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ABSTRACT

Eosin Y catalyzes efficiently the visible light mediated coupling of sp3 C�H bonds adjacent to the nitrogen atom in tetrahydroisoquinoline
derivatives in the absence of an external oxidant. Nitroalkanes, dialkyl malonates, malononitrile, and dialkyl phophonates were used as
pronucleophiles in this metal-free, visible light oxidative coupling reaction.

Sunlight is an abundant, renewable, and clean energy
resource for chemistry.1 Visible light accounts for the
major part of the incoming solar radiation, and therefore
visible light should be used to drive chemical transforma-
tions. However, most organic molecules do not absorb
light in the visible region of light. This restricts the appli-
cation of photochemical reactions and, thus, motivates
the development of efficient visible light photocatalysts
for chemical transformations in organic synthesis.2 Such
photoredox catalysts absorb visible light and utilize
the collected energy for electron transfer to or from
organic molecules to initiate chemical reactions.
In the past decade tris(bipyridine) ruthenium and iri-

dium complexes have been used as visible light photoredox

catalysts in dehalogenation,2d,3 reduction,4 oxidation,5 and
asymmetric alkylation reactions.6 Yoon and co-workers
have used the same ruthenium complex as a photocatalyst
in inter- and intramolecular [2þ 2] enone cycloadditions.2b,7

Currently, Stephenson used these catalysts for an oxidative
coupling reaction of nitroalkanes with N-arylamines in
visible light.8 However, the iridium and ruthenium catalysts
are expensive and toxic. The use of organic dyes, which are
environmentally friendly, inexpensive, and easy to handle as
photoredox catalysts, would be a superior alternative to
inorganic transition metal photocatalysts.
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Direct formation of C�C and C�P bonds by C�H
activation is a challenging research area in organic synth-
esis. In the past years many elegant methodologies were
developed,9 but those required transition metal catalysts
and harsh conditions. We reported here the metal-free
visible light photoredox catalysis for C�CandC�P bond
formation using the organic dye eosinY to initiate a single
electron transfer process without exclusion ofmoisture or

air in visible light. We focused our initial studies on the
oxidative coupling reaction of 1 with nitromethane using
the reaction conditions reported by Stephenson and co-
workers,8 but replacing the tris(bipyridine) ruthenium
complex as the visible light photoredox catalyst by the
organic dye eosin Y (2mol%). The desired product 3was
obtained in 80% isolated yield after 8 h of irradiationwith
green LED light (Table 1, entry 2). Under these condi-
tions (2 mol % of 2, 530 nm) we also examined other
pronucleophiles, such as dialkyl malonates, malononi-
trile, and dialkyl phosphonates at room temperature
(Table 1, entries 4, 5, 6, and 7). In all cases, we obtained
the desired products in good yields and found that for
efficient conversion both light and catalyst are required
(Table 1, entries 8 and 9).

Various N-aryl tetrahydroisoquinoline derivatives
were reacted with nitromethane, nitroethane, or 1-nitro-
propane and gave the desired coupling products in good
yields (66�80%; Table 2). Nitromethane always gave
better results than other nitroalkanes (6a vs 6e and 6f),
and the reaction was insensitive to electronic effects on
the aromatic rings (6a, 6b, and 6c). In the case of
nonactivated amine (Scheme 1), a low yield was obtained
after 96 h of irradiation.

Dialkyl malonates gave β-diester amines in excellent
yields from the reaction with tetrahydroisoquinoline
derivatives using 2 mol % of eosin Y as the photocatalyst

Table 1. Oxidative Trapping of Iminium Ion with Different
Pronucleophiles

entry conditionsa yieldb (%)

1 2 (1 mol %), CH3NO2, 12 h;

X = CH2NO2

74

2 2 (2 mol %), CH3NO2, 8 h;

X = CH2NO2

80

3 2 (5 mol %), CH3NO2, 8 h;

X = CH2NO2

80

4 2 (2 mol %), C7H12O4, 10 h;

X = C7H11O4

92c

5 2 (2 mol %), C5H8O4, 10 h;

X = C5H7O4

88c

6 2 (2 mol %), DMF, 10 h;

X = CN

62

7 2 (2 mol %), DMF, 3 h;

X = C4H10O3P

86

8 No catalyst, CH3NO2, 180 h;

X = CH2NO2

78

9 2 (2 mol %), no light, CH3NO2, 72 h;

X = CH2NO2

0

aWith the exception of entries 6 and 7, in all cases nucleophiles were
used as solvents. b Isolated yields after purification by chromatography.
c Isolated yields after removal of the excess solvent by distillation.

Table 2. Oxidative Coupling Reaction of Tetrahydroisoquino-
lines with Nitroalkanesa,c,d

entry R1 Ar R2 product time (h) yieldb (%)

1 H Ph H 6a 8 80

2 H 4-BrC6H4 H 6b 10 76

3 H 4-MeOC6H4 H 6c 10 78

4 OMe Ph H 6d 8 74

5 H Ph Me 6ec 12 75

6 H Ph Et 6fd 14 66

aThe reaction was performed with 4 (0.25 mmol) and eosin Y
(0.02 equiv) in 1.0 mL of 5. b Isolated yield after purification on SiO2.

c

dr = 2:1. d dr = 1.4:1.

Scheme 1. Reaction of 1-Phenylpyrrolidine with Nitromethane
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and green light irradiation at 530 nm at room tempera-
ture. Excellent product yields (86�92%; Table 3) were
obtained when dialkyl malonates were used as solvents.
After the reaction excess dialkyl malonates were distilled
off usingKugelrohr distillation10 yielding the analytically
pure reaction products. These results compare favorably
with literature reported results by Li and co-workers11

and Liang et al.12

In addition to nitroalkanes and dialkyl malonates, the
photocatalytic reaction was applied to malononitrile.
Surprisingly, R-amino nitriles were obtained as the sole
products instead of the expected β-dicyano substituted
derivatives when malononitrile was treated with tetrahy-
droisoquinolines in DMF at room temperature (Table 4).
Amino nitriles are synthetically useful intermediates. The
nitrile functionality can be hydrolyzed to give R-amino
acids or can be converted into R-amino aldehydes or
R-amino alcohols. The photocatalytic reaction is an
alternative synthetic route to R-amino nitriles avoiding
toxic cyanides and expensive metals.12,13

The success of C�C bond formation by using eosin Y
encouraged us to investigate C�P bond reactions. A
variety of methods have been described for the synthesis
ofR-amino phosphonates,9r�w but those typically require
metal catalysts and expensive reagents. To avoid these
catalysts, we applied ourmethodology for the synthesis of
R-amino phophonates. Various tetrahydoisoquinolines

were reacted with dialkyl phosphonates, and representa-
tive results are listed inTable 5. The desired products were
obtained in good to excellent yields.

The mechanism of the eosin Y photocatalysis has not
been investigated in detail at this stage. However, on the
basis of our results using nitroalkanes, dialkyl malonates,
and dialkyl phosphonates as pronucleophiles in the
photoreaction and the litreature reports8,14 the following
mechanism can be suggested (Scheme 2). A single electron
transfer from 4 to the excited state of eosin Y gave an

Table 3. Oxidative Coupling Reaction of Tetrahydroisoquino-
lines with Dialkyl Malonatesa

entry Ar R product

time

(h)

yieldb

(%)

1 Ph Et 8a 10 92

2 Ph Me 8b 10 88

3 4-MeOC6H4 Et 8c 12 91

4 4-MeOC6H4 Me 8d 12 90

5 2-MeOC6H4 Et 8e 14 89

6 2-MeOC6H4 Me 8f 14 86

aThe reaction was performed with 4 (0.25 mmol) and eosin Y (0.02
equiv) in 1.0 mL of 7. b Isolated yield after distillation of excess solvent.

Table 4. Oxidative Synthesis of R-Amino Nitrilesa

entry Ar product

time

(h)

yieldb

(%)

1 Ph 10a 10 62

2 4-BrC6H4 10b 12 56

3 4-MeOC6H4 10c 10 60

4 2-MeOC6H4 10d 10 58

aThe reaction was run with 4 (0.25mmol), malononitrile (1.5 equiv),
and eosin Y (0.02 equiv) in 1.0 mL DMF. b Isolated yield after purifica-
tion on SiO2.

Table 5. Oxidative Synthesis of R-Amino Phosphonatesa

entry Ar R product

time

(h)

yieldb

(%)

1 Ph Et 12a 3 86

2 Ph Bn 12b 4 92

3 4-BrC6H4 Et 12c 2 82

4 4-BrC6H4 Bn 12d 3 88

5 4-MeOC6H4 Et 12e 3 93

6 4-MeOC6H4 Bn 12f 3 91

7 2-MeOC6H4 Et 12g 3 91

8 2-MeOC6H4 Bn 12h 3 90

aThe reaction was run with 4 (0.25 mmol), dialkyl phosphonate
(4 equiv), and eosin Y (0.02 equiv) in 1.0 mL of DMF. b Isolated yield
after purification on SiO2.
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aminyl cation radical 13, which then lost a hydrogen atom
by a radical anion to generate iminium ion 14.15 Subse-
quently, trapping of 14 with pronucleophiles resulted in
the desired product 15. The formation of R-amino nitriles
may result from cyanide ion addition to the iminium ion
14, whereby cyanide ions may be formed by oxidative
cleavage of the malononitrile C�CN bond.11,12a,16

Iridium- and ruthenium-based photocatalysts mediate
the visible light oxidative coupling of tetrahydroisoquino-
line derivatives with nitroalkanes, as recently disclosed by
Stephenson et al. Our experiments have shown that the

transition metal catalysts can be replaced by the redox
active organic dye eosin Y yielding comparable yields.
Using these organic photocatalysts, the scope of the
reactionwas extended to dialkylmalonate,malononitrile,
and dialkyl phosphonates as pronucleophiles. Continu-
ing from these results we successfully replaced other
reagents PhI(IOAc)2 (for cyanation) and CuBr-O2 (for
phosphonation). Due to the similar redox properties of
eosin Y and the previously used Ru(bpy)3 complexes we
propose a similar mechanism of the reaction. However,
alternative mechanistic pathways are equally likely and
ongoing investigations must prove the correct mechan-
istic picture.
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Scheme 2. Proposed Reaction Mechanism
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