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A remarkably efficient photosensitizer, N719 dye, was used in asymmetric tandem Michael addition/oxyamination of aldehydes, rendering
o,f3-substituted aldehydes in good yields with excellent levels of enantioselectivity and diastereoselectivity. This is the first report of a
multiorganocatalytic reaction involving iminium catalysis and photoinduced singly occupied molecular orbital (SOMO) catalysis. This reaction is

expected to expand the scope of tandem organocatalytic reactions.

Rapid and significant advances in organocatalysis have
provided relatively simple, efficient, and environmentally
benign methods of forming highly complex organic mole-
cules with excellent stereoselectivity, resulting in numerous
applications of organocatalytic reactions to natural prod-
uct synthesis and in the pharmaceutical industries.' In
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recent years, organophotocatalytic reactions combining
enamine-mediated organocatalysis and a photoredox re-
action have been reported to broaden the scope of con-
ventional enamine-mediated organocatalytic reactions.>*
In the presence of photoredox complexes (Ru and Ir
complexes, TiO,, and organic dyes), intermediates gener-
ated in the enamine-mediated organocatalytic reaction
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undergo single-electron oxidation/reduction, which in-
duces radical processes for novel chemical bond formation.
Compared to previously reported enamine radical pro-
cesses involving a large excess of chemical oxidants,” photo-
redox-catalyzed reactions require relatively small catalytic
loadings of photoredox compounds (5—0.5 mol %) under
light irradiation. Although enamine reactions with photo-
redox materials have shown advantages over chemical-
oxidant-mediated reactions, there are issues to be addressed
with regard to current organophotocatalytic reactions.
First, the loadings of expensive photoredox materials need
to be reduced by increasing the photocatalytic activity.
Second, enamine-mediated organophotocatalytic reactions
are confined to single-step reactions such as a-alkylation
of carbonyl compounds via photoredox cleavage of C—X
(X = Br and I) and a-oxyamination of carbonyl com-
pounds in the presence of TEMPO radicals.* Photoinduced
multiorganocatalytic one-pot reactions for installing several
stereogenic centers have not yet been reported.

With the aim of developing green organocatalytic pro-
cesses, our research group has tried to establish environ-
mentally friendly oxidation protocols in enamine-mediated
organocatalytic reactions; we have reported a-oxyamina-
tion of aldehydes under galvanostatic conditions and TiO,-
photocatalytic conditions and a-alkylation of aldehydes
under galvanostatic conditions.*® In our research on the
development of green organocatalytic reactions, we have
found that TiO,-bound N719-catalyzed organophotoreac-
tions induce highly enantio- and diastereoselective tandem
iminium/SOMO (singly occupied molecular orbital) reac-
tions to afford o,f-substituted aldehydes under cost-
effective, nontoxic, and visible light-induced photocatalytic
conditions. Ru(II) complexes (e.g., N719) attached to
TiO, supports have been used in dye-sensitized solar cell
(DSSC) devices and in water photolysis’ but have not been
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used in asymmetric organic reactions.*™ In addition to the
first use of a DSSC dye in an asymmetric organocatalytic
reaction, a new type of tandem organocatalytic reaction (an
iminium/SOMO combination) is achieved in this work.
Although numerous combinations of iminium, enamine,
Bronsted acid, Bronsted base, carbene, and transition-metal
catalysts have been reported for use in multiple catalytic
reactions, there has been no example of a tandem iminium
catalysis/photoinduced SOMO process.'” The optimiza-
tion results are listed in Table 1. To obtain a tandem
iminium-SOMO reaction, Michael additions of malonates
to a,B-unsaturated aldehydes followed by a-oxyamination
of the resulting S-substituted aldehydes in one pot were
attempted under visible light. A mixture of 1a (0.25 mmol),
diethyl malonate (0.75 mmol), and TEMPO (0.5 mmol) in
CH;CN (0.4 M) was subjected to organophotocatalytic
conditions using (.5)-2-[diphenyl(trimethylsilyloxy)methyl]-
pyrrolidine (20 mol %) and N719/TiO;, (25 mg) under
visible light from 8 W cool white fluorescent tubes. The
loading of N719 on TiO, (25 mg) was determined by UV
spectroscopy and was 0.04 mol % of the Ru(Il) complex
with respect to 1a.'' Since the addition of acid additives
promotes iminium ion formation from 1a and a chiral amine
catalyst,'* 10 mol % of benzoic acid was added, providing
the desired product 1b in 46% yield with a diastereomeric
excess (de) higher than 95% and an enantiomeric excess (ee)
of 96% (entry 1). The enantiomerically enriched 1b can be
converted to biologically active chiral lactones or chiral
lactams after chemical modifications, including cyclization,
for further applications.'® The relative stereochemistry was
confirmed by NMR analysis of the lactone compound
derived from 1b.!* By increasing the amount of benzoic acid
to 30 mol %, the yield of 1b was increased to 70%, while
maintaining a similar stereoselectivity (entry 2). Next, acetic
acid, 2-bromobenzoic acid, p-toluene sulfonic acid (TsOH),
adamantane carboxylic acid, perchloric acid, and NaOAc
base additives were tested (entries 3—8). Among the acid and
base additives, adamantane carboxylic acid gave the highest
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yield (80%) and stereoselectivity (99% ee and >95% de)
(entry 6). N719/TiO, was recycled and gave 1b in 63% (first
recycling) and 37% (second recycling) yields using the condi-
tions of entry 6. In the absence of light, the addition of diethyl
malonate to 1a occurs without formation of 1b (entry 9).

Table 1. Optimization of Tandem Michael Addition/Oxyami-
nation of 1a

Ph
OSiMe;

m E._E .
¥ " ~ R=
Ph N719/TiO, (Ru(ll), 0.04 mol %) H™ Y~ “Ph
additives, TEMPO (2equiv)

1a CH,(COEY); (3 equiv) 1b E = COEt
CH4CN (0.4 M)
rt, visible

H

entry additive (mol %) yield ee de

1 PhCO2H (10) 46% 9%6% >95%
2 PhCO,H (30) 70% 97% >95%
3 CH;COH (30) 52% 98% >95%
4 2-bromobenzoic acid (30) 60% 98% >95%
5 TsOH (30) 38% 97% >95%
6 adamantanecarboxylic acid {30) 80% 99% >95%
7 perchloric acid (30) 53% 98% >95%
8 NaOAc 37% 98% >95%
9

adamantanecarboxylic acid (30) -2 -

N719 Dye

“Experiment performed in the dark; the 1,4-addition product was
observed without forming 1b.

After optimization of the reaction using N719/TiO, photo-
catalysts, N719-catalyzed reactions were carried out in the
absence of TiO, (Scheme 1). With 0.05 mol % N719, 1b was
formed in 62% yield. The reaction with only TiO, gave 1b in
11% yield. TiO, may therefore function as a cooperative
second photocatalyst.* Ru(bpy);Cl, (0.05 mol %) was used
in a reaction; no product was obtained. With an increased
amount of Ru(bpy);Cl, (0.5 mol %), 1b was isolated in 32%
yield. A catalyst loading of 0.05 mol % was too low to give the
desired photoredox product. The excellent catalytic activity of
N719/TiO, may stem from both the ligand effect of the Ru
complex and combining N719 with the TiO, photocatalyst.
Accordingly, N719 on TiO, was chosen for the rest of the
experiments.

Scheme 1. Tandem Iminium/SOMO Reaction with Assorted
Photocatalysts

Ph

EHOSiMe:i E_E

B hotosensitizer ield

o N Ph 20mol %) j\ﬂ P Y
K T WY TPh  719mio, (004 mol %) 80%
H Ph Photosensitizer B 5 (0.04 mol %) /o
o 0
CHa(COsEL), (3 equiv) 16 N718 (0.05 mol %) 620/0
1a TEMPO (2 equiv) £ TiO, . 1%
adamantanecarboxylic acid (30 mol %) O\N Ru(bpy)Cl; (0.05 mol %)  N.R.
CHCN (0.4 M) R= Ru(bpy),Clz (0.5 mol %) 32%

tt, visible
E = CO,Et

After optimization of the reaction conditions, stepwise
reactions were conducted (Scheme 2). Compound 1a was
exposed to iminium catalysis conditions to afford 1¢ in
34% yield with 97% ee. The photocatalyst and visible light
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combination is responsible for the low yield of 1¢, because
the yield of 1c is higher without photocatalysts. Then, 1¢
was converted to 1bin 91% yield with greater than 95% de
and 97% ee. On the basis of these experiments, the
enantioselectivity of the S-position was clearly determined
at the first step (iminium catalysis). In the case of the
a-position, cooperative enantiocontrol by the chiral cata-
lyst and the chiral substrate 1c directs remarkably high
stereoselectivity during the second photoinduced SOMO
catalysis.'*

Scheme 2. Stepwise Reactions under Organophotoreaction
Conditions

Ph

0SiMes
j\/\ H Ph (20 mol %) o E\:/E
H™ B NT19TIO, (Ru(l), 0.04 mol %) H)J\/'\Ph
1a adamantanecarboxylic acid (30 mol %) 1¢
CH(CO4Et), (3 equiv) E = CO4Et
CH3CN (0.4 M) 34% yield, 97% ee
rt, visible
Ph
OSiMey
N E._E
o EE N Ph(20mo%) j\/\ .
)J\/\ ] o H™ ™Y ph RN
H pn N719/TiO, (Rufll), 0.04 mol %) H r= N
adamantanecarboxylic acid (30 mol %}) R
e TEMPO (2 equiv) b
CHZCN (0.4 M) E = CO,Et
rt, visible 91% yield, >95% de, 97% ee

Using the optimized conditions listed in Table 1, a series
of a,f-unsaturated aldehydes were tested with dimethyl
malonate and diethyl malonate (Table 2). The reaction of
dimethyl malonate, TEMPO, and 1a afforded product 2b
in 30% yield with >95% de and 90% ee (entry 2).
Compared with diethyl malonate, the addition of dimethyl
malonate gave a reduced yield and selectivity. Next, a
range of aromatic o,f-unsaturated aldehydes were
checked. Aldehydes possessing electron-rich groups were
transformed to the desired products in good yields with
excellent stercoselectivities (entries 3—5). Nitro-substi-
tuted cinnamaldehyde 6a participated in the reaction to
provide 6b in a slightly lower yield of 53% with 99% ee and
>95% de (entry 6). The halogen-substituted aldehydes 7a
and 8a were smoothly converted to 7b and 8b in 67% and
62% yields (98% ee and 99% ee), respectively. Heteroaro-
matic aldehyde 9a also coupled with diethyl malonate
and TEMPO, giving a good yield (69%) with a selectivity
of >95% de and 98% ee (entry 9).

A proposed catalytic cycle for the tandem Michael
addition/oxyamination is shown in Scheme 3. As proposed
in the iminium catalysis mechanism of S-addition
of malonates to o,B-unsaturated aldehydes,'? imi-
nium intermediate I is generated from the secondary
amine catalyst and 1a and reacts with malonates to pro-
vide enamine intermediate II. At this stage, intermediate
I undergoes either hydrolysis to form S-substituted

(14) Huang, Y.; Walji, A. M.; Larsen, C. H.; MacMillan, D. W. C. J.
Am. Chem. Soc. 2005, 127, 15051-15053.
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Table 2. Examples of Tandem Michael Addition/Oxyamination

product?

Etozc < COE

)k/\ 80 % (99%, >95%)
o

entry reactant yield (ee, de)

MeO,C . CO2Me

I,

b
ELO,C, COZE

)‘KAQ\ 79 % (98%, >95%)

30 % (90%, >95%)

T

OI
5N 8\

pY
=2

5

3a
o EtOZCvCOzEt
4 HJ\/\©\ J\/\@\ 73 % (98%, >95%)
o EtOZC\/COzEt
5 4o NF OO Hss% (96%, >95%)
EtOZCvCOZEt

o
\

L\@\ 53 % (99%, >95%)
NO,

EtOQC COQEt

)lv\©\ 87 % (98%, >95%)

EtO,C._ COEt

o
2

~
I

o o
\ g\

o

8 H jk/\@ 62 % (99%, >95%)
Br
8a
o EtOZCVCOQ
9 H a \s 69 % (98%, >95%)
/

aldehydes or photo-oxidation by the photoexcited Ru(II) dye
to form enamine radical IIL*¢%1516 The resulting Ru(I) dye

(15) Liu, H.; Feng, W.; Kee, C. W.; Zhao, Y.; Leow, D.; Pan, Y .; Tan,
C.-H. Green Chem. 2010, 12, 953-956.
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Scheme 3. Mechanism for Tandem Michael Addition/Oxyami-
nation

E10,C7 “CO,Et

Iminium HT

)\L Catalysis Et0,C
"
COLEt Et02C

] Ph ? Ph
A \ " v £
jl/\ & /_\ o O\N><
B e EtO, R= |
1a

( ¢ A
I
vls\b[e Ru(l)
light |C|:|O2Et N. TEMPO
EtOZC 0.

coza

Photocatalytic
Ph Mo

is assumed to be oxidized by oxygen in the air or TEMPO in
the solution.**** Subsequent addition of TEMPO to III and
hydrolysis afford the desired product 1b. The organocatalyst
is regenerated during the catalytic reaction, and the photo-
catalyst is also re-excited by visible light irradiation.

In conclusion, we have presented a highly efficient
multicatalytic system for tandem Michael addition/oxya-
mination of aldehydes under organophotocatalytic condi-
tions. By using a chiral amine organocatalyst along with
N719/TiO, under visible light, asymmetric iminium cata-
lysis was combined with photoinduced SOMO catalysis.
This methodology offers cost-effective, environmentally
benign, and step-economic reaction conditions for produ-
cing a variety of a,f3-substituted aldehydes in good yields
with excellent levels of enantio- and diastereoselectivities.
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