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ABSTRACT: Visible light promoted chemo-selective metal free hydrogenation of activated double bond has been achieved via
photoredox catalysis. Eosin Y has proved to an efficient catalyst for the effective reduction of C-C double bonds of isatins, oxindoles
and maleimides under visible light. The method worked efficiently without the aid of any external reductants. Commercially viable
DIPEA has been employed as a sacrificial electron donor and it’s in-situ generated cationic radical acts as reductant in this
transformation. The method proved to be practical as a broad range of substrates containing activated double bond were easily
reduced. The method proved to be scalable on a gram scale and the reduced product has been utilized successfully for the further
synthetic application. The systematic and detailed mechanistic studies reveal the reductive quenching of the photocatalyst by the

activated double bond.

The hydrogenation of unsaturated organic compounds is one of the
most important and key transformations in organic synthesis till
date.! The hydrogenation is indispensable to synthetic community
and this process has been widely employed for a range of
applications in the chemical, biochemical, food, agrochemical,
polymer and pharmaceutical industries.” The selective reduction is
a key process in many biosynthetic pathways. During the
biosynthesis of fatty acids, the selective reduction of activated
carbon-carbon double bonds is achieved by enoate reductases (in
living microorganism) that are abundant in mother nature.
However, in organic synthesis traditionally the hydrogenation
reactions are carried out using hydrogen gas in presence of catalytic
amount of transition metal or stoichiometric amount of metal
hydrides.* In this regard, eco-friendly transition metal-free
reduction protocols have been discovered that are much safer than
the processes that involve transition metals and reactive hydrogen
gas. Hantzsch ester,’ silanes® have been used as the reactive organic
reducing agent for the hydrogenation of carbon-carbon double
bonds. Hydrogenation has also been achieved using frustrated
Lewis pairs (FLPs).” There are also examples of chemoselective
hydrogenation of unsaturated carbonyl compounds using alkyl

phosphines and N-heterocyclic carbenes.® However, most of the
hydrogenation strategies rely either on the heavy transition metals
and hydrogen or on stoichiometric amount of expensive,
pyrophoric as well as toxic metal based reducing agents. These
perennial problems are still a stumbling block to the safer synthetic
world.

Over the last few years the visible light photoredox
catalysis has been progressing very rapidly as a promising field in
organic synthesis. Photoredox catalysis has been emerging as a
safer alternative strategy for the some of the transformations that
are tedious to be realised by traditional routes. Very importantly,
the visible light mediated transformations are usually non-toxic,
eco-friendly and easy to handle with lesser waste.” Very recently,
very few visible light-mediated cascade cross-coupling
hydrogenation reactions have been reported that avoid the use of
any  sacrificial  oxidants. = However, these transfer
hydrogenation/semihydrogenation strategies solely rely on the
metal complexes under visible light conditions to generate
hydrogen in situ.'® Despite these advances, a metal free
hydrogenation under visible light irradiation is highly desirable and
required.



It is also highly challenging and demanding to enable the
selective hydrogenation of electron deficient carbon-carbon double
bond in a molecule. Among the molecules containing electron
deficient carbon-carbon double bonds, the isatin, oxindole and
maleimide based unsaturated compounds have a broad range of
application in the organic synthesis as precursors of many natural
products and bio active molecules.!! In this regard, efforts have
been made to reduce the electron deficient or activated carbon-
carbon double bond selectively by few research groups.

Scheme 1: Methods for the hydrogenation of different
electron deficient alkenes
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In 2019, Kasi Viswanath and co-workers described a
chemoselective reduction for the isatin and acenaphthenone
derived alkene compounds by using Hantzsch ester and ZnCl,
(Scheme 1a).'? In the same year, Zhang and co-workers developed
a palladium catalysed hydrogenation for the «,f—unsaturated
compounds using sodium hydride as a Michael donor (Scheme
1b).!3 In 2013, Zhang and co-workers have disclosed an iridium
catalysed asymmetric hydrogenation of o~—alkylidene succinimides
derivatives under very high pressure (H, 20 bar Scheme Ic).!
However, all of these methods relied on the use of expensive metal
catalysts, strong bases or hydrogen gas at very high pressure. The
usefulness of these methods are limited due to the drastic reaction
conditions and hazard associated with them. It would be really
interesting to investigate the reduction of alkenes with electron
deficient or activated double bond under completely metal free
conditions. It is also important that some of these scaffolds
containing activated double bond are routinely explored as
intermediates in many transformations and also they are easy to be
synthesized for the synthetic applications.

Herein, we wish to report a metal-free sustainable reduction
of activated carbon-carbon double bonds in isatin-, maleimide-, 2-
oxindole derived alkenes under visible light using DIPEA as a
reducing agent and Eosin Y as a photocatalyst (Scheme 1d).

Table 1: Optimization of Reaction Conditions*

o Ph
Ph °
/ Photocatalysts H H
o Base o
N BIue_II:eEn[])[,J,S:Lvent N
1a Allyl 24 Allyl
Entry  Photocatalyst Base Solvent  Yield (%)f

1 Ru(bpy):Cl DIPEA  MeCN 50
2 Eosin' Y DIPEA MeCN 64
3 4CzIPN DIPEA  MeCN 32
4 Rhodamine 6G =~ DIPEA MeCN NR
5 Acridinium DIPEA MeCN NR
6 Eosin' Y DBU MeCN NR
7 Eosin Y DABCO MeCN NR
8 Eosin' Y Et;N MeCN 46
9 Eosin' Y DIPEA DMF 50
10 Eosin Y DIPEA THF 18
11 Eosin Y DIPEA DMSO 75
12° Eosin' Y DIPEA  DMSO 35
13¢ - DIPEA  DMSO NR
144 Eosin Y - DMSO NR
15¢ Eosin' Y DIPEA  DMSO NR

Reaction Condition: Unless otherwise noted. “all the reactions
were carried out using 350 pmol of 1a, 1.75 mmol of base and 35
pmol (10 mol%) of photocatalyst under blue LED (60 W)
irradiation at 60 °C for 24 h. ®10 equivalent of H,O was added to
the reaction mixture, in absence of photocatalyst, %in absence of
DIPEA, ®in absence of light (in dark). fsolated yield after the
purification by column chromatography. Acridinium = 9-Mesityl-
10-methylacridinium perchlorate.

We commenced with the reaction of 1a using DIPEA, in
presence of ruthenium catalyst (Ru Cat.) in anhydrous acetonitrile
under blue LED (60 W) at 60 °C wusing inert
atmosphere.*Gratifyingly, we obtained the desired reduction
product 2a in moderate yield (50%, Table 1, Entry 1). Later, we
screened the reaction of la with different photocatalysts in
presence of DIPEA (Table 1, Entries 2-5). Among all
photocatalysts explored, Eosin Y proved to be most efficient by
affording the desired reduced product 2a in 64% yield (Table 1,
Entries 2). This result encouraged us to optimize the reaction
condition further and in this regard we screened the reaction with
different organic bases. We observed that among all the bases,
DIPEA proved to be efficient in affording the desired product 2a
(Table 1, Entries 2, 6-8). Having optimized the photocatalyst and
base, we further screened the reaction using different solvents to
enhance the yield of desired product 2a (Table 1, Entries 9-11).
Gratifyingly, the reaction worked smoothly in dry DMSO to afford
the desired reduction product 2a in good yield (75% yield, Table 1,
Entry 11). In order to verify the role of water if any, we carried out
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the reaction of 1a in presence of Eosin Y, DIPEA in DMSO along
with H>O (10 equiv.). The presence of water reduced the yield of
2a significantly (Table 1, Entry 12). We carried out the
optimization further by systematically screening reactions at
different temperatures, variable wavelength of visible light (LEDs)
and other reaction conditions (see Appendix-I, ESI for details). We
further confirmed that photocatalyst, base as well as light are
essential for the desired transformation to obtain desired product 2a
(Table 1, Entries 13-15). Based on the exhaustive screening,
compound 1a, Eosin Y (10 mol%), DIPEA (5 equiv.) in dry DMSO
under blue light irradiation (60 W) at 60 °C proved to be the
optimum reaction condition to obtain the desired product 2a in
higher yield.

Scheme 2: Substrate scope of the reduction protocol
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Reaction Condition: Unless otherwise noted. “all the reactions
were carried out using 350 pmol of 1a, 1.75 mmol of base and 35
pmol (10 mol%) of photocatalyst under blue LED (60 W)
irradiation at 60 °C for 24 h.

Having optimized the reaction condition in hand, we set out to
explore the substrate scope of this visible light mediated
hydrogenation of electron deficient alkenes. To begin with, we
synthesized different isatin based alkene derivatives (la-1p) to
investigate their reactivity and broad substrate scope of the protocol
(See ESI S2). We observed that all the substrates (1a-1p) reacted
smoothly under the optimized reaction condition to furnish the
corresponding reduced products (2a-2p) in moderate to good yields
(Scheme 2). It is important to note that all the substrates containing
N-allyl as well as N-propargyl protecting groups reacted easily to
afford the corresponding reduced products (2a-2j) in very good
yields (up to 82% yield). Under the reaction conditions, we
observed the selective reduction of electron-deficient alkene and

the N-allyl or N-propargyl groups were intact. Moreover, N-methyl
as well as N-benzyl protected isatin derivatives have also reacted
efficiently to furnish the desired reduced products (2k-20) in
moderate to good yields (up to 81% yield, Scheme 2). It is highly
remarkable to note that the even the substrate with unprotected
nitrogen worked smoothly under the optimized reaction condition
to afford the corresponding reduction product in 2p good yield and
we did not observe any side product (Scheme 2).

Later we turned out attention to explore the applicability of the
protocol for the reduction of a variety of 2-oxindole based alkenes
with different protecting groups as well as electron withdrawing
substituents. Under the reaction conditions 2-oxindole based
alkenes (1q-1t) furnished the corresponding reduced products (2q-
2t) in moderate to good yields (up to 70% yield, Scheme 2).

After the initial success, we planned to apply this
photocatalyzed hydrogenation protocol for the reduction of a-al-
kylidene succinimides (derived from maleimides). We explored the
reactivity of different a-alkylidene succinimides (1u-lab) under
optimized reaction condition. We noticed that, all the a-alkylidene
succinimides (1u-1ab) reacted smoothly to deliver the correspond-
ing reduction products (2u-2ab) in moderate to very good yields
(Scheme 2). It is important to note that, the a—alkylidene succin-
imide derivatives bearing electron withdrawing (CN, F, CFj,
CO,Me) groups, fused aromatic rings and heterocyclic moiety
tolerated the optimized reaction conditions to afford the
corresponding desired reduction products (2u-2y, 2z-2aa and 2ab)
respectively in moderate to good yields (up to 90% yield, Scheme
2).

Further, as an extension of this strategy we have performed
different transformations using the final products (2a, 2I) to
demonstrate its synthetic utility (Scheme 3). At first, we have
carried out the chemoselective reduction followed by bromination
of the ketone moiety of 2a to obtain the corresponding bromo
product 3a (Scheme 3a). Next, we have performed a Baeyer—
Villiger oxidation of compound 21 to obtain the corresponding ester
3b as a final product (Scheme 3b). Further, in order to generalise
the practicality of the protocol, gram scale synthesis of 2a has been
achieved (0.78 g, 67.4% yield, Scheme 4a).

Scheme 3: Synthetic Utility
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In order to have the mechanistic insight of this
transformation, we performed few control experiments
systematically. To begin with we carried out a radical quenching
experiment of 1a in presence of TEMPO under the optimized
reaction conditions. The desired product 2a did not form even after
prolonged reaction time thus supporting the involvement of radical
intermediate during the course of the reaction (Scheme 4b). Further
to prove the source of hydrogen in the reduction process, we carried
out the reaction of 1a under optimized conditions using DMSO-ds
as a solvent (Scheme 4c). However, we did not obtain any
deuterated reduced product instead we exclusively obtained 2a and
this unambiguously proved that the solvent is not the source of
hydrogen (Scheme 4c).

Scheme 4: Controlled experiments and gram scale synthesis
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Further, we have carried out fluorescence quenching experiment of
Eosin Y in DMSO and 1a (Fig. 1a). Likewise, the fluorescence
quenching experiment of Eosin Y in DMSO and DIPEA was car-
ried out under inert atmospheric condition (Fig. 1b).
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Figure 1: Fluorescence (emission) and cyclic voltammetry
studies to have mechanistic insight

(a) Fluorescence quenching experiment of Eosin Y in presence of
1a (b) Fluorescence quenching experiment of Eosin Y in presence
of DIPEA, (c) Stern —Volmer plot for the fluorescence quenching
experiments Eosin Y in presence of 1a and DIPEA, (d) Cyclic-
voltammetry plot of 1a.

We observed that the fluorescence emission spectral intensity of
Eosin Y was reduced gradually with the increasing concentration
of 1a in DMSO (Fig. 1a). However, we did not observe any signif-
icant change in the fluorescence intensity of Eosin Y in presence of
DIPEA (Fig. 1b). These results unambiguously support the oxida-
tive quenching of Eosin Y in presence of 1a. We have also carried
out the cyclic voltammetry of 1a at room temperature (Fig. 1d).
Based on cyclic voltammogram, it was very clear that E;, of 1a is
-0.76V vs. SCE. While P.C (Eosin Y) has a redox potential
P.C*/P.C*=-1.11V vs. SCE based on the available data.'®It is very
clear from the experiments and literature value that 1a can be easily
reduced by the excited state of photocatalyst P.C (Eosin Y).

Based on the control experiment, fluorescence quenching
experiments and the cyclic voltammetry study the plausible cata-
lytic cycle has been proposed (Fig. 2). Eosin Y gets excited to Eosin
Y* upon irradiation under visible light. This excited state of the
photocatalyst Eosin Y* gets oxidatively quenched by compound 1a
to generate the corresponding 1a™ radical anion intermediate [as
proved by fluorescence quenching experiments (Fig. 1 a,b), Stern-
Volmer plot (Fig. 1¢) and cyclic voltammetry]. Further, the oxi-
dized form of the photocatalyst Eosin Y * abstracts an electron from
DIPEA (a sacrificial electron donor) to generate the ground state
Eosin Y thus completing the photoredox catalytic cycle. Finally,
the radical anion intermediate 1a™ interacts with DIPEA™ to ab-
stract hydrogen atom by affording the desired product 2a (Scheme
5)_17

Scheme 5: Plausible mechanistic cycle
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In summary, we have developed a chemo-selective metal free hy-
drogenation of activated C-C double bond of isatin, oxindole and
maleimide derivatives under visible light irradiation. The protocol
did not require any external reductant for the transformation. Fur-
ther a detailed mechanistic study revealed the reductive quenching
of the photocatalyst by the unactivated double bond. DIPEA has
been used as a sacrificial electron donor, and it’s in-situ generated
cationic radical intermediate acts as a reductant for this transfor-
mation. A broad range of substrates were employed in this protocol
to obtain the corresponding reduced products in high yields. The
method proved to be scalable on a gram quantity and we have also
employed reduced products for the further synthetic utility to
demonstrate synthetic application.
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