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ABSTRACT

The photoredox-catalyzed coupling of N-aryltetrahydroisoquinoline and Michael acceptors was achieved using Ru(bpy)3Cl2 or [Ir(ppy)2-
(dtb-bpy)]PF6 in combination with irradiation at 455 nm generated by a blue LED, demonstrating the trapping of visible light generated R-amino
radicals. While intermolecular reactions lead to products formed by a conjugate addition, in intramolecular variants further dehydrogenation occurs,
leading directly to 5,6-dihydroindolo[2,1-a]tetrahydroisoquinolines, which are relevant as potential immunosuppressive agents.

In recent years, there has been increasing interest in the
use of visible light to drive organic reactions because of its
infinite availability, ease of handling, and promising
application in industry.1 Generally, photosensitizers or
photocatalysts are required in such processes due to the
inability ofmany organicmolecules to absorb in the range
between 400 and 800 nm.2 Photoredoxcatalysts induce
exchange of electrons with interacting substrates owing to
their well-defined redox potential differences and hence
generate potentially active ion radicals. The unique fea-
tures of these photosensitized and photocatalyzed

reactions are associated with the generation and subse-
quent facile cleavage of radical ions into radicals and ions,
providing the basis for the development of many new
and useful organic synthetic conversions.3 In particular,
one-electron oxidation of tertiary amines is known to
produce planar radical cations, which in polar solvents
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undergo facile deprotonation, subject to kinetic acidity
and stereoelectronic factors, to produce R-amino radicals
(eq 1).4
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Depending on the reaction conditions, the generated

R-amino radicals could either react as a nucleophile with
a suitable substrate or could undergo further one-electron
oxidation due to their reduced ionization potential to form
iminium cations, thus serving as an electrophile. Stephen-
son et al.5a have demonstrated the latter concept in combi-
nation with visible light photoredox catalysis by trapping
the iminium cation of N-phenyltetrahydroisoquinoline
with nitromethane (Scheme 1), which was subsequently
demonstrated with other nucelophiles as well.5b�e

Given our interest in photoredox processes6 and
R-functionalization of pyrrolidines and piperidines,7

we were questioning if also the former process, i.e., the
utilization of R-amino radicals as synthetically useful
intermediates, can be realized by visible light driven
photoredox catalysis (Figure 1).8 We report here the
successful realization of this concept with the coupling
of teritiary amines and R,β-unsaturated carbonyl com-
pounds in conjugate additions, contrasting copper(I)
bromide catalyzed oxidative couplings of the same
reaction partners reported by Bohle et al.9

We began our investigation by irradiating a mixture of
N-phenyltetrahydroisoquinoline (3a, 1 equiv) and methyl
vinyl ketone (4a, 3 equiv) in thepresenceof catalytic amounts
of Ru(bpy)3Cl2 3 6H2O (1, 2 mol %) in degassed acetonitrile
with a blue light emitting diode (LED; λmax = 455 nm)
gave rise to the conjugate addition product 5a in 58% yield
(Scheme 2). Increasing the amount of 4a (10 equiv) and the
rutheniumcatalyst (10mol%) resulted inan improvementof
yield for 5a (75%).
The formationof5a suggestsR-amino radical6as aviable

intermediate that subsequently undergoes conjugate addi-
tion to 7 followed by its reduction/protonation with con-
current regeneration of the ruthenium catalyst (Scheme 2).

Further evidence for the occurrence of 6 was found by
analyzing the crude product mixture by mass spectrometry

Scheme 1. Photocatalyzed R-Alkylation of Amines

Figure 1. Photoredoxcatalysts used in this work.

Scheme 2. Photocatalyzed R-Functionalization of N-Phenyli-
soquinoline (3)
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in which a prominent peak of 2-fold the mass of 6 was
observed. Irradiation of 3a under identical conditions in the
absence of methyl vinyl ketone indeed results in the forma-
tion of 8 as a mixture of diastereomers. One of those was
obtained in pure form allowing its structural assignment by
X-ray analysis (Scheme 3).

Moreover, when the reaction solution was not deoxy-
genated, 9was isolated instead, which can be explained by
initial coupling of 6 with ground-state oxygen or by
reaction with O2

� generated through regeneration of
Ru(bpy)3

2þ via an electron transfer by Ru(bpy)3
þ to

dissolved air in the solvent (Scheme 3).10

These findings also support the intermediacy of 6 en
route to its corresponding iminium cation, being so far
the only species that could be trapped in a visible light
photo redox process.5 Very recently, compelling evidence
for 6 was given by ESR measurements;11 additionally,
new studies have been reported that prove R-amino
radicals as valuable synthetic intermediates in visible light
photoredox processes.12,13

A representative spread of N-aryltetrahydroisoquino-
lines and acceptor-substituted alkenes was investigated
(Figure 2) in this coupling reaction. In addition to Ru-
(bpy)3Cl2 (1), we also tested [Ir(ppy)2(dtb-bpy)]PF6 (2) as
photoredoxcatalyst, which proved to be superior in some
but not all cases. Using 2�5 mol % catalyst and irradia-
tion at 455 nm (blue LED), aldehydes and ketones gave
the expected conjugate addition products with moderate
to excellent yields (43�93%), while exo-methylene-γ-
butyrolactone and acrylonitrile, most likely due to com-
peting polymerization reactions, were less effective sub-
strates (31�33% yield). N-Phenylpyrrolidine gave the

coupling product 5jwithmethyl vinyl ketone in low yields
and only in the presence of iridium catalyst 2, pointing
to the necessity of an activating substituent on the R-
position as also noted for the corresponding iminium
cation chemistry.5

There seems to be quite a delicate balance with respect
to electronic factors on both coupling partners, which
also seem to interplay with the type of catalyst used in the
process. While in all cases attack on the β-position of the
R,β-unsaturated carbonyl compound is observed, point-
ing toward the nucleophilic nature14 of 6, increasing the
donor character of the latter by switching the N-R-sub-
stituent from phenyl to p-methoxyphenyl resulted in a
pronounced decrease in yield when iridium catalyst 2was
employed (5a/5b and 5d/5e). On the other hand, switching
from phenyl vinyl ketone to p-methoxyphenyl vinyl

Scheme 3. Photoredox-Catalyzed Reactions of N-Phenyltetra-
hydroisoquinoline (3a) in the Absence and Presence of Oxygen

Figure 2. Photoredox-catalyzed coupling of N-arylamines (3)
and Michael acceptors 4.
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ketone, the latter being a weaker acceptor14 than the
former, resulted in an increase of yield when iridium
catalyst 2 was used, resulting in almost quantitative
product formation of 5f (93%).
When applicable, the products were formed as diaster-

eomericmixtures:For5d�i, the relative configurationof the
major diastereomer can be tentatively assigned on the basis
of the X-ray-structure of (R*,S*)-5d, which was obtained
diastereomerically pure by recrystallization (Figure 3).

Investigating the photocatalyzed coupling of 12, being
readily available from 10 and acetone (11a) or acetophe-
none (11b), respectively, as an example for substrates
poised for undergoing intramolecular couplings, fol-
lowed a different reaction pathway: We observed in
addition to the expeceted cyclization also dehydrogena-
tion, leading directly to the 5,6-dihydroindolo[2,1-a]-
tetrahydroisoquinoline 13 (Scheme 4), a class of com-
pounds that have been found to exhibit significant im-
munosuppresive activity against IL-2, IL-10, and IFN-γ.15

However, the yields in which 13 is obtained are clearly
not satisfactory, and it is surprising to note that the

intermolecular process apparently proceeds more effi-
ciently than the intramolecular variant.
In conclusion, we have developed a new visible light

driven photocatalytic C�C-coupling between N-aryl-tet-
rahydroisoquinolines and Michael acceptors, suggesting
R-amino radicals as key intermediates.
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Figure 3. X-ray structure of (R*,S*)-5d.

Scheme 4. Synthesis of 5,6-Dihydroindolo[2,1-a]-
tetrahydroisoquinolines 13
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