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room temperature A highly efficient and practical organic solvent-free Cu(OAc),/DMAP/TEMPO catalyst system

open air, solvent-free

for the selective aerobic oxidation of benzylic and allylic alcohols to aldehydes and phenones
on ,Q!Q X, under ambient air atmosphere was reported. A wide range of functional groups such as phenolic
©/\ ©/\ hydroxyl, amino, and methylthio are compatible with the catalyst system. The organic solvent-
10 free aerobic oxidative imines synthesis from benzyl alcohol and amines were also achieved via
the new developed Cu(OAc),/DMAP/TEMPO catalyst. 100 g-scale reactions for aldehyde and
imine formation were achieved over 90% yield with 0.5 mol% catalyst loading in 36 hours,
presenting a potential valuable protocol in both economical and environmental consideration.

catalyst:
1 mol% Cu(OAc),
2 mol% DMAP

1 mol% TEMPO

Introduction 45 Semmelhack and co-workers in 1984, which was showed to be
effectlve for the oxidation of benzylic and allylic alcohols in
DMF.% A similar catalyst system with 2, 2’-bipyridine as a hgand
and BuOK as a base was disclosed by Sheldon and co-workers.”
Recently, Stahl and co-workers reported (bpy)Cu(OTf)/NMI (N-
Methylimidazole) /TEMPO combination which could selective

Carbonyl compounds are significant intermediates for perfume,
drugs, dyes, pharmaceutical and agrochemical industries. Thus,
the development of highly selective catalytic oxidation of
alcohols to their corresponding aldehydes or ketones is one of the
most fundamental and challenging transformation for organic

%
=

chemical szlnthesm A var1ety of classical reagents such as Table 1 The optimization of copper-catalyzed alocohol oxidation”
manganese, chrornlum oxides,” Swern reagents' and Dess- 1 mol% Cu(OAG), Ligand, 1 mol% TEMPO N
Martin reagents® have been developed for this reaction. However, ©/\OH — : [T o
these oxidation processes, stoichiometric hazardous or toxic Open ar, Solventree, 25 °C, 24 1 &
oxidizipg agents and lar.ge amount Qrganic solver}ts were used. Ip Entry Ligand Conv.> (%) Yield: (%)
the points of economic and environmental view, a catalytic 1 " 20 9
method with oxygen as oxidant is quite attractive and important, 2 L2 45 21
which only gave water as byproduct. Accordingly, aerobic 3 13 98 78
oxidation of alcohols to corresponding aldehydes or ketones with 4 L4 oz 36
transition metal-free® or transition metals’ catalyst system has
been well developed over the past decades. Among the reports, 5 L5 83 72
the combination of copper salts and TEMPO (2,2,6,6-tetramehyl- 6 L6 64 43
l-piperidinyloxgr) is one of the best catalytic system for this 7 L7 66 47
transformation.” The first example was discovered by 8 L8 70 51
9 L9 47 35
10 L10 43 31
CHO 11 L1 100 97
on _CU(OA)IDMAPITEMPO ©/ "o g: I}j 37 30
©/\ Solvent-free, Open air /@
| PhNH; ©AN + H0 N
Scheme 1 The strategies for the direct synthesis of aldehydes and imines. fj | 5j(j [ ] Q\ﬁ
=
E1 L2
?Key Laboratory of Organic Synthesis of Jiangsu Province College of | \/ )\/j /(j\ O\( OY
Chemistry, Chemical Engineering and Materials Science Soochow University, N
Suzhou 215123 (PR China) E-mail: yszhao@suda.edu.cn L6

a H . 0,
bCoIlege of Physics, Optoelectronics and Energy & Collaborative Innovation » Reactlon con;i itions: ber})zyl alcohol (1 mmog), Cu(?Ac)z (1 mol%),
Center of Suzhou Nano Science and Technology, Soochow University, Ligand (1 mol% or 2 mol%), TEMPO (1 mol%), 25 °C, Solvent-free,

Suzhou 215006, China. Email : jyzhang@suda.edu.cn Open air. ” © Determined by GC using tridecane as an internal
standard. ¢ 1 atm O,. ¢ No Cu(OAc), was added.
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aerobic of a broad range alcohols, including allylic, benzylic, and
aliphatic derivatives, to the corresponding aldehydes in
acetonitrile.'’ Several nitrogen containing ligands such as
fluoroalkyl substituted 2.,2’-bipyridine,''  L-proline,'> and
diaziridinone,"® N-heterocyclic carbenes (NHCs)' and 1,10-
phenanthroline (phen)”® were well studied. Despite the
advantages of these reactions, the use of large amount of solvent
or expensive ligands has limited their application in synthetic
chemistry. Due to the importance of this transformation in
organic chemical synthesis, to further develop environmentally
benign and easy scale-up oxidation reactions are extremely
important. Herein, we report a high practical organic solvent-free
Cu(OAc),/DMAP (4-Dimethylaminopyridine) /TEMPO catalyst
system for selective aerobic oxidation of the alcohols to
corresponding aldehydes or ketones at room temperature with air
as oxidant. Different types of imines can also be synthesized from
alcohols and amines in excellent yields under air with the new
developed catalyst system. Both the formation of aldehydes and
imines from alcohols could be easily scaled up and reduced the

Table 2 Acrobic alcohol oxidation of primary alcohols to aldehydes”

1 mol% Cu(OAc),, 2 mol% DMAP

P 1 mol% TEMPO

R” “OH R—CHO
Solvent-free, Open air
Entry  Substrate Product Time (h)  Yield® (%)
‘ X OH | X" X0
S S
X X

1 X=H 1a 24 97
2 X =p-F 1b 24 86
3¢ X =0-Cl 1c 18 76
4¢ X = p-Cl 1d 18 72
5° X = 0-Br e 18 88
6° X = p-Br 1f 18 85
7¢ X =o-l 19 18 97
8° X =p-l 1h 18 99
9 X = m-OMe 1i 36 80
10 X = p-OMe 1j 36 99
1 X = p-tBu 1k 36 91
12° X = 0-NO, 1l 24 98
13¢ X = m-NO, 1m 18 98
149 X = p-NO, 1n 18 83
15¢ X =p-Me 10 18 87
16 X=26-F 2a 24 92
17° X=2:F-6Cl 2b 18 %5
187 X =34-Cl 2¢ 18 97
19 X = 3,4-OMe 2d 36 82
20° X = 5-Br-2-OMe 2 18 97

~o
(0]
0] X
o
o (P T
/O

N
OH e
24 24 83

s s
25 l OH l ~o 24 93
\ \
2j
0
26 ] OH O— "0 36 87
\ N\
2k

“ Reaction conditions: alcohol (1 mmol), Cu(OAc), (1 mol%), DMAP
(2 mol%), TEMPO (1 mol%), Solvent-free, Open air, 25 °C. °
Isolated yield. ¢ 80 °C. “ 100 °C.

30

35

40

~
o

catalyst loading to 0.5 mol%.

Inspired by the ligands effect in Copper/TEMPO catalyst
system for oxidation of alcohols to aldehydes and ketones,*'* we
hypothesized that more efficient alcohol oxidation might be
achieved in solvent-free conditions under ambient air atmosphere
at room temperature by using a powerful ligand. At the outset of
our study, we attempted to synthesize benzyl aldehyde from
benzyl alcohol via aerobic oxidation with 1 mol% Cu(OAc), and
1 mol% TEMPO under ambient air (open system) at room
temperature for 24 hours without solvent. Only a low yield of
benzyl aldehyde was observed by GC (Table 1, entry 1). The
nitrogen containing ligands played an important role in the
aerobic oxidation which had been reported by several groups.®'®

Table 3 Selective Oxidation of Alcohols”

OH 5 mol% Cu(OAc),, 10 mol% DMAP o)
5 mol% TEMPO
Ri™ "Ry Solvent-free, Open air R™ Ry
Isolated
Entry Alcohol Product yield(%)
OH N
MeS MeS
N
OH N
z @ ©/\ ° 3b, 94
HO HO
HO HO
5 \©/\OH \@O 3¢, 90
MeO oH MeO “
HO HO
OH ~o
57 3e, 77
NH, NH,
X X« CHO
6° OH 3f, 88
E:Z=62:38"
P
Br Br
OH (o]
3h, 99

- oo

“Reaction conditions: alcohol (1 mmol), Cu(OAc), (5 mol%), DMAP
(10 mol%), TEMPO (5 mol%), Solvent-free, Open air. * Cu(OAc), (1
mol%), DMAP (2 mol%), TEMPO (1 mol%), 80 °C, 18h.¢ 25 °C, 0.5
ml CH;CN, 24 h. “25 °C, 0.5 ml CH;CN, 48 h.“ 25 °C, 0.5 ml EtOH, 1
atm Oy, 48 h.” 60 °C, 48 h. " Determined by "H NMR analysis.

g

We first tested 2, 2’-bipyridine under the general reaction
condition without base. We were pleased to find the yield
increased to 30%, along with 60% of benzyl alcohol recovered.
The 1,10-phenanthroline, 1,4-diazabicyclo[2.2.2]octane
(DABCO)'® and 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU)"”
gave the yields no higher than 80% respectively (Table 1, entry 3-
5). When pyridine derivatives'® were employed as the ligand
respectively, around 50% yield of benzyl aldehyde was obtained,
accompany with the conversion of alcohol around 60%. However,
the L-proline had suppression effect compared to 2, 2°-bipyridine.
To our delight, the simple and easy accessible DMAP turned out

2 | Journal Name, [year], [vol], oo—oo0
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to be the best ligand, and an exciting yield of 97% was obtained.
However, only 80% yield was achieved when the reaction carried
out under oxygen atmosphere. We also tested other copper salts,
such as CuCl, CuBr, Cul, CuCl,, CuBr,, all of them gave similar
yields as Cu(OAc), (supporting information). Controlling
experiments confirmed that no reaction happened without using
copper, implicating the crucial role of copper salts for the
transformation (Table 1, entry 13).

Once we had identified the optimal conditions for the aerobic
oxidation of alcohol to corresponding aldehydes and ketones, the
scope and limitation of this reaction were next explored and
repesentative data are shown in Table 2 & Table 3. To our delight,
a remarkable broad substrates scope of benzylic alcohols bearing
various functional groups were tolerated. Both electron-rich and
electron-deficient alcohols gave the corresponding aldehydes in
good to excellent yields (Table 2, entry 1-27). As the melting
point of part starting materials were higher than 25 °C, the
reactions were tested at a little higher temperature (Table 2, 3),
and gave good to excellent yields respectively. Notably, 2-
20 furanmethanol, 2-thiophenemethanol and cinnamyl alcohol were

all transformed to the corresponding aldehydes in excellent yield

at room temperature.

o

=

o

Table 4 Synthesis of imines from various alcohols and aniline”

1 mol% Cu(OAc),, 2 mol% DMAP

1 mol% TEMPO
Ri” “OH + R,—NH, . Ry S
Solvent-free, Open air 1
110°C, 24 h
. Isolated
Entry  Alcohol Anil Product yield (%)

b
N/© 4a, 95

4b, 81

N/© 4c, 89

N/© 4d, 84
4e, 66

0.

©AN/\M§ 4, 69
X /\/@
7 OH /\)@ N 49,73
HoN

“ Reaction conditions: alcohol (1 mmol), aniline (1.2 mmol) Cu(OAc),
(1 mol%), DMAP (2 mol%), TEMPO (1 mol%), Solvent-free, Open
air, 24 h. * Determined by GC using tridecane as an internal standard.

25

30 Highly chemoselective oxidation of a hydroxyl group of
molecules which contain an easily oxidized functional group such
as phenolic hydroxyl, amino, and methylthio are challenging.
With the new developed catalyst system, all these types of
alcohols were oxidized to corresponding aldehydes with

35 acetonitrile as solvent in 36 hours (Table 3). The over oxidized
product wasn’t observed in all the reactions respectively. The
geraniol was also delivered the aldehyde in excellent yield at
room temperature with ethanol as solvent under oxygen
atmosphere. The secondary benzylic alcohols could also be

40 transformed to ketones at a little higher temperature in good
yields. (Table 3, entry 7-8)

Imines derivatives are important versatile synthetic precursors
in the synthesis of nitrogen heterocycles, fine chemicals, and
pharmaceuticals.'”° The new developed Copper/DMAP/TEMPO

45 catalyst system can also promoted the organic solvent-free imine
synthesis from benzyl alcohols and aromatic or aliphatic amines
in good excellent yields under air (open system) at 110 °C (Table
4).

CHO
80°C,36h AN
prewn | N e

N~
101 g, 95%

Cu(OAc),/DMAP/TEMPO
OH —(————————(——
Solvent-free, Open air
O
1 mol 110°C, 36 h N
1.2 mol PhNH,

165 g, 91%

50
Scheme 2 Aldehyde and imine formation in the mole-scale.

Large-scale application of oxidation alcohols are constrained

by safety concerns associated with the combination of oxidant, O,

ss and organic solvents, especially the frequent use of halogenated
solvent.”’ With the newly developed organic solvent-free and
Cu(OAc),/DMAP/TEMPO catalyst system, a 100 g-scale
reactions for aldehyde and imine formation were achieved in
higher than 90% yields in 36 hours, and the catalyst loading could

60 even been decreased to 0.5 mol%, which highlights the power of
this approach (Scheme 2).

Based on the primary study by our group and others’ reports,®

a possible mechanism for the aerobic copper/TEMPO was
proposed (Scheme 3). The DMAP coordinated to copper(Il)

6s center to form a complex A which might similar to CuBr, (2,2’-
bipyridine)-TEMPO catalyst system which was shown in Scheme
3. The high efficiency imines formation might be attributed to the
open system which water could be got rid of from the reaction
mixture under 110 °C.

70

22

o]

I

) N
OH
()
A N’
I
H:0 >L j< H H-N= ‘N-cul—N
TP et
=N ® o
\N N= N& R c

\ N I I J
NN Cu ~N
0 R17(.) HO
2
R1)LR2 >(Nj< oo

OH
Scheme 3 The proposed mechanism for Cu(lI)-catalyzed oxidation.

;s Conclusions

In conclusion, we have developed a highly efficient and practical
organic solvent-free Cu(OAc),/DMAP/TEMPO catalyst system

This journal is © The Royal Society of Chemistry [year]
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for the selective oxidation of benzylic and allylic alcohols to
aldehydes and phenones under ambient air atmosphere. A wide
range of substrates which even contained phenolic hydroxyl,
amino, and methylthio functional groups could be transformed
into corresponding aldehydes with no trace of over oxidized
carboxylic acids. The aerobic oxidative imine synthesis from
benzyl alcohol and amines were achieved by employing the
newly developed catalyst system. 100 g-scale reactions for
aldehyde and imine formation were achieved in higher than 90%
yield with low catalyst loading in 36 hours. To our best of
knowledge, this is the most convenient way to synthesize these
kinds of compounds in lab. The more detailed mechanism and
synthetic applications of this new developed catalyst system are
currently under investigation.

Experimental

General

All the chemicals and solvents were obtained from commercial
and used without further purification. Column
chromatography purifications were performed using 300-400
mesh silica gel. Reactions were monitored by thin-layer
chromatography (TLC) carried out on 0.2 mm huanghai silica gel
plates (HSGF-254) using UV light as visualizing agent. NMR
spectra were recorded on Bruker DRX—400 instruments and
calibrated using residual solvent peaks as internal reference.

sources

General procedures for synthesis of aldehydes

A mixture of alcohol (1 mmol, 1.0 eq), Cu(OAc), (1.8 mg, 0.01
eq), DMAP (2.4 mg, 0.02 eq) and TEMPO (1.5 mg, 0.01 eq) in a
15 mL glass tube (under air atmosphere) was heated and stirred at
25 °C for 24 hours. The reaction mixture was cooled to rt, and
concentrated in vacuo. The resulting residue was purified by
column chromatography on silica gel to give the aldehyde.

Benzaldehyde(1a) 'H NMR (400 MHz, CDCI3) & = 10.01 (s, 1H),
7.90 — 7.84 (m, 2H), 7.65 — 7.59 (m, 1H), 7.52 (dd, J = 7.9, 7.1 Hz, 2H).
3C NMR (101 MHz, CDCI3) § = 192.49, 136.47, 134.55, 129.82, 129.08.

General procedures for synthesis of imines

A mixture of alcohol (1 mmol, 1.0 eq), amine (1.2 mmol, 1.2
eq), Cu(OAc), (1.8 mg, 0.01 eq), DMAP (2.4 mg, 0.02 eq) and
TEMPO (1.5 mg, 0.01 eq) in a 15 mL glass tube (under air
atmosphere) was heated and stirred at 110 °C for 24 hours. The
reaction mixture was cooled to rt, and concentrated in vacuo. The
resulting residue was purified by column chromatography on
silica gel to give the imine. The silica gel column was leached
by= eluent (PE : Et;N = 100:1) at first.

N-Benzylideneaniline (4a) 'H NMR (400 MHz, CDCly) & = 8.45
(s, 1H), 7.91 (dd, J=6.5, 3.1 Hz, 2H), 7.51 — 7.44 (m, 3H), 7.40 (dd,
J=10.6, 4.9 Hz, 2H), 7.27 — 7.17 (m, 3H). *C NMR (101 MHz, CDCl;) &

=160.56, 152.20, 136.33, 131.51, 129.28, 128.94, 128.90, 126.07, 120.99.

Procedures for synthesis of benzaldehyde on mole-scale

A mixture of benzyl alcohol (1 mol, 1.0 eq), Cu(OAc), (900
mg, 0.005 eq), DMAP (1200 mg, 0.01 eq) and TEMPO (750 mg,
0.005 eq) in a 250 mL round-bottomed flask (under air
atmosphere) was heated at 80 °C for 36 hours. After the reaction
was finished, the reaction mixture was extracted with n-pentane

(5 x 250 mL). The combined n-pentane phase was concentrated

in vacuo. The yield was determined by GC using tridecane as an
s internal standard and the residue was purified by vacuum

distillation to afford benzaldehyde (87% isolated yield).

Procedures for synthesis of N-Benzylideneaniline on mole-
scale
70
A mixture of benzyl alcohol (1 mol, 1.0 eq), aniline (1.2 mol,
1.2 eq), Cu(OAc), (900 mg, 0.005 eq), DMAP (1200 mg, 0.01 eq)
and TEMPO (750 mg, 0.005 eq) in a 500 mL round-bottomed
flask (under air atmosphere) was heated at 110 °C with a decantor
75 for 36 hours before it was quenched by NH,4Cl1 (250 mL, sat. aq.).
The layers were separated and the aqueous layer was extracted
with EtOAc (3 x 250 mL). The combined ethyl acetate phase was
concentrated in vacuo. The yield was determined by GC using
tridecane as an internal standard and the residue was purified by
so recrystallization (ethyl acetate/ n-pentane, three times) to afford
N-benzylideneaniline (80% isolated yield).
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Abstract
room temperature A highly efficient and practical organic solvent-free
open air, solvent-free Cu(OAc),/DMAP/TEMPO catalyst system for the selective
OH o aerobic oxidation of benzylic and allylic alcohols to
©/\ ©/\ aldehydes and phenones under ambient air atmosphere was
catalyst: reported. A wide range of functional groups such

1 mol% Cu(OAc),
2 mol% DMAP
1 mol% TEMPO

asphenolic hydroxyl, amino, and methylthio are compatible
with the catalyst system.The organic solvent-free aerobic
oxidative imines synthesis from benzylalcohol and amines were also achieved via the new developed
Cu(OAc),/DMAP/TEMPO catalyst. 100g-scale reactions for aldehyde and imine formation were achieved over
90% yield with 0.5mol% catalyst loading in 36 hours, presenting a potential valuable protocol in both economical

and environmental consideration.
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