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ABSTRACT: A new photocatalyzed route to amides from alcohols and amines mediated
by visible light is presented. The reaction is carried out in ethyl acetate as a solvent. Ethyl
acetate can be defined a green and bio-based solvent. The starting materials such as the
energy source are easily available, stable, and inexpensive. The reaction has shown to be

general and high yielding.

B INTRODUCTION

The amide bond is contained in many both synthetic
compounds, such as drugs, polymers, detergents, and natural
compounds, such as peptides and proteins." The amide bond
formation reactions are among the most studied in organic
chemistry and the most frequent in biochemistry due to the
widespread occurrence of these compounds. Classically, amide
bonds are synthesized by acylation of amines with carboxylic
acid derivatives (activated esters, acyl chlorides, carboxylic
anhydrides): indeed, this is the most common synthetic
pathway employed in the industrial synthesis of pharmaceut-
icals. This approach presents many disadvantages such as two
additional steps with consequent increasing production of
byproducts and reduction in the yield of final products, use of
highly hazardous reagents, and production of a stoichiometric
amount of waste products.” One of the most challenging
research topics in organic synthesis is the development of new
methodologies induced by visible light.” Photosynthesis can be
defined as the transformation of sunlight into chemical energy
effectively used to promote chemical reaction, allowing the
development of sustainable and efficient procedures. Visible
light can be considered as a clean reagent: it activates the
substrates leaving no residues in the reaction mixture, with
considerable simplification of the workup and purification
processes. For these reasons, visible-light-mediated organic
synthesis has achieved strong priority because of the
development of sustainable chemistry routes.

In this context, the synthesis of amides mediated by visible
light has recently been studied and few methods have been
mentioned in the literature. Recently, Das and co-workers have
reported an a-oxygenation of tertiary amines to tertiary amides
(Scheme 1; path a).” The methodology makes use of O, as an
oxidant, 1,5-diazabicyclo[4.3.0]non-5-ene (DBN) as a base,
N,N-dimethylformamide (DMF) as a solvent, and Rose Bengal
as a photocatalyst. Even if the reaction scope is intimately
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Scheme 1. Synthesis of Amides Mediated by Visible Light
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linked to the nature and availability of tertiary amines, the work
is pioneering for the visible-light-mediated amide synthesis. In
this context, an interesting dealkylative condensation of tertiary
amines with carboxylic acids to amides has been proposed by
Szpilman (Scheme 1; path b).° The reaction proceeds through
a charge-transfer complex between the amine and carbon
tetrachloride, and the large excesses of reagents and solvents
should be easily recyclable in an industrial setting. Aldehydes
have also been employed as starting materials for the visible-
light-mediated synthesis of amides (Scheme 1; path c).”
Pandey has reported a direct amidation of aldehydes by a
cross-dehydrogenative coupling catalyzed by an iridium-based
catalyst in the presence of 1 equiv of CCLBr used as a
stoichiometric oxidant. Aldehydes are normally obtained by
selective oxidation of alcohols, which are easily available and
stable compounds, and are contained in many naturally
occurring organic molecules. For these reasons, the direct
conversion of alcohols to amides is a highlight of green and
sustainable chemistry.® The only paper reporting a visible-light-
mediated conversion of alcohols to amides was presented by
Cai” It is an oxidative cross-coupling reaction of benzyl
alcohols with N,N-dimethyl acetamide, used both as a solvent
and as a reagent, to obtain exclusively N,N-dimethyl
cinnamides. In this work, we report a new photocatalyzed
route to amides from alcohols and amines mediated by visible
light.

B RESULTS AND DISCUSSION

In relation to our interest in the synthesis of amides,'® we have
checked the possibility to explore a new visible-light-mediated
method, which would give a broad access to amides from
alcohols. We started our investigation using benzyl alcohol 1a
and N,N-dimethylamine hydrochloride 2a as the model
substrates and blue LEDS as the light source.

Benzyl alcohol (Table 1, 1a, 1 mmol), N,N-dimethylamine
hydrochloride (Table 1, 2a, 1.2 mmol), aqueous 70% TBHP
(Table 1, 2.2 mmol), CaCO; (Table 1, 1.I mmol), and
[Ru(bpy);CL,] (Table 1, S mol %) in 0.5 mL of acetonitrile
were irradiated for 72 h with blue LEDy, but no product was
formed (Table 1, entry 1). The same reaction was carried out
in cyclopentyl methyl ether (CPME) as a solvent, and the
product 3aa was formed in 49% yield (Table 1, entry 2). To
improve the yield, AcOEt was employed as a solvent and the
product 3aa was formed in 83% yield (Table 1, entry 3). If the
reaction was carried out by TBHP 5.5 M in decane as an
oxidant, the yield decreased to 16% (Table 1, entry 4). A
different oxidizing reagent as H,O, was tested, in respectively
CPME (Table 1, entry S), acetonitrile (Table 1, entry 6), and
AcOEt (Table 1, entry 7), but no product was detected in all
cases. Subsequently, O, was tested in CPME (Table 1, entry 8)
and AcOEt (Table 1, entry 9), but no product was formed.
Using Eosin Y as a catalyst, instead of [Ru(bpy);ClL,], both
under blue LED (Table 1, entry 10) and green LED (Table 1,
entry 11) irradiation, the product was obtained in low yields of
36 and 35%, respectively. The reaction performed with Rose
Bengal as a catalyst and, respectively, TBHP,, and O, as
oxidants, the product was isolated only in traces (Table 1,
entries 12 and 13). Finally, the reaction was carried out in the
dark for 72 h (Table 1, entry 14) and 96 h (Table 1, entry 15),
and in both cases, the product was obtained in a low yield
(33%).

The use of AcOEt as a solvent is profitable. AcOEt highly is
a recommended solvent by Sanofi’s solvent selection guide''

Table 1. Screening of Reaction Conditions

photocatalyst (5.0 mol%), 0]
oxidant (2.2 mmol)

/
@AOH + HN  *HCI >
\ solvent (0.5 mL), rt, 72 h

1 mmol 1.2 mmol CaCOg (1.1. mmol) 3aa
1a 2a blue LEDg

entry” photocatalyst oxidant solvent yield (%)”
1 [Ru(bpy);CL,] TBHP,, acetonitrile

2 [Ru(bpy)Cl,] TBHP,, CPME 49
3 [Ru(bpy);CL,] ~ TBHP,, AcOEt 83
4 [Ru(bpy);CL] TBHP,,. AcOEt 16
s [Ru(bpy):CL]  H,0, CPME

6 [Ru(bpy);Cl,] H,0, acetonitrile

7 [Ru(bpy);CL] H,0, AcOEt
8 [Ru(bpy)sCL] O, CPME

9 [Ru(bpy);CL] 0, AcOEt
10 Eosin Y TBHP,, AcOEt 36
11° Eosin Y TBHP,, AcOEt 35
12 Rose Bengal TBHP,, AcOEt 7
13 Rose Bengal 0, AcOEt
14 [Ru(bpy);CL] TBHP,, AcOEt 33
157 [Ru(bpy),Cl,] TBHP,, AcOEt 33

“General reaction conditions: la (1 mmol), 2a (1.2 mmol),
photocatalyst (5.0 mol %), oxidant (2.2 mmol), and CaCO; (1.1
mmol) in solvent (0.5 mL) at rt in argon for 72 h with 9 W blue
LEDq. ®Yield of the isolated product. “The reaction was performed
with 9 W green LEDq. 9The reaction was carried out for 96 h.

because it is biodegradable and non bioaccumulable and has an
ecotox >100 mg/L, with ICH limits (plpm) of 5000. It is
included in the greener solvent GSK’s list % too, and its use is
high recommended. Moreover, ethyl acetate is commercially
available, easily accessible, and inexpensive.

With the optimized conditions in hand (Table 1, entry 3),
the reaction scope was investigated. An array of substituted
benzyl alcohols and amine hydrochloride was tested. In
general, the corresponding amides were obtained in good
yields (Scheme 2; 3aa—bc). Different functional groups on
aromatic rings both electron-donating and electron-with-
drawing were tested. Neither the electronic properties nor
the steric effects of substituents on the aromatic ring of
benzylic alcohols were found to have any effect on the reaction
and products yield.

Strong electron-donating groups as OMe (Scheme 2; 3ac,
3ad, 3am, and 3ax) showed good results. Benzyl alcohols with
moderate electron-donating substituents as phenyl (Scheme 2;
3af, 3an, and 3ay) and methyl (Scheme 2; 3ae, 3ag, and 3as)
were tested with satisfactory results. Benzyl alcohols with
halide substituents, such as chlorine and bromide, in different
positions were subjected to this procedure giving the
corresponding amides, which could be further transformed
by traditional cross-coupling reactions (Scheme 2; 3ah, 3ai,
3aj, 3at, 3au, and 3az). Strong electron-withdrawing groups
such as NO, (Scheme 2; 3ba) and CF; (Scheme 2; 3ak) were
well tolerated providing the desired amides in good results.
The reactions with sterically hindered ortho-substituted
benzylic alcohols were performed, and the corresponding
amides (Scheme 2; 3ad, 3ae, and 3ai) were obtained in low
yields as expected because of steric hindrance. To prove the
synthetic utility of the procedure, (1H-pyrrol-2-yl) methanol,
furan-2-ylmethanol, and thiophen-2-ylmethanol were subjected

https://dx.doi.org/10.1021/acs.joc.0c01320
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Scheme 2. Investigation of the Alcohol Scope of the Reaction”
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“Reaction condition: aliphatic aldehyde (1 mmol), amine hydrochloride salt (1.2 mmol), Ru(bpy);CL,*6H,0 (0.05S mmol, 5.0 mol %), CaCO,
(1.1 mmol), and tert-butyl hydroperoxide (70 wt % in H,O, 1.1 mmol) in ethyl acetate (0.5 mL), under argon atmosphere and blue LED for 48 h.

to optimized reactions conditions, giving the desired heteroaryl
amides (Scheme 2; 3ao, 3ap, 3aq, and 3ar).

To investigate the scope of the method, the reaction was
investigated with an array of primary and secondary hydro-
chloride ammines showing excellent tolerance. Secondary
aliphatic acyclic amines are N,N-dimethylamine (Scheme 2;
3aa, 3ac, 3ad, 3ae, 3af, 3ag, 3ah, 3ai, 3aj, and 3ak) and N,N-
diethyl amine (Scheme 2; 3ab); secondary aliphatic cyclic
amines are morpholine (Scheme 2; 3al, 3am, 3an, 3ao, 3ap,
3aq, 3as, 3at, and 3au); and primary aliphatic amines are N-
benzylamine (Scheme 2; 3ar, 3av, and 3az), N-4-bromobenzyl-
amine (Scheme 2; 3aw and 3ax), 2-chloroethylamine (Scheme

2; 3ay and 3ba), and tert-butylamine (Scheme 2; 3bb). The
reaction carried out with hydrochloride ammonium salts was
performed, and the corresponding primary amide, benzamide
(Scheme 2; 3bc), was obtained in a very good yield. The
reaction was investigated with aniline, but no product was
detected. The procedure was applied to aliphatic alcohols, but
at the end of the entire procedure, the corresponding alcohols
were recovered unreacted. Finally, aliphatic aldehydes were
tested, giving the desired amides in acceptable yields (Scheme
2; 4a, 4b, and 4¢)."”

A plausible reaction mechanism is reported in Scheme 3. On
the basis of previously published paper,**'* alcohol is oxidized

11681 https://dx.doi.org/10.1021/acs.joc.0c01320
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Scheme 3. Proposed Reaction Mechanism
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by TBHP to aldehyde. The aldehyde reacts with the amine to
form hemiaminal."”

The reaction proceeds by photoexcitation of [Ru(bpy);CL,],
which is known to undergo single electron transfer (SET) in
the presence of fert-butyl hydroperoxide, thus generating two
species: tert-butoxy radical +-BuO® and hydroxyl anion HO™.
Subsequently, t-BuO® may abstract by hydrogen atom transfer
(HAT) a hydrogen from the hemiaminal. The C-radical will be
deprotonated to give the ketyl radical anion, which then
reduces the Ru(IIl) complex by an SET, which completes the
photoredox catalytic cycle of Ru catalyst and hence its
regeneration.

Quantum yield measurements were performed to provide
insight into the effective reaction mechanism,'® and the results
indicate a light-initiated chain propagation mechanism.

Briefly, standard chemical actinometry using potassium
ferrioxalate allowed us to determine the photon flux of a
blue LED at 455 nm. After 180 s of irradiation of reaction
mixture at 455 nm, a 5% conversion to amide 3aa is observed.
This yield corresponds to S1 equiv of product formed per
absorbed photon (¢ = S1), thus indicating that this reaction
proceeds through a chain propagation mechanism.

B CONCLUSIONS

In conclusion, the first example of photocatalyzed amides
synthesis from alcohols and amines mediated by visible light
was reported. The reaction is carried out in ethyl acetate as a
green, eco-sustainable, and bio-based solvent. The starting
materials are stable, easily accessible, and inexpensive. The
reaction conditions are mild, the stoichiometric ratio of the
reactants is optimal, and the use of visible light as a source of
energy is very appealing from an ecological point of view. The
methodology has shown a big versatility and applicability,

11682

while various functional groups, on both alcohols and amines,
are well tolerated, providing a new approach to visible-light-
mediated amide synthesis.

B EXPERIMENTAL SECTION

General Information. All reagents and solvents were used as
obtained from a commercial source. All solvents were dried by usual
methods and distilled under argon. Column chromatography was
generally performed on silica gel (pore size, 60 A; 32—63 nm particle
size), and reactions were monitored by thin-layer chromatography
(TLC) analysis performed with Merck Kieselgel 60 F254 plates and
visualized using UV light at 254 nm, KMnO,, and 2,4-DNP staining.
For irradiation with blue light, an OSRAM Oslon SSL 80 LDCQ7P-
1U3U (blue, A, = 455 nm, I, = 1000 mA, 1.12 W) was used. 'H
NMR and "*C NMR spectra were measured on a Bruker Avance III
400 spectrometer (400 or 100 MHz, respectively) using CDCly
solutions and TMS as an internal standard. Chemical shifts are
reported in parts per million (ppm, &) relative to internal
tetramethylsilane standard (TMS, & 0.00). The peak patterns are
indicated as follows: s, singlet; d, doublet; t, triplet; m, multiplet; q,
quartet; dd, doublet of doublets; brs, broad. The coupling constants, J,
are reported in hertz (Hz). High-resolution mass spectra HRMS
(HESI-FT-ORBITRAP) were recorded on a Q-Exactive Thermo
Scientific mass spectrometer. UV—vis spectra were obtained on a
T80+ UV/vis spectrometer (PG Instruments Ltd). Melting points
were determined in open capillary tubes and are uncorrected.

General Procedure to Compounds 3aa—3bc. To a mixture of
amine hydrochloride salt (1.2 mmol), Ru(bpy);CL,*6H,0 (37.4 mg,
0.05 mmol, 5.0 mol %), and CaCO; (110 mg, 1.1 mmol) in ethyl
acetate (0.5 mL) were added alcohol (1 mmol) and tert-butyl
hydroperoxide (70 wt % in H,0, 0.31 mL, 2.2 mmol) under an argon
atmosphere at room temperature. The reaction mixture was irradiated
under blue LED and stirred at room temperature for 72 h (monitored
by TLC until disappearance of the alcohol). Then, the reaction
mixture was quenched with water and extracted with AcOEt. The
combined organic layers were washed three times with a solution of
5% citric acid and then three times with a solution of 5% NaHCOyj;

https://dx.doi.org/10.1021/acs.joc.0c01320
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the organic phase was dried over anhydrous Na,SO,, and the solvent
was evaporated under reduced pressure. The crude products were
purified by flash chromatography on silica gel.

Compound Characterizations. N,N-Dimethylbenzamide
(3aa)."”” Yellow oil (124 mg, 83% yield); Ry = 0.33 (hexane/ethyl
acetate 2/3). '"H NMR (400 MHz, CDCL,) &: 7.40—7.39 (m, SH),
3.11 (s, 3H), 2.97 (s, 3H). *C{"H} NMR (100 MHz, CDCL;) &:
171.7, 136.3, 129.5, 128.3, 127.0, 39.6, 35.3.

N,N-Diethylbenzamide (3ab).’® Colorless oil (163 mg, 92%
yield); Ry =037 (hexane/ethyl acetate 2/3). '"H NMR (400 MHz,
CDCly) 8: 7.35—7.31 (m, SH), 3.49 (brs, 2H), 3.22 (brs, 2H), 1.22—
1.08 (m, 6H). BC{*H} NMR (100 MHz, CDCl,) §: 171.1, 137.1,
1289, 128.2, 126.1, 43.1, 39.1, 14.0, 12.8.

4-Methoxy-N,N-dimethylbenzamide (3ac).”® Yellow oil (140 mg,
78% yield); Ry =0.30 (hexane/ethyl acetate 2/3). '"H NMR (400
MHz, CDCL,) 6: 7.39 (d, ] = 8.7 Hz, 2H), 6.89 (d, J = 8.7 Hz, 2H),
3.82 (s, 3H), 3.04 (s, 6H). *C{'H} NMR (100 MHz, CDCl,) &:
171.5, 160.6, 129.1, 128.3, 113.5, 55.3, 39.8, 35.6.

2-Methoxy-N,N-dimethylbenzamide (3ad).” Yellow oil (68 mg,
38% yield); R = 0.27 (hexane/ethyl acetate 2/3). 'H NMR (400
MHz, CDCl;) 8: 7.31 (t, ] = 8.0 Hz, 1H), 7.20 (d, ] = 7.4 Hz, 1H),
6.95 (t, J = 7.5 Hz, 1H), 6.88 (d, ] = 8.3 Hz, 1H), 3.81 (s, 3H), 3.09
(s, 3H), 2.82 (s, 3H). 3C NMR (100 MHz, CDCl;) §: 169.3, 155.2,
130.2, 127.8, 126.2, 120.8, 110.8, 55.4, 38.1, 34.6.

N,N,2-Trimethylbenzamide (3ae).”’ Yellow oil (67 mg, 41%
yield); Ry = 0.37 (hexane/ethyl acetate 2/3). '"H NMR (400 MHz,
CDCl,) 6: 7.26—7.22 (m, 1H), 7.21-7.14 (m, 3H), 3.12 (s, 3H), 2.82
(s, 3H), 2.28 (s, 3H). BC{'H} NMR (100 MHz, CDCl,) &: 171.5,
136.7, 133.9, 130.3, 128.7, 125.9, 125.8, 38.3, 34.5, 18.9.

N,N-Dimethyl-[1,1"-biphenyl]-4-carboxamide (3af).?’ White solid
(110 mg, 49% yield); mp 104—105 °C,* R; = 026 (hexane/ethyl
acetate 2/3). '"H NMR (400 MHz, CDCL,) &: 7.63—7.59 (m, 4H),
7.53—7.42 (m, 4H), 7.39—7.35 (m, 1H), 3.09 (brs, 6H). C{'H}
NMR (100 MHz, CDCL,) 8: 171.5, 142.4, 140.3, 135.0, 128.9, 127.7,
127.7, 127.1, 127.0, 38.7, 35.3.

N,N,3,5-Tetramethylbenzamide (3ag).”> Yellow oil (140 mg, 79%
yield); Ry =041 (hexane/ethyl acetate 2/3). '"H NMR (400 MHz,
CDCl,) 6: 7.00 (s, 1H), 6.98 (s, 2H), 3.07 (s, 3H), 2.96 (s, 3H), 2.31
(s, 6H). *C NMR (100 MHz, CDCl,) §: 172.0, 137.9, 136.2, 130.9,
124.5, 39.5, 35.2, 21.2.

4-Chloro-N,N-dimethylbenzamide (3ah).”’ Yellow oil (117 mg,
64% yield); Ry = 044 (hexane/ethyl acetate 2/3). '"H NMR (400
MHz, CDCl;) 6: 7.39-7.35 (m, 4H), 3.10 (s, 3H), 2.97 (s, 3H).
BC{'H} NMR (100 MHz, CDCl,) §: 170.6, 135.6, 134.6, 128.6,
128.6, 39.6, 35.4.

2-Chloro-N,N-dimethylbenzamide (3ai).”* Yellow oil (72 mg,
39% yield); Re=04 (hexane/ethyl acetate 2/3). "H NMR (400 MHz,
CDCl,) 6: 7.41-7.37 (m, 1H), 7.33—7.28 (m, 3H), 3.14 (s, 3H), 2.86
(s, 3H). *C NMR (100 MHz, CDCL,) 8: 168.4, 136.4, 130.3, 130.0,
129.5, 127.8, 127.1, 38.0, 34.7.

4-Bromo-N,N-dimethylbenzamide (3aj).”> White solid (180 mg,
79% yield); mp 7677 °C, R; = 0.23 (hexane/ethyl acetate 2/3). 'H
NMR (400 MHz, CDCl,) 8: 7.56—7.51 (m, 2H), 7.32—7.28 (m, 2H),
3.08 (s, 3H), 2.99 (s, 3H). BC{'H} NMR (100 MHz, CDCl,) §:
170.6, 135.0, 131.6, 128.8, 123.8, 39.5, 35.4.

N,N-Dimethyl-4-(trifluoromethyl)benzamide (3ak).”® Yellow
solid (198 mg, 91% yield); mp 95—96 °C, R; = 0.26 (hexane/ethyl
acetate 2/3). 'H NMR (400 MHz, CDCL,) 6: 7.67 (d, ] = 8.1 Hg,
2H), 7.53 (d, J = 8.0 Hz, 2H), 3.13 (s, 3H), 2.96 (s, 3H). C{'H}
NMR (100 MHz, CDCl,) &: 170.2, 139.8, 131.5 (q, J = 32.6 Hz),
127.4, 125.5 (q, ] = 3.4 Hz), 123.7 (q, J = 266.3 Hz), 39.4, 35.3.

Morpholino(phenyl)methanone (3al).’® Yellow oil (115 mg, 60%
yield); Ry = 0.25 (hexane/ethyl acetate 2/3). '"H NMR (400 MHz,
CDCl,) 8: 7.42—7.39 (m, SH), 3.74—3.45 (m, 8H). BC{'H} NMR
(100 MHz, CDCl,) 8: 170.4, 135.3, 129.8, 128.5, 127.0, 66.9, 48.2,
42.6.

(4-Methoxyphenyl)(morpholino)methanone (3am).?® Yellow oil
(212 mg, 96% yield); Ri=10.16 (hexane/ethyl acetate 2/3). "H NMR
(400 MHz, CDCl,) &: 7.37 (d, ] = 8.7 Hz, 2H), 6.90 (d, ] = 8.7 Hz,

2H), 3.82 (s, 3H), 3.68—3.62 (m, 8H). BC{'H} NMR (100 MHz,
CDCl,) 8: 170.4, 160.9, 129.1, 127.3, 113.7, 66.9, 55.3, 47.8, 43.9.

[1,7-Biphenyl]-4-yl(morpholino)methanone (3an).”” White solid
(227 mg, 85% yield); mp 86—87 °C, R, = 0.25 (hexane/ethyl acetate
2.5/2.5). "H NMR (400 MHz, CDCl,) &: 7.64 (d, ] = 8.3 Hz, 2H),
7.61-7.56 (m, 2H), 7.47—7.44 (m, 4H), 7.40—7.36 (m, 1H), 3.73—
3.55 (m, 8H). BC{'H} NMR (100 MHz, CDCl,) &: 170.3, 142.9,
140.2, 134.0, 128.9, 127.9, 127.7, 127.3, 127.1, 66.9.

Morpholino(1H-pyrrol-2-yl)methanone (3ao). White solid (133
mg, 74% yield); mp 73—74 °C, Ry = 0.21 (hexane/ethyl acetate 3/2).
'"H NMR (400 MHz, CDCl;) &: 9.93 (brs, 1H), 6.92 (td, ] = 2.7, 1.3
Hz, 1H), 6.51 (ddd, J = 3.8, 2.5, 1.3 Hz, 1H), 6.23 (dt, ] = 3.8, 2.6 Hz,
1H), 3.86 (t, ] = 4.9 Hz, 4H), 3.75-3.72 (m, 4H). “C{'H} NMR
(100 MHz, CDCL,) &: 161.9, 124.1, 121.3, 112.2, 109.5, 66.8, 45.2.
HRMS (HESI-FT-ORBITRAP) m/z: [M + H]* caled for
CyH 3N, 0,: 181,0972; found 181,0972.

Furan-2-yl(morpholino)methanone (3ap).?® Yellow oil (27 mg,
15% yield); R, = 0.26 (hexane/ethyl acetate 2.5/2.5). "H NMR (400
MHz, CDClj 5: 748 (s, 1H), 7.03 (d, J = 3.5 Hz, 1H), 6.49—6.48
(m, 1H), 3.85—3.72 (m, 8H). 3*C NMR (100 MHz, CDCl,) &: 159.1,
147.7, 143.8, 116.8, 111.4, 67.0.

Morpholino(thiophen-2-yl)methanone (3aq).?’ Yellow oil (138
mg, 70% yield); Ry =035 (hexane/ethyl acetate 2.5/2.5). 'H NMR
(400 MHz, CDCl,) &: 7.45 (d, J = 4.8 Hz, 1H), 7.28 (d, ] = 3.5 Hz,
1H), 7.06—7.02 (m, 1H), 3.77-3.75 (m, 4H), 3.73-3.71 (m, 4H).
BC{'H} NMR (100 MHz, CDCl,) 6:163.6, 136.6, 128.9 128.8, 126.7,
66.8, 45.9.

N-Benzylthiophene-2-carboxamide (3ar).5 White solid (185 mg,
85% yield); mp 114—115 °C, R; = 0.29 (hexane/ethyl acetate 4/1).
"H NMR (400 MHz, CDCl;) 6: 7.52 (d, ] = 3.5 Hz, 1H), 7.47 (d, ] =
4.9 Hz, 1H), 7.34 (d, J = 4.4 Hz, 4H), 7.30 (dd, ] = 5.0, 3.6 Hz, 1H),
7.09—7.00 (m, 1H), 6.47 (s, 1H), 4.60 (d, ] = 5.8 Hz, 2H). *C NMR
(100 MHz, CDCl,) § 161.9, 138.7, 138.0, 130.0, 128.7, 128.1, 127.9,
127.6, 43.9.

Morpholino(p-tolyl)methanone (3as).”® Yellow oil (121 mg, 59%
yield); R, =023 (hexane/ethyl acetate 2/3). '"H NMR (400 MHz,
CDCl,) 6: 7.30 (d, ] = 8.1 Hz, 2H), 7.20 (d, ] = 7.8 Hz, 2H), 3.61 (m,
8H), 2.37 (s, 3H). ®C{’H} NMR (100 MHz, CDCl;) &: 170.6,
140.1, 132.3, 129.1, 127.2, 66.9, 48.3, 42.9, 21.3.

(4-Chlorophenyl)(morpholino)methanone (3at).>° White solid
(176 mg, 78% yield); mp 74—76 °C, Ry = 0.26 (hexane/ethyl acetate
2/3). 'H NMR (400 MHz, CDCl,) : 7.36—7.30 (m, 4H), 3.65—3.40
(m, 8H). BC{'H} NMR (100 MHz, CDCl,) §: 169.2, 135.8, 133.5,
128.7, 128.5, 66.6, 48.0, 42.6.

(3-Chlorophenyl)(morpholino)methanone (3au).’>’ Brown ol
(176 mg, 78% yield); Ry = 048 (hexane/ethyl acetate 2/3). 'H
NMR (400 MHz, CDCl,) &: 7.43—7.23 (m, 3H), 7.21-7.19 (m, 1H),
3.86—3.18 (m, 8H). C{'H} NMR (100 MHz, CDCl,) §: 168.8,
137.0, 134.7, 130.0, 129.9, 127.2, 125.1, 66.8, 48.1, 42.6.

N-Benzylbenzamide (3av).> Brown solid (167 mg, 79% yield);
mp 104—105 °C, R = 0.42 (hexane/ethyl acetate 3.5/1.5). "H NMR
(400 MHz, CDCl,) &: 7.79 (d, J = 7.3 Hz, 2H), 7.48 (d, ] = 7.4 Hz,
1H), 7.40 (t, ] = 7.5 Hz, 2H), 7.34 (d, ] = 4.4 Hz, 4H), 7.31-7.26 (m,
1H), 6.68 (s, 1H), 4.62 (d, ] = 5.7 Hz, 2H). “C{'H} NMR (100
MHz, CDCl;) &: 167.4, 1382, 134.3, 131.5, 128.7, 128.5, 127.8,
127.5, 126.9, 44.0.

N-(4-Bromobenzyl)benzamide (3aw).”” White solid (58 mg, 20%
yield); mp 72—74 °C, Ry = 0.28 (hexane/ethyl acetate 4.5/0.5). 'H
NMR (400 MHz, CDCI3§ 5:7.81=7.75 (m, 2H), 7.52—7.41 (m, SH),
724 (d, ] = 8.4 Hz, 2H), 6.43 (s, 1H), 4.60 (d, ] = 5.7 Hz, 2H).
BC{'H} NMR (100 MHz, CDCl,) §: 167.4, 137.3, 134.1, 131.8,
131.7, 129.5, 128.6, 126.9, 121.4, 43.4.

N-(4-Bromobenzyl)-4-methoxybenzamide (3ax).”* Yellow solid
(186 mg, 58% yield); mp 176—177 °C, Ry = 0.28 (hexane/ethyl
acetate 3/2). '"H NMR (400 MHz, CDCL,) 6: 7.75 (d, ] = 8.8 Hz,
2H), 746 (d, ] = 8.4 Hz, 2H), 7.22 (d, ] = 8.4 Hz, 2H), 6.92 (d, ] =
8.8 Hz, 2H), 6.36 (s, 1H), 4.58 (d, J = 5.7 Hz, 2H), 3.85 (s, 3H).
BC{'H} NMR (100 MHz, CDCl,) §: 166.9, 162.3, 137.5, 131.8,
129.5, 128.8, 126.4, 121.4, 113.8, 55.4, 43.4.
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N-(2-Chloroethyl)-[1,1"-biphenyl]-4-carboxamide (3ay). Yellow
solid (179 mg, 69% yield); mp 123—124 °C,* R = 0.28 (hexane/
ethyl acetate 4.5/0.5). '"H NMR (400 MHz, CDCl;) &: 7.87 (d, ] =
8.4 Hz, 2H), 7.67 (d, ] = 8.4 Hz, 2H), 7.66—7.61 (m, 2H), 7.47 (t,] =
7.5 Hz, 2H), 7.41-7.37 (m, 1H), 6.61 (s, 1H), 3.87-3.81 (m, 2H),
3.79-3.74 (m, 2H).*® BC{'H} NMR (100 MHz, CDCl;) &: 167.3,
144.6, 139.9, 1289, 128.1, 127.5, 127.3, 127.2, 44.2, 41.7. HRMS
(HESL-FT-ORBITRAP) m/z: [M + H]" caled for C,;H,CINO:
260,0837; found 260,0835.

N-Benzyl-4-chlorobenzamide (3az).”® White solid (184 mg, 75%
yield); mp 139—141 °C, R, = 0.38 (hexane/ethyl acetate 3.7/1.3). 'H
NMR (400 MHz, CDCL,) 8: 7.73 (d, ] = 8.6 Hz, 2H), 7.40 (d, ] = 8.6
Hz, 2H), 7.36—7.32 (m, SH), 6.40 (s, 1H), 4.63 (d, ] = 5.7 Hz, 2H).
BC{'H} NMR (100 MHz, CDCl,) §: 166.3, 137.9, 137.8, 132.7,
128.8, 128.4, 127.9, 127.7, 44.3.

N-(2-Chloroethyl)-4-nitrobenzamide (3ba).>” White solid (110
mg, 48% yield); mp 123—124 °C,* Ry = 0.29 (hexane/ethyl acetate
3/2). 'TH NMR (400 MHz, CDCl,) &: 8.30 (d, ] = 8.8 Hz, 2H), 7.96
(d, ] = 8.8 Hz, 2H), 6.66 (s, 1H), 3.87—3.81 (m, 2H), 3.79—3.74 (m,
2H). *C{'H} NMR (100 MHz, CDCl,) &: 165.6, 149.8, 139.6, 128.2,
1239, 43.8, 41.9.

N-(tert-Butyl)benzamide (3bb).”® Yellow solid (105 mg, 59%
yield); mp 134—13S °C, R, = 0.354 (hexane/ethyl acetate 4/1). 'H
NMR (400 MHz, CDCL,) é: 7.71 (d, ] = 6.9 Hz, 2H), 7.45 (d, ] = 7.2
Hz, 1H), 7.40 (t, ] = 7.2 Hz, 2H), 5.96 (s, 1H), 1.47 (s, 9H). C{'H}
NMR (100 MHz, CDCL,) &: 166.9, 135.9, 131.0, 128.4, 126.7, 51.6,
28.8.

General Procedure to Compounds 3bc. To a mixture of
NH,Cl (96.3 mg, 1.8 mmol), Ru(bpy);CL,*6H,0 (37.4 mg, 0.0S
mmol, 5.0 mol %), and CaCO; (110 mg, 1.1 mmol) in CH;CN (0.5
mL) were added benzyl alcohol (108.1 mg, 1 mmol) and tert-butyl
hydroperoxide (70 wt % in H,0, 0.31 mL, 2.2 mmol) under an argon
atmosphere at room temperature. The reaction vessel was capped,
stirred, and irradiated under blue LED at room temperature for 72 h
(monitored by TLC until disappearance of the alcohol). Then, the
reaction mixture was evaporated under reduced pressure. The crude
products were purified by flash chromatography on silica gel.

Benzamide (3bc). White solid (97 mg, 80% yield); mp 126—127
°C,”” R; = 0.4 (hexane/ethyl acetate 1.5/3.5). "H NMR (400 MHz,
CDCL,) &: 7.83 (d, ] = 7.0 Hz, 2H), 7.53 (t, ] = 7.4 Hz, 1H), 7.44 (t, ]
= 7.5 Hz, 2H), 6.46 (brs, 2H).*® *C{'H} NMR (100 MHz, CDCl,)
5: 169.9, 132.9, 132.2, 128.6, 127.4.%°

The reaction was investigated with aliphatic aldehydes:

General Procedure to Compounds 4a—4c. To a mixture of
amine hydrochloride salt (1.2 mmol), Ru(bpy);CL*6H,0 (37.4 mg,
0.05 mmol, 5.0 mol %), and CaCO; (110 mg, 1.1 mmol) in ethyl
acetate (0.5 mL) were added aliphatic aldehyde (1 mmol) and fert-
butyl hydroperoxide (70 wt % in H,O, 0.156 mL, 1.1 mmol) under an
argon atmosphere at room temperature. The reaction mixture was
irradiated under blue LED and stirred at room temperature for 48 h
(monitored by TLC until disappearance of the alcohol). Then, the
reaction mixture was quenched with water and extracted with AcOEt.
The combined organic layers were washed three times with a solution
of 5% citric acid and then three times with a solution of 5% NaHCOy3;
the organic phase was dried over anhydrous Na,SO,, and the solvent
was evaporated under reduced pressure. The crude products were
purified by flash chromatography on silica gel.

Compound Characterizations. N-(4-Bromobenzyl)-3-phenyl-
propanamide (4a). Yellow oil (63.6 mg, 20% yield); R, = 0.33
(hexane/ethyl acetate 2.5/2.5). "H NMR (400 MHz, CDCL,) &: 7.41
(d, J = 8.1 Hz, 2H), 7.29 (d, J = 7.0 Hz, 2H), 7.22 (dd, ] = 16.2, 7.1
Hz, 3H), 6.99 (d, J = 8.1 Hz, 2H), 5.83 (s, 1H), 4.34 (d, ] = 5.4 Hz,
2H), 3.00 (t, ] = 7.4 Hz, 2H), 2.54 (t, ] = 7.5 Hz, 2H). “C{'H} NMR
(100 MHz, CDCL,) &: 172.0, 140.5, 137.2, 131.6, 129.3, 128.5, 128.4,
126.3, 121.2, 42.8, 38.4, 31.6. m/z: [M + H]" caled for C,4H,,BrNO:
318,0488; found 318,0491.

N-(2-Bromobenzyl)isobutyramide (4b)."" Colorless oil (61.5 mg,
24% yield); Ry = 0.313 (hexane/ethyl acetate 3.5/1.5). "H NMR (400
MHyz, CDCI3§ 5:7.55 (d, ] = 7.8 Hz, 1H), 7.36 (dd, ] = 7.6, 1.8 Hz,
1H), 7.28 (t, ] = 7.2 Hz, 1H), 7.14 (td, ] = 7.7, 1.8 Hz, 1H), 6.16 (t, |

= 6.3 Hz, 1H), 4.49 (d, ] = 6.0 Hz, 2H), 2.45—2.38 (m, 1H), 1.17 (d,
J = 6.9 Hz, 6H). °C {*H} NMR (100 MHz, CDCl,) §: 176.8, 137.4,
132.7, 130.1, 129.0, 127.6, 123.6, 43.6, 35.5, 19.5.

N-Benzylcyclohexanecarboxamide (dc).”” White solid (99.9 mg,
46% yield); mp 112—114 °C, R; = 0.44 (hexane/ethyl acetate 3.5/
1.5). 'H NMR (400 MHz, CDCl,) 6: 7.26—7.17 (m, SH), 5.82 (s,
1H), 4.34 (d, J = 5.6 Hz, 2H), 2.09—1.99 (m, 1H), 1.81 (dd, J = 13.1,
3.6 Hz, 2H), 1.72—1.68 (m, 2H), 1.62—1.55 (m, 1H), 1.45—1.33 (m,
2H), 1.22—1.13 (m, 3H). *C NMR (100 MHz, CDCl;) § 176.0,
138.5, 128.6, 127.6, 127.4, 45.5, 433, 29.7, 25.7.

Scale-Up for the Synthesis of 3aa. To a mixture of
dimethylamine hydrochloride (0.9 g, 11.04 mmol), Ru-
(bpy);CL*6H,0 (0.34 g, 0.46 mmol, 5.0 mol %), and CaCO; (1.0
g 10.12 mmol) in ethyl acetate (5 mL) were added benzyl alcohol
(1.0 g, 0.95 mL, 9.2 mmol) and tert-butyl hydroperoxide (70 wt % in
H,0, 2.80 mL, 20.2 mmol) under an argon atmosphere at room
temperature. The reaction mixture was irradiated under blue LED and
stirred at room temperature for 72 h (monitored by TLC until
disappearance of the alcohol). Then, the reaction mixture was
quenched with water and extracted with AcOEt. The combined
organic layers were washed three times with a solution of 5% citric
acid and then three times with a solution of 5% NaHCOj;; the organic
phase was dried over anhydrous Na,SO,, and the solvent was
evaporated under reduced pressure. The crude product was purified
by flash chromatography on silica gel, and the product 3aa was
obtained as a yellow oil (822 mg, 60% yield).

Determination of Reaction Quantum Yield. The quantum
yield calculation of the reaction was determined in two steps:'®

Determination of the Light Intensity Obtained from the Blue
LED. The photon flux of the blue LED was determined by the
standard potassium ferrioxalate actinometer method.**

For the evaluation of light intensity, an experiment was set by
preparing a 0.15 M solution of ferrioxalate actinometer by dissolving
0.737 g of potassium trisoxalato ferrate trihydrate complex [K;Fe-
(C,0,);]*3H,0 in 10 mL of a 0.05 M H,SO, solution. A buffered
solution of 1,10-phenanthroline was prepared by dissolving 0.025 g of
1,10-phenanthroline and 5.63 g of sodium acetate in 25 mL of a 0.5 M
solution H,SO,. Both solutions were stored in the dark.

For the actinometer measurement:

Ferrioxalate solution (2.0 mL) was placed in a cuvette and
irradiated under blue LED for 90 s. After irradiation, 0.35 mL of the
phenanthroline solution was added to the ferrioxalate solution and the
mixture was stirred in the dark for 1.0 h to allow the ferrous ions to
completely coordinate to the phenanthroline.

The absorbance of the solution at 4 = 510 nm was measured. A
similar procedure for a non irradiated sample was used (actinometer
solution, buffer, and phenanthroline), and its absorbance at 1 = 510
nm was measured. Conversion was determined according to the
Beer’s laws using equation

V X AA(510 nm)
Ixe

mol Fe?* =

0.00235 L X 2.592(510 nm)
1.00 cm X 11100 L cm ™" mol™

where V is the total volume of the solution (0.00235 L) after addition
of all reagents, AA is the difference in absorbance at 4 = 510 nm
between the irradiated and nonirradiated actinometer solutions
(2.924-0.332), | is the path length (1.00 cm), and ¢ is the molar
absorptivity of the ferrioxalate actinometer at 4 S10 nm (11100 L
em™! mol™).** The photon flux of the blue LED can be calculated
using the following equation

mol Fe*" =549 x 1077

1 Fe** . 1077
Photon flux = "¢ _ S 49_1X 0
® xtXf 1.12einsteins” X 90s X 1.000
=545%x 107

where @ is the quantum yield for the ferrioxalate actinometer (1.12
einsteins™"),**" ¢ is the irradiation time (90 s), and fis the fraction of
light absorbed by the ferrioxalate actinometer. An absorption
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spectrum gave an absorbance value of >3, indicating that the fraction
of absorbed light f is > 0.999. The photon flux was thus calculated to
be 5.45 X 1077 einsteins s™".

Determination of the Reaction Quantum Yield. To a mixture of
dimethylamine hydrochloride (97.8 mg, 1.2 mmol), Ru-
(bpy);CL*6H,0 (37.4 mg, 0.05 mmol, 5.0 mol %), and CaCO,
(110 mg, 1.1 mmol) in ethyl acetate (0.5 mL) were added benzyl
alcohol (108 mg, 1 mmol) and tert-butyl hydroperoxide (70 wt % in
H,0, 031 mL, 22 mmol) under an argon atmosphere at room
temperature. The reaction mixture was irradiated under blue LED and
stirred at room temperature for 180 s. After irradiation, the yield of
product 3aa formed was determined by '"H NMR analysis. The yield
of 3aa was determined to be 5% (5 X 10™° mol). The reaction
quantum yield (®) was determined using the following equation,
where the photon flux is 5.45 X 107° einsteins s™' (determined by
actinometry as described in step 1), t is the reaction time (180 s), and
f is the fraction of incident light absorbed by the reaction mixture.

_ mol product
photon flux X t X f

5.00 x 107°

= =51
5.45 X 10~° einsteins-s~' X 180's X 1.000

The reaction quantum yield (®) was thus determined to be S1.
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