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Visible Light Photocatalytic Asymmetric Synthesis of Pyrrolo[1,2-
a]indoles via Intermolecular [3+2] Cycloaddition
Antonio Casado-Sánchez,a Pablo Domingo-Legarda,a Silvia Cabrera*b,c and José Alemán*a ,c

The intermolecular diastereoselective and enantioselective 
synthesis of pyrrolo[1,2-a]indoles is developed through a [3+2] 
cycloaddition between silyl-indole derivatives and ,β-unsaturated 
N-acyl oxazolidinones by merging photocatalysis and Lewis acid 
catalysis. 

Pyrrolo[1,2-a]indole represents a molecular scaffold found in a 
large number of drugs and natural products (Figure 1).1 Among 
them, Mitomycin A and JTT-010 should be highlighted as 
important anti-cancer agent and protein kinase C (PKC) 
inhibitor, respectively.1c,e The importance of these tricyclic 
structures makes the search for efficient synthetic methods a 
subject of great interest in organic chemistry.2 An important 
strategy for the synthesis of pyrrolo[1,2-a]indoles was reported 
by Padwa in 1989,3 forming in situ the corresponding 
azomethine ylides, which reacted with alkenes to afford 
pyrrolo[1,2-a]indoles via 1,3-dipolar cycloaddition. Following a 
different approach, transition metal catalysis has also been
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Figure 1. Different natural products and biologically active products 
featuring pyrrolo[1,2-a]indole core.

employed for the synthesis of these structures.4 In this context, 
Van der Eycken reported the rhodium-catalyzed intermolecular 
cascade C−H functionalization/annulation to obtain pyrrolo[1,2-
a]indoles in a diastereoselective manner.4g

In the last decades, photocatalysis has emerged as a 
powerful tool to avoid the harsh conditions involved by the use 
of the radical initiators.6,7,8 Nevertheless, the formation of these 
radical-mediated processes by means of visible light 
photocatalysis has hardly been explored in the synthesis of 
these pyrrolo derivatives.9 In 2010, Stephenson’s group 
reported the synthesis of racemic pyrrolo[1,2-a]indoles through 
an intramolecular cyclization photocatalyzed by Ru(bpy)3

2+, 
starting from highly deactivated carbon-bromine bonds 
(Scheme 1a).9f Last year, Li published the synthesis of 
difluoroalkylated pyrrolo[1,2-a]indoles using the complex fac-
Ir(ppy)3 as photocatalyst (Scheme 1b).9a All those photocatalytic 
processes afforded racemic pyrrolo[1,2-a] indoles, and the 
photocatalytic asymmetric synthesis of those structures 
remains an elusive process. In this regard, we envisaged that an 
intermolecular approach for the construction of pyrrolo[1,2-
a]indoles would be more versatile since it allow the synthesis of 
scaffolds with higher structural diversity.

Based on these precedents, we thought that a [3+2] 
cycloaddition between silyl-indole derivatives, used as radical 
precursors,10 and Michael acceptors11 could provide
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pyrrolo[1,2-a]indole structures in a stereoselective manner 
(Scheme 1c). Therefore, in this work, we have developed the 
photocatalytic asymmetric intermolecular [3+2] cycloaddition 
for the synthesis of pyrrolo[1,2-a]indole derivatives, combining 
a photocatalyst – for the formation of the -amino radical from 
the silyl-indole derivative 1 – with a Lewis acid for the activation 
of the Michael acceptor 2.

Evans-type oxazolidinones have been one of the best 
synthetic platforms used in asymmetric synthesis as chiral 
auxiliaries, and in asymmetric catalysis in combination with 
chiral Lewis acids.12 Thus, we chose ,β-unsaturated N-acyl 
oxazolidinones 2 to accomplish the [3+2] cycloaddition in a 
stereoselective approach. First, we explored the cycloaddition 
between indoles 1 and chiral Michael acceptors 2 to develop the 
asymmetric synthesis of pyrrolo[1,2-a]indoles 4 (Table 1). We 
began the optimization studies by using indole 1a and non-
chiral Michael acceptor 2a. After conducting a screening of 
photocatalysts, Lewis acids and additives, the combination of 
iridium-based photocatalyst PC1, Yb(OTf)3 and ethyl 
cyanoacetate (AD1) gave the best results (see S.I. for the full 
optimization studies). Under this set of conditions, pyrrolo[1,2-
a]indole 4 was obtained in 70% yield with complete 
diastereoselectivity (entry 1). The cycloaddition of the methyl 
ester indole derivative 1b furnished higher yield (76%, entry 2), 
preserving the high diastereoselectivity. However, indole with 
R1 = H provided very low yield (5%) and diastereoselectivity 
(50:50), showing that the presence of substituent at C3 position 

Table 1. Screening of reaction conditions for the [3+2] cycloaddition.a

N
Z

O

N

R1

+ N

O

O

O

Me

R2

1a: R1 = Me
1b: R1 = CO2Me

Z= N O

O

2a: R2 = H
2b: R2 = Ph
2c: R2 = t-Bu
2d: R2 = i-Pr

4

N N N
N N

L1 L2

TMS

NN

N

N

Ir

F

F

CF3
tBu

tBu

CF3

F

F

PF6

PC1

R1Yb(OTf)3 (15 mol%)
Ligand L (20 mol%)

PC1 (2 mol%)

NC
O

O

AD1

Me R2
AD1 (2 eq.),5000K white LED

Solvent N2 atm. 18 h, rt

Entry 1 2 solvent ligand d.r. (%)b Yield (%)c

1 1a 2a MeCN L1 >95:5 70d

2 1b 2a MeCN L1 >95:5 76
3 1b 2b MeCN L1 79:21 17
4 1b 2c MeCN L1 >95:5 20
5 1b 2d MeCN L1 >95:5 57
6 1b 2d MeCN L2 >95:5 43
7 1b 2d DMF L1 >95:5 10
8 1b 2d DCE L1 92:8 50
9 1b 2d THF L1 88:12 38

10e 1a 2a MeCN L1 - <5%
11f 1a 2a MeCN L1 - <5%
12g 1a 2a MeCN - - 10%

a 1 (0.1 mmol, 1.0 eq.), 2 (0.2 mmol, 2.0 eq.), PC1 (2 mol%), Yb (OTf)3 (15 mol%), 

ligand L (20 mol%), additive AD1 (0.2 mmol, 2.0 eq.) in 2 mL of the solvent were 

irradiated under a 5000 K white LED. b d. r. by 1H NMR. c Isolated yield after 

purification by FC. d NMR-yield using 9-bromophenanthrene as internal standard. 
e No photocatalyst.f No light. g No Lewis acid.

of the indole is strictly necessary (see E.S.I.). In order to carry 
out the asymmetric synthesis of this [3+2] cycloaddition, we 
chose a Michael acceptor bearing a chiral oxazolidinone to 
reach a single pyrrolo[1,2-a]indole enantiomer (entries 3-9). It 
is well known that substituents at the 4-position of the 
oxazolidinone is able to block one face of the Michael 
acceptor.12b,d Therefore, we tried chiral Michael acceptors 2b, 
2c and 2d, bearing phenyl, tert-butyl and iso-propyl groups 
(entries 3, 4 and 5, respectively) to evaluate the influence of the 
substitution at the 4-position of the oxazolidinone in the 
cycloaddition reaction. By using 2b (R2 = Ph), the reaction 
proceeded with moderate yield (17% yield) and 
diastereoselectivity (entry 3). Nonetheless, Michael acceptors 
2c and 2d, bearing bulky alkyl substituents, afforded the 
corresponding pyrrolo[1,2-a]indoles in high diastereo-
selectivity, being the 4-iso-propyl N-acyloxazolidinone 
derivative 2d the one which provided higher yield (57%, entry 
5). Next, we performed the reaction using a tridentate ligand 
(terpyridine, L2) instead of bipyridine, but the yield was not 
improved (entry 6). To conclude the optimization study, we 
tested from polar to non-polar solvents (entries 3, 7, 8 and 9) 
and acetonitrile was the best choice (entry 5). Finally, the use of 
Lewis acid, ligand L, additive AD1, photocatalyst, light and the 
absence of oxygen were found to be crucial for the reaction to 
succeed (entries 10, 11 and 12, and Table S1). It is worth 
mentioning, that pyrrolo[1,2-a]indole 4 was obtained as single 
diastereoisomer and unique enantiomer (determined by SFC 
using chiral columns, see S.I. compound 4a). 

With the optimal conditions in hand, we investigated the 
versatility of the methodology by reacting different indole 
derivatives 1 and chiral Michael acceptors 2 (Table 2). First, we 
tested the reaction between indole 1b (with a methyl ester 
group at C3 position) and Michael acceptors 2 with different 
alkyl chains (R3 = Me, Et, n-pent, i-Pr). The cycloaddition 
proceeded efficiently for the Michael acceptors 2 bearing linear 
alkyl chains, affording the corresponding products (4a-4c) in 
good yields (48-57%) and complete diastereoselectivities. In the 
case of the branched iso-propyl group at the ,-unsaturated 
system, the high diastereoselectivity was maintained, but the 
yield decreased to 28% (4d). The reaction of 5- and 6-bromo 
substituted indoles 1e and 1f with 2d afforded the 
corresponding pyrrolo[1,2-a]indoles 4e and 4f in high yields and 
diastereomeric ratio. In addition, these examples are 
particularly interesting since they can be easily post-
functionalized to obtain more complex structures. The reaction 
also allowed the use of indoles with aromatic substitution at the 
six-member ring, affording 4g in good yields and excellent 
diastereoselectivity. The reaction tolerates the use of indole 
derivatives 1 with a cyano or a methyl group at C3 position 
(products 4h and 4i, respectively), displaying the versatility of 
the method regarding the electronic nature of the R1 
substituent. Finally, we also tried the cycloaddition of pyrrole 
derivative 1i, instead of the indole substrate, that afford 
pyrrolizine scaffold, commonly found in drugs and natural 
products (e.g. Licofelone). We were pleased to obtain 
diastereoselectively the corresponding pyrrolizine 4j. Although 
4j is isolated in low yield, it should be noted that Padwa’s 1,3-
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Table 2. Scope of the [3+2] cycloaddition between 1 and Michael acceptors 2.a

R3 Z

O
ON

O

Z=
N

R1

TMS

R2
N

R1

R2

R3

Z

O

Yb(OTf)3 (15 mol%)
Ligand L1 (20 mol%)

PC1 (2 mol%)

N
Z

O

O
O

4a, 57% yield
>95:5 d.r.

N
Z

O

O
O

4e, 73% yield
94:6 d.r.

N
Z

O

O
O

4f, 57% yield
>95:5 d.r.

N
Z

O

4h, 37% yield
>95:5 d.r.

Br

Br

CN

N
Z

O

4i, 63% yield
>95:5 d.r.

N
i-Pr

Z

O

O
O

4d, 28% yield
93:7 d.r.

N
Z

O

O
O

4b, 48% yield
>95:5 d.r.

N
Z

O

4j, 14% yield
93:7 d.r.

N
Z

O

O
O

4c, 49% yield
>95:5 d.r.

4

1 2 4

AD1 (2 eq.), 5000K white LED
MeCN, N2 atm. 18 h, rt

O

O

N
Z

O

O
O

4g, 61% yield
95:5 d.r.

Ph

N
Z

O

O
O

4k, 61% yield
60:40 d.r.

Br

a  1 (0.2 mmol, 2.0 eq.),  2 (0.1 mmol, 1.0 eq.), PC1 (2 mol%), Yb(OTf)3 (15 mol%),  L1 (20 
mol%),  AD1 (0.2 mmol, 2.0 eq.) in 2 mL of dry MeCN were irradiated under a 5000 K 
white LED. d. r. determined by 1H NMR. Isolated yield after purification by FC.

dipolar cycloaddition protocol could not afford this product,3 
showing the versatility of the presented approach. Finally, 
aromatic groups at R3 substitution of the Michael acceptor 2 
gave pyrrolo[1,2-a]indole 4k in good yields but low 
diastereoisomeric ratio (60:40).13 The absolute configuration of 
the pyrrolo[1,2-a]indole 4e was unequivocally assigned by X-ray 
crystallographic analysis of a single-crystal (see Table 2 and 
S.I.).14 The same stereochemical outcome was assumed for the 
rest of compounds 4.

In addition, we investigated the possibility of performing the 
[3+2] cycloaddition under asymmetric catalysis starting from 
prochiral Michael acceptor and using chiral Lewis acid catalysis 
(15 chiral ligands, see S.I. for further details). Thus, we changed 
the type of Michael acceptor from chiral oxazolidinone 2 to 
pyrazolidinone 3 and switched the ligand of the Lewis acid from 
bipyridine to chiral ligands. We performed a broad screening of 
the reaction conditions (see E.S.I. for the full optimization 
studies), being pyrazolidinone Michael acceptor 3a (R3 = Me) 
the best substrate. A combination of Yb(OTf)3 and (R,R)-iso-Pr- 

Table 3. Scope of the enantioselective synthesis of 5.a

R3 Z'

O

N
N

O

Ph

Z'=
N

R1

TMS

R2
N

R1

R2

R3

Z'

O

5a, 60% yield
>95:5 d.r.
70:30 e.r.

5b, 45% yield
>95:5 d.r.
70:30 e.r.

N
Z'

O

5c, 80% yield
>95:5 d.r.
85:15 e.r.

N
i-Pr

Z'

O

5d, 52% yield
>95:5 d.r.
72:28 e.r.

1 3 5

Yb(OTf)3 (15 mol%)
Ligand L3 (20 mol%)

PC1 (2 mol%)

AD1 (2 eq.), 5000K white LED
MeCN, N2 atm. 4-18 h, rt

N
Z'

O

O
O

N
Z'

O

O
O

Br

a  1 (0.2 mmol, 2.0 eq.), 3 (0.1 mmol, 1.0 eq.), PC1 (2 mol%), Yb(OTf)3 (15 mol%), (R,R)-i-
Pr-PyBOX ligand L3 (20 mol%), ethyl cyanoacetate AD1 (0.2 mmol, 2.0 eq.) in 2 mL of dry 
MeCN were irradiated under a 5000 K white LED. Isolated yield after purification by FC. 
d. r. determined by 1H NMR. Enantiomeric ratio determined by SFC using chiral columns.

N
OH

O
O

N
O

O

O
O

6a
84% yield
>99:1 e.r.

7a
80% yield
>99:1 e.r.

N
N

O

O
O

O

O

4a

>99:1 e.r.

(a) (b)

Scheme 2. Derivatization of 4a. (a) NaBH4 (4 eq.), 4:1 THF/H2O mixture, 20 h, rt; (b) 
Er(OTf)3 (1 eq.), 1:1 MeOH/CH2Cl2 mixture, 20 h, 60 ºC.

catalyst, photocatalyst PC1, ethyl cyanoacetate (AD1) as 
additive, MeCN as solvent were determined to be the optimal 
reaction conditions. Under these conditions, we evaluated a 
brief scope for this approach (Table 3). Different indoles 1 and 
Michael acceptors 3 were tested in this process. In all the 
cases,pyrrolo[1,2-a]indoles 5a-d were obtained in good yields 
and complete diastereoselectivity. Regarding the 
enantioselectivity, the e.r. ranged from 70:30 to 85:15 
regardless of the substitution at the C3 position (R1) of indole 1 
or the steric hindrance at the R3 group of the Michael acceptor 
3. The absolute configuration of compounds 5 was established 
by comparison of the optical rotation value of 5a and 4a after  
derivatization into their corresponding alcohols (see Scheme 2 
below, and S.I. for more details). Both [3+2] cycloaddition 
approaches, asymmetric synthesis and asymmetric catalysis, 
provide pyrrolo[1,2-a]indole structures with the same (R,R) 
configuration at the stereogenic centers C1 and C2.

To demonstrate the synthetic utility of this methodology, 
pyrrolo[1,2-a]indole 4a was easily derivatized to generate key 
intermediates (Scheme 2). Under reductive conditions, the 
alcohol 6a was isolated in 84% yield.15 On the other hand, the 
treatment of 4a with Er(OTf)3 in a refluxing mixture of 
CH2Cl2/MeOH afforded the methyl ester 7a in high yield (80%).16 
In both cases, the enantiomeric purity of 4a was maintained in 
the corresponding derivatized products 6a and 7a.

Lastly, we performed fluorescence quenching experiments 
of the photocatalyst PC1 to gain mechanistic insights. In those 
experiments, indole 1a, Michael acceptor 2a and ethyl 
cyanoacetate additive (AD1) were studied as quenchers (Figure 
2A). First, no quenching of the excited state of PC1 was 
observed upon addition of Michael acceptor 2a or AD1. 
However, indole 1a (Ep

ox = 1.16 vs Ag/AgCl) efficiently quenched 
the excited state of PC1 (E*red = 1.21 vs Ag/AgCl), with a Stern-
Volmer quenching constant (KSV) of 1.06 mM-1. This means that 
the first step of the photocatalytic cycle is the oxidation of the 
indole derivative 1 by the excited mechanism outlined in Figure 
2B. Once the photocatalyst reaches its excited state after visible 
light irradiation, it is able to oxidize indole derivative 1, 
generating the reduced photocatalyst (IrII) and the -amino 
radical intermediate A. The Ir(II) photocatalyst is then oxidized 
by AD1 or other species presence in the media, regenerating the 
initial Ir(III) photocatalyst. On the other hand, nucleophilic -
amino radical A is added intermolecularly to the -position of 
Michael acceptor 2 (or 3). Next, the resulting -carbonyl radical 
intermediate B undergoes a cyclization to the C2 position of the 
indole, forming the tricyclic core of the final product. The 
oxidation of benzyl radical C and, subsequent deprotonation of 
D, afford the final aromatized compound 4 (or 5).17 The stereo-
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Figure 2. (A) Stern-Volmer plot of the emission quenching of PC1 by adding indole 
1a, 2a and AD1. (B) Proposed mechanism for the [3+2] cycloaddition.

chemical outcome can be justified following a 
monocoordinated Yb complex (see E.S.I.).12e 

In summary, the intermolecular asymmetric synthesis of 
pyrrolo[1,2-a]indoles has been accomplished via [3+2] 
cycloaddition between silyl-indole derivatives and ,β-
unsaturated N-acyl oxazolidinones using a dual catalytic system 
that combines an Ir(III) photocatalyst and a Lewis acid. 
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