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ABSTRACT: Tertiary amines were readily converted into secondary amines .
through a photoredox-catalyzed N-demethylation, a bioinspired procedure that
resembles nature’s enzymatic pathways. Furthermore, the selective oxidation of
primary amines as well as primary and secondary alcohols was achieved using Ar"™ “NH, —
photoredox catalysis. The protocols feature low catalyst loadings (1—2 mol %)

and offer access to diverse imines and carbonyl compounds.
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B INTRODUCTION

Recently, the application of visible light has attracted the
interest of synthetic chemists, as it allows the construction of
new carbon—carbon or carbon—heteroatom bonds in a highly
efficient fashion.' ™" The mild reaction conditions that typically
feature low catalyst loadings, ambient reaction temperatures,
and irradiation with either sunlight or standard household light
render this approach attractive for the development of new,
sustainable synthetic methods.

Although different photosensitizers are known to conduct
photocatalytic transformations, inorganic ruthenium- and
iridium-based polypyridyl complexes take up a unique role, as
they possess well-known photochemical properties and can
easily be tuned by the introduction of different ligands (Figure
1).1 —19

In general, visible light photoredox catalysis has been
established as an elegant method for the a-functionalization
of tertiary amines and aldehydes, for promoting various
intramolecular radical cyclizations, intra- and intermolecular

(PFe) (PFe)2

R'=R2=H: [1(PFg) R¥=R*=H: [B1(PFg),
R'=CF; R?=F:  [2](PFg) R¥=H,R*=t-Bu: [4](PFg),
R3=R*=t-Bu: [5](PFg),

Figure 1. Investigated Ir and Ru complexes.
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cycloadditions, and reductive dehalogenation reactions.'' ™"

Despite advances achieved in both bond-breaking and bond-
forming reactions, the field of photoredox catalysis is still in its
infancy. During the course of our research dedicated to the
development of more sustainable chemical transformations, we
were able to apply the photoredox catalysis concept to various
reaction protocols that allow functionalization of tertiary
amines and give access to valuable classes of compounds.”®~>

Herein, we report the application of photoredox catalysis to
further useful transformations. On one hand, the deprotection
of various tertiary amines leading to useful secondary amines
was accomplished under visible light photoredox catalysis. On
the other hand, the photochemical oxidation of different
primary amines as well as primary and secondary alcohols,
which form highly desirable imines and carbonyl compounds,
was achieved under mild reaction conditions.

B RESULTS AND DISCUSSION

Given the success of photoredox catalysis in the oxidation and
functionalization of tertiary amines,’*>® we envisioned now
the synthesis of secondary amines from N-methyl tertiary
amine through the hydrolysis of the hemiaminal generated in
situ by trapping the iminium ion with water (Scheme 1). This
photooxidation of N-methyl tertiary amines mimics the N-
dealkylation by the cytochrome P-450 enzyme, which
comprises three steps: 1 e~ oxidation, a-proton abstraction,
and oxygen addition.”~*

Because of the stability of the N-methyl group, its cleavage
constitutes a challenge for organic chemistry. Several N-
demethylation methods are known; however, they are often
unsatisfactory because of limited yields, chemoselectivity, and
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Scheme 1. Proposed Pathway for the Demethylation of N-
Methyl Tertiary Amines
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reagent toxicity.**™* Other approaches that are superior in
terms of yield are often restricted to certain substrates
only.>*7>® Hence, the development of new strategies for the
N-demethylation seems to be important because of the impact
and potential that its application would have in the synthesis of
pharmaceuticals and agrochemical compounds.

With these considerations in mind, we decided to study the
oxidation of N,N-dimethylaniline by the photoredox catalyst
[3](PF;), using different solvents (Table 1, entries 1—6).

Table 1. Optimization of Reaction Conditions

Me 1. photocatalyst, additive H
N solvent, 5W lamp _N.
Ph” "Me Ph™ " Me
6a 2. HCI 3M, 80 °C, 90 min 7a
conversion
entry”  catalyst additive (mol %) solvent (%)°
1 [3](PFy), toluene
2 [3](PFy), MeOH
3 [3](PFy), acetone 30
4 [3](PFy), DMEF 40
S [3](PFy), CH;CN 45
6° [3](PFy), CH,CN 45
7 [3](PFy), H,0 (100) CH,CN 70
[3]1cL, H,0 (100) CH,CN 30
[1](PFs)  H,0 (100) CH,CN 72
10 [3](PFy), H%O )(100)/DABCO CH,CN 83
10
11 [3](PF¢), H,O (100)/PPh, (10) CH,CN 90
12 [3](PF¢), H,O (100)/Py (10) CH,CN 67
13 [1](PF¢) H%O )(lOO)/DABCO CH,CN 98
10
14 [1](PFs) H,0 (100)/PPh, (10) CH,CN 90
157 [1](PFy) H%O )(100)/DABCO CH,CN 95
10

“Reaction conditions: 6a (0.25 mmol), catalyst (1 mol %), 2 mL of
solvent, S W fluorescent bulb, under air, 48 h. bConversion
determined by crude 'H NMR analysis. 2 mol % of [1](PF4) was
used. “Reaction performed with an 11 W lamp.

Acetonitrile proved to be the best solvent, resulting in 45%
conversion after 2 days. To improve the conversion, we
explored the addition of water, which turned out to be more
effective, leading to an improved conversion of 70% (Table 1,
entry 7). Subsequently, different photocatalysts and various
coadditives were evaluated (DABCO, PPh;, and pyridine)
(Table 1, entries 8—14). Optimization of the reaction
conditions led to the establishment of 1 mol % [1](PFy), 10
mol % DABCO, and 1 equiv of H,O in acetonitrile as the
optimum conditions.

With the optimal conditions in hand, we investigated the
scope of the N-demethylation reaction (Table 2). In general, a
variety of different N,N-dimethylanilines bearing substituents at
the para or meta position provided the desired secondary
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Table 2. Scope of the N-Demethylation Reaction

Me 1. [11(PFg) (1 mol%) H
R! N. DABCO (10 mol%) R! N
D/ R CH4CN, 5W lamp D/ R
+ H,O
R2 2.HCI3M, 80 °C, 90 min  R?
R® 6 R 7
entry” R! R? R3 R* product  yield (%)b
1 H H H Me 7a 82
2 H Me H Me 7b 80
3 H t-Bu H Me 7c S5
4 H OMe H Me 7d 60
S H F H Me 7e 59
6 H cl H Me 7f 68
7 H Br H Me 78 65
8 H PhCO H Me 7h 35
9 Me H H Me 7i 64
10 Me H Me  Me 7 57
11° H H H Et 7k 63
12¢ H H H Pr 71 48
13¢ H H H —(CH,);Ph 7m 40

“Reaction conditions: amine (0.25 mmol), [1](PFs) 1 mol %,
DABCO 10 mol %, H,0 (1 equiv), 2 mL of CH,CN, 5§ W fluorescent
bulb, under air, 24—72 h. ®Yield of the isolated product after column
chromatography. “No byproduct formation was observed.

amines in moderate to good yields. The presence of a PhCO
electron-withdrawing group in the aromatic ring lowered the
yield of the product (Table 2, entry 8). Finally, the methyl
group was removed chemoselectively in the presence of
different alkyl groups (Table 2, entries 11—13).>>*

Next, on the basis of our previous work’ > on the
photochemical oxidation of tertiary amines,”* >*%77% we
became interested in extending the applicability of metal-
based organic photosensitizers toward the photochemical
oxidation of primary amines, which would yield versatile
imine building blocks. Imines represent important and versatile
intermediates for the synthesis of various fine chemicals,
agrochemicals, and pharmaceuticals; hence, a variety of
different methods for their synthesis has been developed in
the past years. Apart from the classical approach of mixing an
aldehyde and a primary amine, the catalytic oxidation of
secondary amines was established as an attractive alternative
approach.%*~7 In contrast, the oxidation of primary amines to
imines (Scheme 2) has only very recently attracted

Scheme 2. Photochemical Oxidation of Primary Amines (PS
= photosensitizer)

[PS], hv, air or O,

R™NH,

-H,0, -NH;3
Intermediate: Ry ; X =0, NH

considerable interest. To date, prominent examples of the
photocatalytic oxidation of primary amines to yield aldehydes’”
or imines,”*™%" are utilizing either metal-free (organic dyes, g-
C;N,) or metal-based (metal oxides) photosensitizers.

We initiated our studies on the photochemical oxidation of
primary amines by evaluating the catalytic activity of [1](PFy)
in the oxidation of benzylamine (8a) in various solvents using
different additives (Table 3). To our delight, the desired
benzylideneimine 9a was obtained in high yields under
irradiation with a standard 11 W household fluorescent bulb

dx.doi.org/10.1021/cs300604k | ACS Catal. 2012, 2, 2810-2815
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Table 3. Evaluation of Different Solvents and Additives in
the Photochemical Oxidation of Benzylic Amines

[1](PFg) (1 mol%)

Ph™ > NH, Ph SN Ph
8a solvent, 11W lamp 9a
entry” solvent MS time (h) yield® (%)
1 MeCN 20 80
2 chloroform 20 96
3 DMSO 30 98
4 methanol 20 74
S benzene 20 9
6 toluene 20 7
7 MeCN 3A 20 98
8 chloroform 3A 20 96
9 chloroform 4A 20 >99
10 chloroform SA 20 51
11 DMSO 3A 30 61
12 DMSO 4 A 30 82
13 DMSO SA 30 44

“Reaction conditions: 0.2 mmol 8a, 1 mol % [1](PFy), 2 mL of
solvent, under air. bCalculated from 'H NMR using 1,3,5-
trimethoxybenzene as internal standard.

if polar solvents were utilized. Apolar solvents, such as benzene
and toluene, proved to give only very low yields, most probably
because of the low solubility of the photosensitizer (Table 3,
entries S and 6). Of all solvents investigated, chloroform and
acetonitrile proved best, as the desired oxidation product was
formed in significantly shorter reaction times when compared
to DMSO. Interestingly, only very low amounts of the
undesired aldehydes were obtained, yet to suppress this
unwanted side reaction, we further investigated the influence
of molecular sieves. Because equimolar amounts of ammonia
are liberated in the reaction mixture, the effect of different
molecular sieves was investigated to trap both water and
ammonia.*® Gratifyingly, in the presence of molecular sieves,
comparable or slightly better yields were observed in the case of
acetonitrile and chloroform as solvents (Table 3, entries 7—9).

With the optimum conditions in hand, a variety of different
primary amines was investigated in this photocatalytic aerobic
oxidation reaction (Table 4). In general, the photochemical
oxidation of benzylic amines 8 could be performed with high
efficiency using 1—2 mol % of photocatalyst. The amines are
readily oxidized, providing the desired benzylidene imines 9 in
high yields. In addition, only trace amounts of the undesired
benzaldehydes were observed.

To gain further insight into the kinetics of the benzylamine
oxidation, we conducted experiments in which equimolar
amounts of electron-poor and electron-rich benzylic amines are
present. For this purpose, we performed the oxidation of p-
methoxybenzylamine in the presence of electron-poor p-
fluorobenzylamine, yet all four possible benzylidene imines
were obtained in comparable quantities (Scheme 3). This
indicates that the influence of the substitution pattern of the
benzylamine on the rate of single electron transfer from amine
to the photoexcited state of the catalyst is almost negligible.*”

In addition to the oxidation of benzylic amines, we became
interested in extending the photochemical oxidative method
toward the oxidation of alcohols,”®~* allowing an operationally
simple and environmentally benign access to valuable aldehydes
and ketones. To achieve our goal, we began to investigate the
reaction of benzyl alcohol (10a) with ruthenium and iridium-
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Table 4. Photochemical Oxidation of Benzylic Amines
[1](PFg) (X mol%)

NS
AN, CHClg, 11W lamp AN A
8
entry? aryl X mol % [1](PF) 9 yield (%)°
1 Ph 1 9a >99
2 4-Me-Ph 1 9 >99
3 4-t-Bu-Ph 2 9 97
4 4-MeO-Ph 1 9d 78
s 4-F-Ph 2 9e >99
6 4-Cl-Ph 1 of 87
7 4-Br-Ph 2 9g 98
8 2,4-Cl,—Ph 2 9h >99
9 2-Br-Ph 2 9% 95
10 2-MeO-Ph 1 9j 73
11 3-MeO-Ph 1 9k 80
12 2-Pyridinyl 1 91 65

“Reaction conditions: 0.2 mmol 8, 1 or 2 mol % [1](PF), 4 A MS, 2
mL CHCl,, under air. YDetermined by 'H NMR spectra using 1,3,5-
trimethoxybenzene as internal standard.

Scheme 3. Photochemical Oxidation of Primary Amines
[11(PFe)
(1 mol%)

NS
F F F/OMe
11W lamp ~
@/\NHZ CHC|3 /@/\N /\©\
MeO MeO F/OMe

based photocatalytic systems (Figure 1). Under argon, only
traces of the desired product 11a were obtained in all cases.
Changing from oxygen-free conditions to air atmosphere
resulted in a slight improvement in conversion. On the basis
of these initial results, we realized that another source of oxygen
is strongly demanded. Looking for an ideal oxidizing agent, we
considered the use of pure molecular oxygen under photo-
catalytic conditions for both economical and environmental
reasons (Table 5).°°™% Accordingly, the conversion increased
when the reactions were performed under an O, atmosphere
(Table S, entries 3—7). Regarding the influence of the solvent,
only DMF and acetonitrile allowed formation of the desired
product 1la. Moreover, we noticed much faster rates of
oxidation in DMF. Notably, by increasing the amount of the
catalyst [S](PFy), to 2 mol %, full conversion for the oxidation
was observed (Table 5, entry 13)."°° Moreover, no reaction was
observed in the presence of sunlight or blue LED light only
(Table 5, entries 14, 15).

With the optimized conditions in hand, we explored the
scope of the examined alcohols, and the results are summarized
in Table 6. Basically, very good conversions (>99%) were
observed in most of the tested reactions.

In the case of primary alcohols, product 11c bearing a strong
electron-withdrawing group in the meta position was obtained
with 75% conversion (Table 6, entry 3). For the mono-
substituted benzophenone derivatives, we observed the
influence of electronic effect, as products 11g and 11h were
obtained with 70 and 90% conversion, respectively. Notably, all
disubstituted benzophenones 11j—k and mixed alkyl—aryl
ketones 111-n were obtained with quantitative conversions
(Table 6, entries 10—14). Furthermore, in all cases, the reaction

dx.doi.org/10.1021/cs300604k | ACS Catal. 2012, 2, 2810-2815
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Table S. Evaluation of Parameters in the Oxidation of
Benzylalcohol 10a

[Ru] or [Ir] catalyst

PN (i—Pr)zEtN, 02

Ph” > OH o
10a hv, solvent, RT 11a
conversion

entry” photocatalyst lamp solvent (%)*

1 [2](PF¢) 11w DMF traces

2 [4](PFy), 11'W DMF traces

3 [51(PFg), 11W DMF 40°

4 [2](PF)  blue LED DMEF 45

5 [4](PF,),  blue LED DMF 45

6 [5](PF,),  blue LED DMF 50

7 [S](PF),  blue LED MeCN 40

8 [5](PF,),  blue LED CH,Cl,

9 [5](PFy), blue LED  toluene

10 [S](PFs),  blue LED toluene/water (1:1) traces

11 [5](PE,),  blue LED EtOAc

12 [S](PF¢),  blue LED MeOH traces

134 [S](PFs),  blue LED DMF >99

14 sunlight DMF

15 blue LED DMF

“Reaction conditions: 10a, (i-Pr),EtN (1.2 equiv), photocatalyst (1
mol %), solvent (0.5 M), lamp, rt, O, atmosphere, 48 h. bIH NMR
conversion. “Reaction time: 72 h. 2 mol % catalyst.

Table 6. Scope of Various Alcohols under Photoirradiation
Conditions

151 (PFo),
OH (i-Pr);EtN, O,
R'"" "R? Blue LED, DMF, RT ~ R'" "R?
10 1
entry” R! R? 11 conversion (%)b’c
1 Ph H 11a >99
2 4.F-Ph H 11b >99
3 3-CF,-Ph H 11c 75
4 4-Me,N-Ph H 11d >99
s Ph Ph 11e >99
6 4.F-Ph Ph 11f >99
7 4-NO,-Ph Ph 1ig 70
8 4-Me,N-Ph Ph 11h 90
9 Ph PhCH, 11i >99
10 4.F-Ph 4.F-Ph 11j >99
11 4-Me,N-Ph 4-Me,N-Ph 11k >99
12 Ph Et 111 >99
13 4-CE,-Ph Me 11m >99
14 4-MeO-Ph Me 11n >99

“Reaction conditions: 10, (i-Pr),EtN (1.2 equiv), photocatalyst (2 mol
%), DMF (0.5 M), blue LED lamp, rt, O, atmosphere, 48 h.
Conversions are based on 'H NMR analysis. “In all cases, the
selectivity is >99%.

time was considerably shortened (24 h) by performing the
reactions in a 1:1 DMF/water mixture.

B CONCLUSION

In summary, we succeeded in expanding the repertoire of
photoredox catalysis with protocols that allow the synthesis of
valuable compounds under mild reaction conditions. A visible
light photoredox catalytic process for the deprotection of
various tertiary amines leading to secondary amines was
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presented. The photoredox N-deprotection method mimics
the cytochrome P-450 oxidation of tertiary amines. Further
studies expanding the scope of this N-deprotection using more
reactive catalysts are currently underway. In addition, a
convenient procedure was developed for the synthesis of
various imines starting from readily available primary amines. A
synthetically useful protocol for the photoredox catalyzed
oxidation of primary and secondary alcohols with low catalyst
loadings is also provided. A wide range of substrates is tolerated
under these conditions, yielding the corresponding carbonyl
compounds with full conversion in most cases. The use of
inexpensive household light and the easy of handling make the
developed methods particularly attractive for applications in
synthesis.

B EXPERIMENTAL SECTION

General Procedure for the Photoredox N-Demethyla-
tion Reaction. In a vial were placed the photoredox catalyst
[1](PFs) (2.0 mg, 0.0025 mmol), DABCO (2.8 mg, 0.025
mmol), H,0 (4.5 uL, 0.25 mmol), and amine (0.25 mmol) in
acetonitrile. The reaction mixture was stirred for the time
indicated under irradiation with the S W fluorescent bulb
(distance ~5 cm). The reaction was monitored via TLC
(hexanes/ethyl acetate, 9:1). Upon consumption of starting
material, 1 mL of HCI 3 M solution was added, and the mixture
was stirred at 80 °C for 90 min. NaOH 1 M (10 mL) was
added, and the mixture was extracted with DCM (3 X 15 mL).
The organic layers were dried over Na,SO, and filtered, and the
solvent was removed under reduced pressure. The correspond-
ing secondary amine was obtained pure after column
chromatography.

General Procedure for the Photoredox Oxidation of
Primary Amines. In a screw-capped vial, amine (0.2 mmol, 1
equiv) and [Ir(ppy),bpy]PF¢ ([1](PFy), 0.002 mmol, 1.4 mg,
0.01 equiv) were dissolved in the appropriate solvent (1 mL),
then 90 mg of the appropriate molecular sieves was added, and
the reaction mixture was stirred under irradiation with an 11 W
fluorescent bulb from ~S cm distance. 1,3,5-Trimethoxyben-
zene was used as internal standard, and the reaction mixture
was analyzed by NMR spectroscopy. Yields are related to the
internal standard.

General Procedure for the Photoredox Catalyzed
Oxidation of Alcohols. In a tube, the appropriate photoredox
catalyst (2 mol %, 0.004 mmol), and a substrate (0.20 mmol)
were dissolved in the appropriate solvents (DMF or the
mixture of DMF/water 1:1, 1 mL). Subsequently, 1.2 equiv of
the N-ethyldiisopropylamine (0.24 mmol) was added, and the
reaction mixture was stirred for the time indicated under
irradiation with the light source (blue LED lamp, 455 nm,
distance ~0.5 cm) in an oxygen atmosphere. The reaction was
monitored via TLC (c-hexanes/ethyl acetate). Upon con-
sumption of starting material, solvents were removed under
reduced pressure to yield the desired product.

B ASSOCIATED CONTENT

© Supporting Information

Characterization results for analines 7, amines 9, and aldehydes
and phenones 11. This material is available free of charge via
the Internet at http://pubs.acs.org
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