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ABSTRACT: 1,2,3,4-Tetrahydro-f-carbolines were coupled with a-keto vinyl azides through an unprecedented visible light-
Ru(bpy);(PFs),/TBHP mediated photocascade strategy that involves photosensitization, photoredox catalysis and [3 + 2]
cycloaddition reaction. The scope and scale-up feasibility of the photocascade strategy was demonstrated by synthesizing 18
different fused f-carbolines in moderate to good yields using batch and continuous flow microreactor. This operationally simple
synthetic protocol allows the formation of one C—C and two C—N new bonds in the overall transformation.

-Heterocycles are frequently found in a huge number of reactions has been further expanded by merging photo- and

pharmaceutical drugs, natural products, agrochemicals, metal/organo-catalysis.” Attempts have also been made to devise
functional materials and fine chemicals. Among them, p- a synthetic strategy, namely photocascade catalysis, that
carbolines, a subgroup of the indole alkaloid family, which combines both energy transfer and redox pathways, though
consist of a plethora of synthetic and natural products of wide only three such examples are in the literature to the best of our
structural diversity, showed rich medicinal properties.” Mole- knowledge.” Initial trials of photocascade catalysis were
cules containing a p-carboline core unit exhibit numerous performed by Xiao and co-workers who studied a visible-light
biological activities such as antitumor, antileishmanial, anti- driven [3 + 2] cycloaddition to synthesize pyrroles.” In this
hypertensive, antitrypanosomal, anti-HIV, anti-inflammatory context, recently we reported a combination of visible-light
and many others."> Harmine (antileishmanial), harmicine photosensitization and photoredox catalysis for the construction
(antispasmodic, antipyretic, and anticancer), arborescidine B of various imidazoles.”” In continuation of our work on visible
(anticancer), fumitremorgin C (anticancer), eburnamonine light photocatalysis, herein we report an efficient photocascade
(vasodilator), reserpine (antihypertensive), and tadalafil (a top strategy for the synthesis of structurally novel [-carboline
selling drug for erectile dysfunction) are among the most derivatives that utilizes [3 + 2] cycloaddition reaction of in situ
important f-carboline derivatives. Due to their importance and generated azomethine ylides (visible light photoredox catalysis)
utility, f-carbolines have attracted considerable interest among and 2H-azirines (visible light photosensitization).
synthetic organic chemists for decades. This manuscript deals Direct sp® C—H activation adjacent to a nitrogen atom is one
with an unprecedented, efficient photochemical pathway to of the most syntheticilly useful reactions to synthesize nitrogen
construct structurally novel, strained f-carboline derivatives. containing molecules.” In the presence of visible light and Ru/Ir

Recently, visible-light driven organic transformations have polypyridyl complexes, fert-amines I get oxidized to iminium ion

attracted much attention because of their green and sustainable IV or azomethine ylide V (when there is an acidic a-H) through
perspectives. They provide novel modes of reactivity that enable the intermediates II and III (Scheme 1).”" We envisioned that
otherwise difficult construction of complex molecular architec- the azomethine ylide V generated under visible light photoredox
tures.” Most of the visible light-driven photochemical reactions catalysis might be trapped by vinyl azides to yield various N-
generally proceed via energy transfer (photosensitization) or
electron transfer (photoredox catalysis) pathways and are well Received: May 6, 2016
studied. The scope of visible light-driven photochemical Published: May 26, 2016
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Scheme 1. Proposed Coupling of tert-Amines with Vinyl
Azides under Visible-Light Photoredox Catalysis
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heterocycles (Scheme 1). To test the feasibility of the concept
and optimize reaction conditions, coupling of 1,2,3,4-tetrahydro-
P-carboline 1a and vinyl azide 2a was taken as a model reaction,
and the effect of light, catalyst, oxidant and solvent was studied
(Table 1).

Table 1. Optimization of the Coupling of 1,2,3,4-Tetrahydro-
P-carboline 1a with Vinyl Azide 2a”
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2 Ny vy
entry lightb catalyst solvent yield of 3a“ (%)
1 X CH,CN ND
2 V CH,CN ND
3 X Ru(bpy);(PFe), CH;CN ND
4 v Ru(bpy)y(PE), CH,CN 65
s v Ru(bpy)y(PF), CH,CN 657
6 v Ru(bpy)s(PFy), CH,CN 55¢
7 \/ Ru(bpy);(PFy), CH;CN 25
8 v Ru(bpy)s(PF), CH,CN 43¢
9 v Ru(bpy)y(PF), CH,CN 51
10 v Ru(bpy)s(PF), CH,CN 66"
11 v Ru(bpy);ClL.6H,0 CH,CN 58
12 v [i(dtbbpy) (ppy),]JPF¢  CH,CN ND
13 \/ Rose Bengal CH,;CN trace
14 v eosinY CH,CN ND
15 v Ru(bpy)s(PF), THF 22
16 v Ru(bpy)y(PE), CHCI, 25
17 v Ru(bpy)s(PF), DMEF 12
18"" v Ru(bpy)s(PFy), CH,CN ND

“Reaction conditions: 1a (0.2 mmol), 2a (0.2 mmol), TBHP (1.0
mmol), catalyst 1 mol %, solvent (S mL), stir, 24 h. 17 W white LED
kept at a distance of 10 cm (approx) from the reactlon flask. “Isolated
yields. “Catalyst 2 mol %. “Catalyst 0.5 mol %. TBHP was not used.
#The reaction was carried out using an oxygen balloon. " The reaction
was carried out in a nitrogen atmosphere. 2.0 mmol of TBHP was
used. ND = product 3a was not detected on TLC.

No reaction between 1a and 2a was observed in the absence of
the light and photocatalyst (Table 1, entries 1—3). The reaction
of 1a and 2a proceeded smoothly using 1 mol % of
Ru(bpy);(PFs), as a photocatalyst in acetonitrile yielding a
clean spot on TLC, which was characterized as 3a (Table 1, entry
4). The chemical structure of 3a was assigned by analyzing its 'H,
BC, MS/HRMS spectra. The relative stereochemical assign-
ments of 3a were made by single crystal X-ray crystallography
(for crystal details, see Supporting Information). The yield of 3a
was not increased by increasing the catalyst loading. However,
lowering the same decreased the yield (Table 1, entries 5—6).
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The desired product 3a was obtained in a low yield when the
reaction was carried out in air without tert-butyl hydroperoxide
(TBHP) (Table 1, entry 7). However, an improved yield of 3a
was observed using an oxygen balloon (Table 1, entry 8). The
reaction was also successful in a nitrogen atmosphere using
higher loading of THBP (Table 1, entries 9—10). When the
reaction was performed in absence of TBHP in a nitrogen
atmosphere, the desired product 3a was not formed (Table 1,
entry 18). Among several photocatalysts and organic dyes
screened, Ru(bpy);(PF;), was found the best for the formation
of 3a (Table 1, entries 4, 11—14). The reaction was also tried in
several other solvents such as THF, CHCl; and DMF but none of
them improved the product yields (Table 1, entries 15—17).
Excellent regio- and diastereoselective formation of 3a
indicated the potential application of the photochemical strategy
to construct a library of f-carboline derivatives. The pentacyclic
N-heterocycle 3a contains a strained aziridine ring as a part of its
structure and could be of various pharmaceutical interests. We,
therefore, explored the scope of the visible-light driven coupling
of 1,2,3,4-tetrahydro-f-carbolines with vinyl azides in detail
(Table 2). For our investigations, we prepared five different f-

Table 2. Scope of the Coupling of 1,2,3,4-Tetrahydro-f-
carbolines with Vinyl Azides to Yield Strained f-Carboline

Derivatives 3a—r
| 1 mol % Ru(bpy)a(PFalz % H core

%W * R\/\COR1 E— - N
H (5 equiv), MeCN, 24 h, rt o}

COR? N7
R1
= CgHs, R? = 4-0,N-CgH, 2a, R = CgHg, R2= 4-Cl-CgH, 26 RZ °H 3
R1 = CgHs, R? = 4-Br-CgH, 2¢, R" = CgHg, R? = 3,4,5-(MeO)3-CeH, 2d
R = 4-Cl-CgHg, R? = 2,5-(MeQ),-CHs 2¢, R = 4-Cl-CgH,, R? = 2,6-Cl-CeHy 2f
R' = 4-Cl-CgHy, R? = 3,4,5-(Me0)3-CgH; 24, R' = 4-CN-CgHy R? = 4-O)N-CgH, 2h
R = 4-NO,-CgHg, R? = 2,5-(MeO),-CgHz 21, R' = 4-MeO-CgHy R? = 4.C-CgHy 2§

white LED light

=0OMe 1a
R3 OBn 1b
R3 = 4-CI-CgH, 1¢
R3 = 4-MeO-CgH4 1d

R? = CghHs te R = 4-MeO-CgHj R2 = 4-O,N-CgH, 2k, R' = 4-MeO-CgHy, R? = 2,6-Cly-CgHa 21
entry p-carboline vinyl azide product yield of 37 (%)
1 la 2a 3a 65
2 la 2b 3b 67
3 la 2¢ 3c 63
4 1a 2d 3d 65
S la 2e 3e 67
6 la 2f 3f 68
7 1a 2g 3g 60
8 la 2h 3h 62
9 la 2i 3i 67
10 la 2j 3 71
11 1a 2k 3k 69
12 1b 2j 3l 67
13 1b 21 3m 60
14 1b 2c 3n 64
15 1b 2a 30 68
16 1c 2d 3p 63
17 1d 2g 3q 64
18 le 2b 3r 66

“Isolated yields.

carboline substrates 1a (methyl ester), 1b (benzyl ester), 1c (p-
chlorophenyl ketone), 1d (p-methoxyphenyl ketone), and 1le
(phenyl ketone) by reacting 2,3,4,9-tetrahydro-1H-pyrido[3,4-
bJindole with methyl 2-bromoacetate, benzyl 2-bromoacetate, 2-
bromo-1-(4-chlorophenyl)ethanone, 2-bromo-1-(4-
methoxyphenyl)ethanone and 2-bromo-1-phenylethanone, re-
spectively. All the ester (1a—b) and ketone (1c—e) containing f-
carboline substrates worked well, giving good yields (60—71%)

DOI: 10.1021/acs.orglett.6b01321
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of the desired products 3a—r. Notably, the NH functional group
of the f-carboline substrates was tolerated in the reaction, which
offers the possibilities of further functionalization of these
products. However, it was disappointing that despite screening
many reaction conditions, the reaction did not work with
structurally similar 1,2,3,4-tetrahydroisoquinoline substrates.
Both the substrates 1,2,3,4-tetrahydroisoquinolines and vinyl
azides were fully consumed but the corresponding aziridine
product was not isolated or detected on TLC. The reaction was
found to be compatible with a large number of vinyl azides
containing halogen, and electron releasing as well as electron
withdrawing groups in their aromatic rings. The product yield
was not much influenced by electron donating or withdrawing
groups present in the aromatic rings of a-keto vinyl azides. The
reaction did not work with the corresponding vinyl azides
derived from heteroaromatic (furfural) or aliphatic (n-propanal)
aldehydes. Using the optimized reaction conditions, 18 different
compounds 3a—r were synthesized in good yields, and a single
diastereomer of the products was observed in most of the cases.

Formation of the fused f-carboline derivatives 3a—r via visible
light-driven coupling of 1,2,3,4-tetrahydro-f-carbolines 1 and a-
keto vinyl azides 2 can be explained by a plausible mechanism
depicted in Scheme 2. In the presence of visible light and

Scheme 2. Mechanistic Rationalization for the Formation of
Fused p-Carboline Derivatives 3a—r via Visible Light Driven
Photocascade Catalysis
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HOMO of V and LUMO of 4 controlled [3+2] cycloaddition reaction

Ru(bpy);(PF¢),, vinyl azide 2 undergoes photosensitized
decomposition to yield 2H-azirine 4 with the liberation of
nitrogen.”™® Ru(bpy);(PFs), catalyzes the oxidation of tert-
amine 1 to a radical cation II in the presence of visible light,
which further gets oxidized to an azomethine ylide V. Fused f-
carboline derivatives 3a—r seem to be derived from a regio- and
diastereoselective 1,3-dipolar cycloaddition reaction of the
azomethine ylide V with 2H-azirine 4. Compound 3 has 4
stereocenters, thereby allowing the possibility of the formation of
2* = 16 stereoisomers (8 pairs of diastereomers). Since the [3 +
2] cycloaddition reaction is stereospecific, the stereochemical
information on the dipolorophile 4 remains intact in the final
product, which cuts the possibility of the formation of four pairs
of diastereomers. Four possible transition states (A, B, C and D)
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of the highest occupied molecular orbital (HOMO) of V and
lowest unoccupied molecular orbital (LUMO) of 4 controlled
cycloaddition reaction are shown in Scheme 2. The azomethine
ylide V approaches the least hindered (top) face of 2H-azirine 4,
maintaining the anti-orientation (minimum  steric crowding)
between the COR group of V and R' of 4 (Scheme 2, transition
state A). Remaining other possible transition states B, C, and D
suffer from steric crowding as shown in Scheme 2. Therefore, a
single diastereomer of the product 3 was observed in most of the
cases. Involvement of the photocascade catalysis (visible light
photosensitization, photoredox oxidation, and 1,3-dipolar cyclo-
addition) was established by performing a stepwise synthesis of
3f (Scheme 3). Visible light/Ru(bpy);(PF),-mediated photo-

Scheme 3. Photosensitized Generation of 2H-Azirine 4f and
Its Coupling with 1,2,3,4-Tetrahydro-f-carboline 1a in a
Photoredox/[3 + 2] Cycloaddition Reaction Cascade
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TBHP, MeCN, 12 h, rt

4f (85%)

R' = p-chlorobenzoyl R? = 2 6-dichlorophenyl

sensitized decomposition of 2f yielded 2H-azirine 4f in 85%
yield. In another experiment, when the decomposition of 2f was
complete, the reaction flask was charged with f-carboline 1a and
TBHP, and irradiated with visible light for 12 h. After the usual
workup, the desired product 3f was isolated in 55% yield.
Recently, continuous flow microreactors gained much interest
for performing organic transformations due to increased product
selectivity, yield, safety and scale-up possibilities.” Microreactors
are particularly usable in photochemical reactions because of
their high surface to volume ratio, heat and mass transfer
capability, and increased illumination homogeneity.'’ Consider-
ing these advantages of the flow microreactors for photochemical
reactions, we tried to translate the coupling of 1,2,3,4-tetrahydro-
f-carbolines 1 and a-keto vinyl azides 2 from batch to a
photochemical flow microreactor (Figure 1). The flow micro-

1,2,3 4-tetrahydro-beta-carboline 1a

+
vinyl azide 2b & TEHP

Rufbpy)s(PFg)y ¥

PFA capillary microreactor
white LED light source

productivity: 3.2 mgimin Cl 3b (81%)

Figure 1. Visible light-driven coupling of -carboline 1a and vinyl azide
2b to yield 3b in a flow microreactor.

reactor setup was assembled by wrapping visible light transparent
PFA (perfluoroalkoxy) tubing (i.d. = 0.76 mm, length = 15 m,
volume = 6.8 mL) over a glass column fitted with a white LED
light source, and connections were made as depicted in Figure 1.
The coupling of 1,2,3,4-tetrahydro-f-carboline 1a and a-keto
vinyl azide 2b was carried out in the flow microreactor setup.
After relative flow rates were optimized, an 81% yield of 3b was
obtained in a residence time of 43 min. The productivity of the
microreactor was calculated as 3.2 mg/min of the fused f-
carboline 3b, which shows the synthetic competence of the
microfluidic strategy (for details of the microreactor and
optimization, see the Supporting Information). It is notable

DOI: 10.1021/acs.orglett.6b01321
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that performing a reaction for the synthesis of 3b in a batch
reactor for 43 min under the optimized reaction conditions
(Table 1) gave 3b in 36% yield. The improved product yield
(65% in batch vs 81% in flow) and decreased reaction time (24 h
in batch vs 43 min in flow) can be explained by considering the
short length scale and increased illumination homogeneity,
which led to a high photon flux in the microreactor.

In conclusion, we have developed an unprecedented visible
light-driven photocascade catalysis that utilizes dual photo-
catalysis to synthesize structurally novel, strained S-carbolines. It
involves highly regio- and diastereoselective [3 + 2] cyclo-
addition reactions of in situ generated 2H-azirines and
azomethine ylides from visible light-mediated photosensitized
decomposition of vinyl azides and photoredox oxidation of
1,2,3,4-tetrahydro-f-carbolines, respectively. The scope of the
reaction was studied by performing visible light-driven coupling
of several 1,2,3,4-tetrahydro-f-carbolines and vinyl azides in
batch and continuous flow microreactors using Ru(bpy);(PFq),
as a photocatalyst and TBHP as an oxidant. This successful
demonstration of photocascade catalysis opens the door for
exploring the possibilities of generating structurally novel
molecular libraries of biological importance and provides a
potential tool for the direct utilization of visible light for
constructing otherwise difficult molecular architectures.
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