which can decrease the reaction selectivity (Table 1,
entry 5). Moreover, the influence of the organosilane was also
investigated. Meanwhile, when Et;SiH and PhSiH; were used
instead of TTMSS, the reaction did not occur, and the starting
material were completely recovered (Table 1, entries 6 and 7).

It is worth mentioning that the TTMSS-based radical can also
be generated under aerobic conditions,” therefore, control
experiments were conducted with light absence to evaluate this
parallel pathway for the tandem reductive/cyclization process.
Conducting the reaction at room temperature and in the dark-
ness delivered the indoline ring in 70% after a long reaction
time (72 hours, Table 1, entry 8).

When the reaction temperature was increased to 50 °C,
similar range of chemical efficiency could be observed in a short
reaction period (Table 1, entry 9). Although the generation of
the TTMSS-based radical under thermal conditions was
feasible, it showed to be less effective than the photochemical
process. It is well reported that molecular oxygen - even under
air atmosphere conditions - can spontaneously react with
TTMSS at room temperature to generate a silyl-centered
radical.>* Having that in mind, we then evaluated the influ-
ence of oxygen in the radical generation of the described
methodology. When the reaction was carried out under
degasified solvent, argon atmosphere and blue LEDs irradia-
tion, the desired indoline 1a could be obtained in 89% chemical
yield (Table 1, entry 10). Furthermore, performing the reaction
under air atmosphere, low temperature and darkness, there was
no product formation and the starting material could be
completely recovered (see ESIf for details). These results
provided strong evidences that support the essential role of the
visible-light in the radical generation event of this protocol.
Next, complementary experiments showed that the combina-
tion of TTMSS and visible light were essential for this trans-
formation (Table 1, entries 11 and 12).

We then sought to determined the wavelength required for
an efficient silane-mediated atom transfer process of 1a
(Table 2).

The use of a red-light LEDs (632 nm) resulted in a low yield
after 12 hours (Table 2, entry 1) - meanwhile, under a green-
light LEDs (520 nm) irradiation, the reaction was completed
after 7 hours with an increment on the chemical yield (Table 2,
entry 2). To our delight, the highest yield was achieved
employing blue-light LEDs irradiation (Table 2 - entry 3),
therefore, under the model reaction conditions the desired
product was obtained in 98% yield after 5 h.

With the optimized reaction conditions in hand, we exam-
ined the generality of the reaction protocol (Table 3). In general,
the  N-allyl-2-iodophenyl-acetamides  bearing  electron-
withdrawing groups on the aromatic ring (2b-2e) reacted

RSC Adv., 2018, 8, 12879-12886 | 12881
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Table 2 Optimization of the reaction conditions: wavelength Table 3 Scope of the intramolecular cyclization photo-promoted
evaluation® synthesis of indolines®”
3
: X R‘: R¢
N R‘C[ Blue LED
N TTMSS, solvent, rt N N’\%\m U L R
OJ\ )\ )\ R2 TTMSS, MeCN, rt N
1a 2a O o 1a-u 2a-u 0)\
X=1,Br
Entry 2% (nm) Solvent Time (h) Yield® (%)
soliavelia el ve
1 632 MeCN 12 46 N N N N
2 520 MeCN 7 85 0)\ 0)\ o),\ O)\
3 450 MeCN 5 98 2a, X = 1, 98% 2b, X =1, 75% 2¢,X =1, 65% 2d,X =1, 88%
4 450 Acetone 24 93
O,N cl
“ Unless otherwise specified reactions were performed using 1a (0.20 N
mmol), TTMSS (2 equiv., 0.40 mmol) and specified solvent (4 mL). N N c N\ F P
b Irradiated with a LEDs strip. ¢ Yield of isolated products. o o1 o o
2e,X=1,52% 2f, X=1,78% 29, X=1,73% 2h, X =1,85%
efficiently to afford the corresponding indoline products in N <o N N N
moderate to excellent yields. To our delight, substrates bearing O)\ o)\ o)\ o)\
additional halogen e.g. Cl - functionality that allow subsequent 2i, X = Br, 40% 2,X=1,60% 2k, X =1,83% 21, X = Br, 60%
functionalization by transition metal mediated cross-coupling Ph coMe
reactions® - underwent the reaction efficiently, affording the <°II§ C(g @g
corresponding product in good yield (2f = 78% y). Subse- ")\ o 3\ ")\ N)\
quently, we observed that the substitution pattern on the ° ° ° o
. . . . 2m, X =1, 95% 2n,X=1,92% 20,X=1,32% 2p,X=1,86%
aromatic ring of the substrate did not affect the chemical effi-
ciency (compared 2f vs. 2g), however a substantial difference in COMe
the reaction times were necessary. The protocol was also \©f§ ©:§
. . . . N N N
compatible with substrates bearing electron-donating groups, P P F N)\ I
. . . . d d
thus rendering products 2j and 2k in 60% and 83% respectively. 20, X =1, 70% 2r, X =1, 85% 26, X =?, 75% 2, e 1, 85%
As an important demonstration of the reactivity, N-allyl-2-
bromophenyl-acetamide derivatives where also effective under ck@(%
our reaction conditions, providing the cyclization products 2i ")\
and 21, albeit in diminished yields. o
2u,X=1,73%

To further assess the functional-group tolerance of the
metal-free photo-initiated synthesis of indolines, we explored
the reactivity of different substrates having different substitu-
ents on the olefinic portion. Notably, a series of B-mono
substituted olefins bearing different functional group, such as
methyl (2m and 2n), aryl (20) and methyl ester (2p and 2q) are
compatible with this reaction conditions, and all the reaction
produced desired products in moderate to good yields.
Substrates having two substituents on the terminal carbon of
the olefin provided the products 2r and 2s in good yields.
Finally, o-disubstituted substrates were converted into the
desired indoline products 2t and 2u in good yields.

Based on the encouraging results for the synthesis of the
indoline framework, we envisioned to extended the TM-free
visible-light-induced photochemical methodology to the
synthesis of 2,3-dihydrobenzofurans. To this end, a brief opti-
mization was further performed, especially regarding the
wavelength range of the light source. Among those screened,
white LEDs provided optimum yield of the 2,3-dihy-
drobenzofuran (for details see the ESIt). Subjecting the
substrate (1-(allyloxy)-2-iodobenzene) to a slightly modified
version of the optimized conditions - however, in the absence of
both TTMSS and visible light, no conversion to the desired

12882 | RSC Adv., 2018, 8, 12879-12886

¢ Unless otherwise specified reactions were performed using 1a-u (0.20
mmol), TTMSS (2 equiv., 0.40 mmol), and MeCN (0.4 mL) in a 4 mL vial
irradiated with a blue LEDs strip for 5 to 72 hours at room temperature
(see ESI for conditions). ? Yield of isolated products.

cyclization product were observed, with the starting material
being fully recovered.

At this point, our attention turned toward the preparation of
some examples of oxygen-heterocycle in the optimized condi-
tions (Table 4). For substrate bearing terminal alkene, high
conversion was observed. With respect to the alkene component
elaboration, the reaction was also tolerant to alkyl-substitution
partners (4b and 4c).

The double bond was also amenable further structural vari-
ations, therefore, 4d having a terminal electron withdrawing
group undergoes sequential reduction/cyclization in high yield.
Finally, the potential of this methodology was further demon-
strated in the synthesis of dihydrobenzofuran 4e which
contains a quaternary center.

In order to gain further insight into the mechanism of this
reaction, a series of control experiments were also pursued.

This journal is © The Royal Society of Chemistry 2018
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Table 4 Intramolecular cyclization photo-promoted synthesis of 2,3-

dihydrobenzofurans®?
R1
R3
v

@El R?
o/\%\Rs
4a-e

3a-e R'

o oS o

4a,49% 4b, 84% 4c,52%
’ CEK
0 0

4d, 88% 4e, 90%

White LED (2x 12 W)
TTMSS, MeCN, rt

% Unless otherwise specified reactions were performed using 3a-e (0.20
mmol), TTMSS (2 equiv., 0.40 mmol), and MeCN (0.4 mL) in a 4 mL vial
irradiated with two white LEDs lamps (12 W) for 5 to 72 hours at room
temperature (see ESI for conditions). ” All yields refer to isolated
products.

Therefore, we started by performing UV-visible spectroscopic
studies to investigate the behavior of all the components of the
reaction under visible light. Individual solutions of 1a, TTMSS,
indoline 2a and reaction mixture were prepared and the
absorbances were measured (Fig. 2). The solutions were
prepared in duplicate, one of which was kept under light irra-
diation and the other in the light absence (see ESI} for further
details). The solid lines represent all measurement performed
in the darkness, whereas dashed lines correspond to the spectra
of the solutions exposed to the irradiation. Firstly, the indi-
vidual evaluation of compounds 1a (red lines), TTMSS (black
lines) and 2a (blue lines) did not showed a significant change in
the absorbance spectra after exposure to the blue LEDs irradi-
ation (Fig. 2).

However, a new absorption band (1 = 356 nm) was detected
for the reaction mixture composed by TTMSS and 1a (RM, green
lines) upon the radiation incidence - which suggests the
formation of an intermediate that absorbs nearly the visible
light region. This species would be generated through electron

0.5

—TTMSS, SM, Product, RM
= ==<+Dashed lines): After 10 min under Blue LED

— 4

3 0.4 0.

&

©

o

=

®©

]

o
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o
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T T T T
300 400 500 600 700 800
Wavelength (nm)

Fig. 2 Absorbance spectra for TTMSS solutions (0.02 mol L™, black
lines), 1a (0.01 mol L7 red lines), 2a (0.01 mol L™, blue lines) and the
reaction mixture of TTMSS (0.02 mol L™ + 1a (0.01 mol L™ (RM,
green lines). SM: starting material, RM: reaction mixture.
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donor-acceptor association between 1la and TTMSS (EDA
complex), and therefore acts as a promoter of the
transformation.

Complementarily, fraction of light absorbed experiments
revealed the reaction mixture absorbs almost 100% of the light
fraction at 450 nm, supporting the experimental data in which
the reaction is promoted efficiently by blue LEDs light. These
findings added to lower irradiance of the green and red LEDs
(85% and 3% respectively) corroborate the lower yield and
reactivity observed for the reaction under these light sources
(for details see ESIt).

Trapping experiments were performed and afforded strong
evidence that the reaction proceeds via a single electron
pathway. When the reaction was accomplished in the presence
of a radical scavenger - 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO) - there was a complete inhibition of the desired
transformation. Furthermore, MS analysis of the reaction
mixture showed the presence of the starting material 1a (which
was fully recovered) along with the formation of the TTMSS
adduct with TEMPO, implying the formation of silyl-centered
radical under visible-light irradiation.

Additionally, spin trapping experiments were also per-
formed. In this study, compound 1la was used as model
substrate and 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as spin
trap.”® Thus, carrying out the reaction either in the darkness or
in the absence of TTMSS no signal was observed. On the other
hand, subjecting substrate 1a to a blue LEDs irradiation, in the
presence of TTMSS and DMPO, resulted in the EPR spectrum
(red line) presented in Fig. 3. In the same figure, the simulated
spectrum (black line) using the EasySpin package® is presented.

The hyperfine splitting observed was first simulated
considering a spin-1/2 (NO" radical) coupled to the closest N
and H nuclei of the DMPO molecule, resulting in the hyperfine
coupling constants a4 = 1.33 mT, a;5 = 0.94 mTwith a 0.4 mT

a,=133mT a =0937mTa,=00981 mT a,=0.152mT a -~ 0.0880 mT

linewidth =0.17 mT

—sim

———exp

« Absorption derivative (arb. units)

36 339 342
Magnetic field (mT)

Fig. 3 EPR spectra of the reaction mixture with DMPO under blue
LEDs radiation (30 W).

H

1
@N/\/ Blue LED (30W) ©j§\

TTMSS, MeCN, rt
30 min o] o
1a 2a 5

Scheme 2 Reaction between 1a and the trapping reagent DMPO.
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Fig. 4 Mechanistic proposal for photo-promoted indolines synthesis.

linewidth. However, considering the possible products formed
between the DMPO and the intermediary radicals of the reac-
tion, several steps were taken into account in order to improve
the simulation.

The best simulation was obtained considering two addi-
tional hydrogen atoms that are closer to the bond of the trapped
radical with the DMPO (position 3) and a more distant nitrogen
(both nitrogen- and hydrogens atoms provided from 2a), that
must also be in the trapped radical. The hyperfine coupling
constants that best fit the data are a,;; = 0.0981 mT, @,y = 0.152
mT, and a4 = 0.088 mT with a linewidth of 0.17 mT. The
radical species captured by the DMPO may be the alkyl radical
intermediate, leading to the formation of the adduct 5
(Scheme 2). The nuclei used in the simulation are highlighted
in the adduct 5. Moreover, no EPR signal was detected after
irradiation of a TTMSS solution in acetonitrile.

Likewise, quantum yield experiments were performed to
provide additional insights about radical chain propagation.
The quantum yield of the specified photo reaction between 1a
and TTMSS to provide 2a, was obtained using the photode-
composition of potassium trioxalatoferrate(m) trihydrate as the
actinometer. The quantum yield average for the reaction was @
= 28.37, which suggests that a single photon triggers 28 radical
steps, indicating that transformation can occur through radical-
chain process.”® This fact corroborates the hypothesis that
TTMSS has an important role as a radical initiator.

In light of these experimental results and previous work,*
a plausible radical/SET pathway based on excited EDA
complexes is outlined in Fig. 4. Upon light irradiation, the
photochemical transformation would occur via a reactive
excited complex (1a - TTMSS)*. The generation of such
complex, can be rationalized through two distinct mechanisms
- (a) the formation of an electron donor-acceptor association
(EDA complex) which is irradiated at the wavelength of its CT
band, or (b) local irradiation of individual bands of either
components, leads to excited form, which can combine with its
nonexcited counterpart, thus leading to the corresponding
exciplex. Sequentially, over either an electron-transfer or energy-
transfer events the homolytic cleavage of the Si-H bond

12884 | RSC Adv., 2018, 8, 12879-12886

generates the silicon-centered radical (I). Then, a dehalogena-
tion reaction of the substrate 1a occurs through the abstraction
of the iodine by the silicon radical, forming an aryl radical (II).
The intermediate II passes through a 5-exo-trig cyclisation, to
generate the alkyl radical III, followed by abstraction of
hydrogen to form the final product 2a.

Conclusions

In summary, we have described a mild and metal-free visible
light mediated protocol for the synthesis of highly substituted
indolines that proceeds via formation of an EDA complex
between N-allyl-2-haloanilines and the organosilane reagent,
TTMSS. Several functional groups were well tolerated affording
the nitrogen heterocycles mostly in good to excellent yields. The
methodology has also been expanded to oxygen-containing
substrates for the synthesis of 2,3-dihydrobenzofurans. Mech-
anistic insights were obtained through UV-visible spectroscopy,
quantum yield, and EPR analysis indicating that the association
substrate-TTMSS is essential to start the photo-transformation,
which proceeds through a radical chain propagation. The
features of this methodology such as environmentally friendly
radical generation and highly valued structures reveal the
potential of this chemistry to access a variety of complex
scaffolds.
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