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Introduction

The oxidation of alcohols to aldehydes and ketoizes
fundamental reaction in synthetic chemistry whicdditionally
relies on stoichiometric hazardous reagents suclCrégl) or
Mn(VIl) derivatives' The environmental concerns prompted
chemists to develop green methods. Much attentarbleen paid
to the biomimetic copper/nitroxyl-radical-catalyzexidation, in
which molecular oxygen is used as the terminal anxid First
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DMF proved to be the best solvent for this oxidat{@able 1,
entries 10 and 12).

Table 1 The optimization of copper-catalyzed alcohol
oxidation?

reported in 1966 this kind of oxidation began to draw interest ir

1984 when Semmelhack and coworkers demonstratet tha

Cu/TEMPO (TEMPO=2,2,6,6-tetramethylpiperidine N-a&j
was an efficient system for alcohol oxidatib@hemoselective
oxidation of primary alcohols was achieved in sabgroups’
However, the oxidation of secondary alcohols is enor
challenging. While efficient protocols have beenveleped,
expensive nitroxyl radicals such as ABNO or AZAD8vh to be
used instead of TEMP®O.Recently, Ding and coworkers
developed a Cul/L-proline-based system, which cqridmote
the oxidation of both primary and secondary beafybhols®

In the past few decades,
applications in medicinal chemistfy, material chemistr{,
coordination chemistry, organocatalysi¥ and biological
science! We have synthesized a series of different heteteey
substituted tetrazoles (Figure ML1-L11).*? Herein, we report
their application as efficient N,N-bidentate liganah copper-
catalyzed aerobic oxidation of alcohols at roomgerature.

tetrazoles have found wide

QH Copper, L1, TEMPO, Base Q
Solvent, rt O)\/
1a 1b
Entry Copper  Solvent Base Time(h) Yield (%)

1 CuBp DMF KOtBu 12 15
2 CusSQ DMF KOtBu 12 17
3 CuOAc DMF KQBu 12 22
4 CuBr DMF KQBu 12 55
5 Cul DMF KQBu 12 64
6 CuOTf DMF KQBu 12 73
7 CuOTf DMF KaBu 12 38
8 CuOTf DMF - 12 <5
9 CuOTf DMF KOH 12 <5
CuOTf  Toluene K@Bu 12 15

11 CuOTf THF KQ@Bu 12 22
12 CuOTf  CHCN KOtBu 12 21

#Reaction conditions: 3-phenyl-1-propanol (2 mmatypper salt (0.1 mmol),
TEMPO (0.1 mmol), L1 (0.1 mmol), KiBu (2 mmol), DMF (5ml).
®|solated yield.

N-
@—Q N /_ N “ ¢ KOtBu (1 mmol) was used.
=N Il:l| N ” With the optimized conditions, other tetrazole tida (2-
L1 L2 L12) were also tested and the results were summaitizédble
,N N\ \"‘N </:N>_<,N‘N 2. Compared with L-proline, moderate to high yield&re
&:N N-NH =N NN obtained with all ligands in which the commerciallyailable
L3 L4H (S)-5-(pyrrolidin-2-yl)-1H-tetrazole L(12) was the best one. It
N-N N N was found that the alcohol could be fully converteithin 1h
@—Q N / —\\__q N when L12 was used. Similar yield was achieved when the
N(—) II:II @IN H—N reaction was done in gram scale quantity (Tabengy 15).
L5 L6 Table 2 Screening of Tetrazole Ligands.
S NN 0 S. NN OH 5%CuOTf, 5%Ligand 0
IR I G 5%TEMPO, 1 equiv. KOtBu _
L7H g H DMF, rt (j)v
O N O N 1a 1b
©[N/>_</NN /@[N/HNN Entry Ligand Time Yield (96)
Lo H d L10 H 1 - 12 <5
H NN NN 2 L-proline 12 29
Q:I\I/HN'N N H'N 3 L1 12 73
L11H L12 4 L2 12 46
Figure 1. L1-L11, tetrazole ligands synthesized in our 5 L3 12 45
laboratory ; L12, a commercially available ligand. 6 L4 12 42
7 L5 12 51
Results and discussion 8 L6 12 55
A simple benzylic sencondary alcohol, 3-phenyl-mf_pmol 9 L7 12 52
(la) was chosen as the model substrate while 5-(2-
pyridyl)tetrazole (1) was selected as the ligand. Compared to 10 L8 12 65
Cu(ll), the use of Cu(l) as the copper source gdheted to 11 L9 12 47
higher yields, and the highest yield was obtainddenv the 12 L10 12 50
noncoordinating CuOTf was used (Table 1, entrieg).1A
stoichiometric amount of strong base such as KOtEas 13 L11 12 52
essential for the reaction (Table 1, entries 6 @pdDifferent 14 L12 1 99

solvents such as toluene, THF or LMl were also tried, and



15 L12 15 97

#Reaction conditions: 3-phenyl-1-propanol (2 mm&)OTf (0.1 mmol),

TEMPO (0.1 mmol), Ligand (0.1 mmol), KBu (2 mmol), DMF (5ml).

® Isolated yield.

¢ Reaction conditions: 3-phenyl-1-propanol (10 mMmBuOTf (0.5 mmol),
TEMPO (0.5 mmol), Ligand (0.5 mmol), KBu (10 mmol), DMF (25ml).

We next explored the substrate scope. Secondargyben
alcohols bearing either electron-donating or eteetr
withdrawing group could be oxidized to the corresfing
ketones in nearly quantitative yield (Table 3, iestrl-4). Ary
and alkyl halogens were tolerated (Table 3, entrte8).
Naphthyl alcohols could also be oxidized (Tabler®ries 10 and
11). When bulky groups were introduced to the sabst longer
reaction time was needed and slightly lower yieldse obtained
(Table 3, entries 8, 9, and 12-14). Substrate bgamiline group
was oxidized to the corresponding ketones in madeyéeld
(Table 3, entry 15). In comparison, the oxidatidnaa allylic
alcohol was much faster and excellent product yields
achieved (Table 3, entry 16). Heterocyclic alcohsiech as
furanyl and thiophenyl alcohols were also easilidized to the
corresponding ketones, although prolonged timeneqsired for
the oxidation of pyridinyl alcohols (Table 3, eesi 17-20).
While the oxidation of benzyl and similar alcohqsoceeded
well, aliphatic alcohols were not suitable subsg@fable 3,
entries 21 and 22). This observation was in accmeavith what
Ding et al describéd

Table 3 Oxidation of secondary alcohols to ketofies.

5%CuOTf, 5%L12
OH  5%TEMPO, 1 equiv. KOtBu 0

R1 R2 R1 RQ
1 DMF,rt 2
R1,R2= Aryl-, Alkyl
Entry Substrate Product Time(h)  Yield (%)
OH
0
1 2b 1 99
1b
OH
2 /©/\ 2c 1 99
1c
OH
3 Q)\ 2d 15 96
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FsC ©
le
OH

3
5 @2\ of 1 96
F

1f

~

Q

10

12

13

14

15

16

17

@)
O
E I

&
O
I

Q

=

E u
=

=

¥

o
I

i

1

©)
T

5

im

05@\
T e

&

5)
)]
I

.

N

o
T

29

2h

2

2

2k

2

2m

2n

20

2p

2q

2r

0.5

0.5

12

0.5

0.5

97

97

95

95

97

97

95

93

91

78

99

97




4 Tetrahedron

7\ OH OH
18 S 25 0.5 95 5 s 15 o5

1s F
OH s
S /©/\OH
19 N 2t 5 89 6 Br pr 1 %6
1t 3f
B OH
Z 7 1 98
20 N OH 2u 12 75 9
3g
1u OH
4 S
8 O 4h 1 93
21 2v 12 -
3h
1v
N
OH WQH
O/ 9 4 1 98
22 2w 12 -
3i
w
[ )_oH
#Reaction conditions: secondary alcohol (2 mmol)TH(0.1 mmol), 10 9) 4 15 95
TEMPO (0.1 mmol), L12 (0.1 mmol), KBu (2 mmol), DMF (5ml). )
® |solated yield. 3
The oxidation of primary alcohols was also investisgl. The @\/OH
reaction was found to be best performed iGN with catalytic 11 S 4k 2 96
DMAP as base. A variety of benzyl aldehydes wersilya %
prepared (Table 4, entries 1-8). Allylic alcohol swalso
successfully oxidized to the desired aldehyde @ablentry 9). | X" "OH
Alcohols derived from oxygen-, nitrogen-, and stifontaining 12 N a 12 73
heterocycles are also suitable substrates (Taldatdes 10-12).
Aliphatic primary alcohols were also oxidized toetllesired 3l
aldehydes, despite the low to moderate yields @dblentries
N OH
13-14).
13 4m 12 75
Table 4 Oxidation of primary alcohols to aldehydes. am
OH 5%CuOTf, 5%L12
5%TEMPO, 5%DMAP )(z AN0H
R H CHaCN, rt R H 14 4n 12 63
R= Aryl-, Alkyl 3n
Entry Substrate Product  Time(h)  Yield (%) #Reaction conditions: primary alcohol (2 mmol), Gf@.1 mmol),
OH TEMPO (0.1 mmol), L12 (0.1 mmol), DMAP (0.1 mmaQHCN (5ml).
1 ©/\ 4a 1 95 ® |solated yield.
3a Based on above experiments and the recent literatar
mechanism was proposed (Scheme 1). The initial istelpdes
OH the formation of copper alkoxida. It was oxidized by @to
2 ~O b 1 97 form superoxideB, which abstracted a hydrogen radical from
O. TEMPOH to generat€. C reacted with water to give,B, and
3b D. After subsequent condensation with the alcohdissate,
copper alkoxo E was formed, which could afford the
OH corresponding ketone upon the transfer of a hydragéical to
~ TEMPO, along with the regenerationAdfand TEMPOH.
3 l}l 4c 1 95
Conclusion
3
¢ In summary, we have developed an efficient methardttie
g OH copper-catalyzed aerobic oxidation of alcohols atonrt
4 NC 4d 25 90 temperature. Using this protocol, a series of loetele-
substituted tetrazoles were used as ligands an8-(Byrrolidin-
3d 2-yl)-1H-tetrazole was the best ligand. Although the reactias

not compatible for aliphatic secondary alcohols, nZy



secondary alcohols could be oxidized to the comedmg
ketones in moderate to high yields. In additionthbeenzyl and
aliphatic primary alcohols were oxidized under wopted
conditions.

R' . OH
R’J“OH{N)L

Cu()OTf

L12 l KO{Bu

N=N .
NN RIR NeN, 00
N N\Cuu’o &N/ \OtBu
AEN B OH
N E OfBu \_N_/
H,0
; 34
N=N N=N N
RTOH NON. OH Ny N, i@ OF
u

%02 + Hzo‘J—]—CU H202 H20

Scheme 1 Proposed mechanism for the copper/(S)-5-
(pyrrolidin-2-yl)-1H-tetrazolee/TEMPO catalyzed oxidation
of alcohols.

Experimental section
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under vacuum. The residue was then diluted withG@H5 ml)
and filtered through a plug of silica gel to affotfde desired
product.

Propiophenone (2a)** Yellow liquid; "H NMR (300 MHz,
CDCl,) 5 8.01-7.90 (m, 2H), 7.55 (8,= 7.3 Hz, 1H), 7.45 (1 =
7.4 Hz, 2H), 3.00 (g) = 7.2 Hz, 2H), 1.22 (t) = 7.2 Hz, 3H).
¥C NMR (75 MHz, CDC)) 6 200.39, 136.52, 132.50, 128.18,
127.58, 31.38, 7.85.

1-(3-Methoxyphenyl)ethanone (2b)* Yellow liquid; '"H NMR
(300 MHz, CDC}) 6 7.56 — 7.50 (m, 1H), 7.48 (s, 1H), 7.36Xt,
= 7.9 Hz, 1H), 7.10 (ddl = 8.2, 2.6 Hz, 1H), 3.85 (s, 3H), 2.59
(s, 3H)."*C NMR (75 MHz, CDCJ) 6 197.57, 159.44, 138.11,
129.22, 120.76, 119.22, 111.99, 55.04, 26.36.
4-Methylacetophenone (2¢)* Colourless liquid'H NMR (300
MHz, CDCk) 5 7.87 (d,J = 8.2 Hz, 2H), 7.33-7.21 (m, 2H), 2.59
(s, 3H), 2.42 (s, 3H)°C NMR (75 MHz, CDC}) § 197.08,
143.19, 134.01, 128.59, 127.79, 25.85, 20.95.
1-(3-Nitrophenyl)ethanone (2d)'® White crystal; mp 78-78C (lit.
78-79°C); 'H NMR (300 MHz, CDCJ) 5 8.77 (s, 1H), 8.43 (dd,
J=8.1, 1.1 Hz, 1H), 8.29 (d,= 7.7 Hz, 1H), 7.69 (J = 8.0 Hz,
1H), 2.69 (s, 3H)™*C NMR (75 MHz, CDC}) § 195.41, 137.79,
133.50, 129.60, 127.01, 122.75, 26.36.
1-(4-(Trifluoromethyl)phenyl)ethanone (2e)*” Colourless liquid;
'H NMR (300 MHz, CDC}) 5 8.06 (d,J = 8.1 Hz, 2H), 7.74 (d]
= 8.2 Hz, 2H), 2.65 (s, 3H}*C NMR (75 MHz, CDCJ) &
197.58, 140.22, 134.69, 129.20, 126.20, 27.28.
4-Fluoroacetophenone (2f)'® Colourless liquid*H NMR (500
MHz, CDCk) 5 8.00 (ddJ = 8.7, 5.5 Hz, 2H), 7.14 (§,= 8.6
Hz, 2H), 2.60 (s, 3H)"°C NMR (126 MHz, CDG))  196.39,
166.71, 164.69, 133.56, 130.93, 130.86, 115.65.4B126.42.
1-(4-Chlor ophenyl)ethanone (2g)™® Colourless liquid*H NMR
(300 MHz, CDC}) 5 7.90 (d,J = 8.6, 2H), 7.44 (dJ = 8.6, 2H),
2.59 (s, 3H)*C NMR (75 MHz, CDC}) 5 196.68, 139.40,
135.28, 129.61, 128.75, 26.46.

1-(3-Bromophenyl)ethanone (2h)*® Colourless liquid*H NMR
(500 MHz, CDC}) 6 8.10 (s, 1H), 7.89 (dl = 7.8 Hz, 1H), 7.71
(d,J=7.9 Hz, 1H), 7.36 () = 7.9 Hz, 1H), 2.61 (s, 3H}’C
NMR (126 MHz, CDC}) & 196.60, 138.77, 135.93, 131.32,
130.19, 126.85, 122.92, 26.59.

General Experiments: Ligands L1-L11 were synthesized 1-(3-iodophenyl)ethanone (2i)*° Colourless liquid*H NMR (500
according to the literatur.Other reagents were purchased fromMHz, CDCk) § 7.96 (m, 1H), 7.48 (m, 1H), 7.43 (m, 1H), 7.14

commercial suppliers and used without purificatiddMR
spectra were obtained with a Bruker Avance 500tspeeter or
Bruker Avance 300 spectrometer. Flash column chtography
was performed by employing 200-300 mesh silica §eC was
performed with silica gel HSGF254.

The Oxidation of Secondary Alcohals.

A round-bottom flask was charged with alcohol (2 olyn
CuOTf (0.1 mmol, 0.05 eq) (S)-5-(pyrrolidin-2-ylHitetrazole
(0.2 mmol, 0.05 eq), TEMPO (0.1 mmol, 0.05 egBuOK (2
mmol, 1 eq) and DMF (5ml). The reaction mixture séisred at
25°C open to air until the completion of the reacticas
monitored by TLC. The mixture was then diluted wiEt,Cl,
(20 ml), washed with water, dried over JS&),, and evaporated
under vacuum to give the crude product, which wasfipd by
column chromatography to give the pure product.

The Oxidation of Primay Alcohols.

A round-bottom flask was charged with alcohol (2 olyn
CuOTf (0.1 mmol, 0.05 eq) (S)-5-(pyrrolidin-2-ylHitetrazole
(0.1 mmol, 0.05 eq), TEMPO (0.1 mmol, 0.05 eq), DR1£0.15
mmol, 0.075 eq) and GEN (5ml). The reaction mixture was
stirred at 28C open to air until the completion of the reactias,
monitored by TLC. After completion, GBN was evaporated

(m, 1H), 2.63 (s, 3H)*C NMR (126 MHz, CDGJ) § 201.80,
144.04, 140.89, 131.83, 128.33, 128.08, 90.96,29.5
Phenacyl bromide (2j)?° White solid; mp 45 °C (lit. 47-48 °C);
*H NMR (300 MHz, CDCJ) & 8.00 (d,J= 7.3, 2H), 7.82 (m,
1H), 7.52 (m, 2H), 4.47 (s, 2HFC NMR (75 MHz, CDCY) &
191.20, 133.91, 128.82, 31.07.

1-Acetonaphthone (2k)?* Colourless liquid*H NMR (300 MHz,
CDCly) 5 8.76 (d,J=8.4 Hz, 1H), 7.99 () = 6.8 Hz, 1H), 7.91
(dd,J=20.0, 7.5 Hz, 2H), 7.68-7.42 (m, 3H), 2.75 (s).3fC
NMR (75 MHz, CDC}) § 202.02, 135.43, 134.14, 133.27,
130.32, 129.04, 128.64, 128.26, 126.63, 126.22,562480.14.
2-Acetyl-6-methoxy naphthalene (21)** White solid; mp 106-
107 °C (lit. 106-107 °C)*H NMR (300 MHz, CDCJ) & 8.38 (s,
1H), 7.99 (dJ = 8.7 Hz, 1H), 7.84 (d] = 8.9 Hz, 1H), 7.75 (d]
= 8.6 Hz, 1H), 7.28-7.08 (m, 2H), 3.93 (s, 3H),8(6, 3H).°C
NMR (75 MHz, CDC}) 6 197.50, 159.39, 136.93, 132.18,
130.78, 129.75, 127.43, 126.76, 124.26, 119.37,38)%55.06,
26.22.

Benzophenone (2m)?* White solid; mp 49-51 °C (lit. 47-48 °C);
'H NMR (300 MHz, CDCJ) § 7.80 (m, 4H), 7.58 (m, 2H), 7.49
(m, 4H).**C NMR (75 MHz, CDCJ) § 196.67, 137.50, 132.37,
129.99, 128.22.

2,3-Dihydro-1H-inden-1-one (2n)* Yellow solid; mp 38-38C
(lit. 37.5-38.5°C); *H NMR (300 MHz, CDCJ) § 7.76 (d,J = 7.7
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Hz, 1H), 7.59 (tJ = 7.3 Hz, 1H), 7.48 (d] = 7.7 Hz, 1H), 7.37
(t, J=7.4 Hz, 1H), 3.25 -3.01 (m, 1H), 2.88-2.48 (m)1¥C
NMR (75 MHz, CDC}) & 206.96, 155.03, 136.88, 134.45,
127.10, 126.56, 123.50, 36.04, 25.63.
3,4-Dihydronaphthalen-1(2H)-one (20)** Colourless liquid*H
NMR (300 MHz, CDC}) & 8.13-7.92 (m, 1H), 7.47 (m, 1H),
7.42-7.16 (m, 2H), 2.97 (8,= 5.5 Hz, 2H), 2.66 (M, 2H), 2.25-
2.02 (m, 2H)*C NMR (75 MHz, CDCJ) § 198.13, 144.28,
133.17, 132.35, 128.57, 126.87, 126.37, 38.94,8223.07.
2-Aminoacetophenone (2p)*° Colourless liquid'H NMR (500
MHz, CDCk) 5 7.73 (d,J = 8.0 Hz, 1H), 7.28 (m, 1H), 6.67 (m,
2H), 6.30 (br, 2H), 2.59 (s, 3HY'C NMR (126 MHz, CDG)) &
200.76, 150.36, 134.39, 132.05, 118.19, 117.24,6B127.83.
3-Methyl cycl ohex-2-enone (2q)*° Colourless liquid*H NMR
(500 MHz, CDC}) 5 5.89 (s, 1H), 2.39-2.32 (m, 2H), 2.29J&
6.0 Hz, 2H), 2.05-1.98 (m, 2H), 1.97 (s, 3HC NMR (126
MHz, CDCL) 5 199.56, 162.76, 126.51, 36.91, 30.84, 24.35,
22.47.
2-Acetylfuran (2r)? Yellow liquid; '"H NMR (300 MHz, CDCJ))
87.59 (s, 1H), 7.19 (d} = 3.5 Hz, 1H), 6.55 (m, 1H), 2.49 (s,
3H).*C NMR (126 MHz, CDCJ) 5 186.66, 152.75, 146.41,
117.24,112.20, 25.91.
2-Acetylthiophene (25)*” Colourless liquid*H NMR (300 MHz,
CDCly) 6 7.71 (d,J = 3.7 Hz, 1H), 7.65 (d] = 4.9 Hz, 1H), 7.19-
7.07 (m, 1H), 2.58 (s, 3HY*C NMR (126 MHz, CDG)) &
190.70, 144.52, 133.79, 132.54, 128.15, 26.86.
3-Acetylpyridine (2t)*® Colourless liquid*H NMR (500 MHz,
CDCly) 5 9.18 (d,J=1.3 Hz, 1H), 8.90-8.68 (m, 1H), 8.25 (b
8.0 Hz, 1H), 7.44 (dd] = 7.9, 4.8 Hz, 1H), 2.66 (s, 3HyC
NMR (126 MHz, CDC}) & 196.63, 153.40, 149.80, 135.35,
132.15, 123.53, 26.60.
2-Acetylpyridine (2u)* Colourless liquid*H NMR (500 MHz,
CDCly) 6 8.71 (d,J = 4.5 Hz, 1H), 8.06 (d] = 7.8 Hz, 1H), 7.85
(m, 1H), 7.49 (m, 1H), 2.75 (s, 3HJC NMR (126 MHz, CDG))
8199.85, 153.45, 148.87, 136.70, 126.97, 121.4%5125
Benzaldehyde (4a)* Colourless liquid*H NMR (300 MHz,
CDCly) 6 10.03 (s, 1H), 7.88 (m, 2H), 7.64 (m, 1H), 7.54 (m
2H).™C NMR (75 MHz, CDC}) § 192.30, 134.40, 129.68,
128.96.
3,4-Dimethoxybenzal dehyde (4b)* White solid; mp 45-47C (lit.
42-45°C);'H NMR (500 MHz, CDC}) 5 9.88 (s, 1H), 7.48 (dd,
= 8.2 Hz, 1.9 Hz, 1H), 7.43 (d,= 1.8 Hz, 1H), 7.00 (d] = 8.2
Hz, 1H), 3.99 (s, 3H), 3.97 (s, 3HYC NMR (126 MHz, CDG))
8190.83, 154.45, 149.58, 130.10, 126.80, 110.38,9110 56.14,
55.95.
4-Dimethyl aminobenzal dehyde (4c)** White solid; mp 72-78C
(lit. 71-71.5°C); "H NMR (300 MHz, CDC}) § 9.74 (d,J= 2.5
Hz, 1H), 7.74 (ddJ = 9.2, 2.3 Hz, 2H), 6.71 (dd,= 9.2, 2.1 Hz,
2H), 3.21-2.95 (m, 7H):*C NMR (75 MHz, CDCJ) 5 189.98,
154.05, 131.67, 124.75, 118.75, 110.71, 39.78.
4-Formylbenzonitrile (4d)* White solid; mp 83-85C (lit. 80-81
°C); *"H NMR (300 MHz, CDC}) 5 10.10 (s, 1H), 8.02 (dd,=
7.3, 1.2 Hz, 2H), 7.87 (d,= 8.1 Hz, 2H)*C NMR (75 MHz,
CDCl,) § 190.47, 138.50, 132.68, 129.66, 117.50, 117.32.
3-Fluorobenzal dehyde (4e)* Colourless liquid*H NMR (300
MHz, CDCE) 5 9.99 (s, 1H), 8.33- 7.70 (m, 2H), 7.52-6.89 (m,
2H).C NMR (75 MHz, CDCJ) & 189.76, 167.43, 164.03,
132.24,131.53, 131.40, 115.71, 115.41.
4-bromobenzal dehyde (4f) ** White solid; mp 56-57C (lit. 57
°C); *"H NMR (300 MHz, CDC}) 5 9.95 (s, 1H), 7.71 (dd,=
13.2, 6.6 Hz, 4H)'*C NMR (75 MHz, CDCJ) 5 190.54, 134.50,
131.88, 130.43, 129.21.
2-Naphthal dehyde (4g)**White solid; mp 58-58C (lit. 58°C);

'H NMR (300 MHz, CDCJ) 5 10.38 (s, 1H), 9.25 (d,= 8.5 Hz,
1H), 8.07 (dJ = 8.2 Hz, 1H), 7.96 (d] = 7.0 Hz, 1H), 7.90 (dJ
= 8.1 Hz, 1H), 7.67 (ddl = 13.8, 6.1 Hz, 1H), 7.59 (4,= 7.3

Hz, 2H).*C NMR (75 MHz, CDCJ) 5 193.28, 136.48, 134.99,
133.38, 131.00, 130.16, 128.77, 128.22, 126.66,5824
1-Pyrenecarboxaldehyde (4h)* Yellow solid; mp 122-123C (lit.
120-123C); *H NMR (300 MHz, CDCJ) 5 10.72 (s, 1H), 9.33
(d,J=9.3 Hz, 1H), 8.36 (d] = 7.9 Hz, 1H), 8.23 (ddl = 5.9,
3.6 Hz, 3H), 8.16 (dJ = 8.6 Hz, 2H), 8.04 (dd] = 13.9, 8.2 Hz,
2H). ®C NMR (75 MHz, CDCJ) 5 192.64, 134.82, 130.66,
130.36, 130.14, 129.82, 126.68, 126.44, 126.14,9¥2323.79,
123.33, 122.33.

Phenylacrolein (4i)** Colourless liquid*H NMR (300 MHz,
CDCly) 8 9.71 (d,J = 7.7 Hz, 1H), 7.58 (dd] = 6.5, 2.9 Hz, 2H),
7.51 (s, 1H), 7.49-7.37 (m, 4H), 6.73 (dc; 15.9, 7.7 Hz, 1H).
%C NMR (75 MHz, CDCJ) § 191.45, 150.55, 131.77, 129.05,
126.88, 126.29.

2-Furfural (4j)**Colourless liquid*H NMR (300 MHz, CDCJ) §
9.68 (s, 1H), 7.70 (s, 1H), 7.26 (s, 1H), 6.77-§851H).°C
NMR (75 MHz, CDC}) § 177.78, 152.79, 148.08, 121.29,
112.55.

2-Thenaldehyde (4k)*° Colourless liquid*H NMR (300 MHz,
CDCly) 5 9.96 (s, 1H), 8.21-7.58 (m, 2H), 7.52-7.06 (m, 1f¢
NMR (75 MHz, CDC}) 6 182.47, 143.34, 135.90, 134.57,
127.78.

3-Pyridinecar boxal dehyde (4)*” Colourless liquid*H NMR (500
MHz, CDCE) 5 10.14 (s, 1H), 9.10 (d,= 1.3 Hz, 1H), 8.86 (dd,
J=4.7,1.2 Hz, 1H), 8.19 (dd,= 7.8, 1.7 Hz, 1H), 7.50 (dd,=
7.8, 4.9 Hz, 1H)**C NMR (126 MHz, CDGJ) § 190.75, 154.62,
151.89, 135.72, 131.32, 123.99.

3-Phenylpropanal (4m)*°Slightly Yellow liquid; '"H NMR (500
MHz, CDCL) 5 9.85 (s, 1H), 7.32 (1= 7.5 Hz, 2H), 7.23 (0 =
8.7 Hz, 3H), 2.99 (t) = 7.6 Hz, 2H), 2.81 (m, 2H}’C NMR
(126 MHz, CDC}) § 201.61, 140.34, 128.62, 128.48, 128.30,
126.32, 45.28, 28.13.

Octanal (5n)* Slightly yellow liquid; '"H NMR (300 MHz,
CDCly) 6 9.76 (s, 1H), 2.41 (t) = 7.5 Hz, 2H), 1.61 (m, 2H),
1.43-1.13 (m, 8H), 0.88 (l = 6.8 Hz, 3H).**C NMR (75 MHz,

CDCly) & 202.71, 43.72, 31.43, 28.94, 28.83, 22.39, 21.89,

13.84..
Acknowledgments

Financial supports by the the Priority Academic gPam
Development of Jiangsu Higher Education Instituigiq® APD)
and the National Nature Science Foundation of CI{M&FC)
(grant number 30870625) are gratefully acknowledged

References and notes

1. (a)Lee, D. G.; Stewart, R. Am. Chem. Soc. 1964, 86, 3051-3056;
(b) Collins, J. C.; Hess, W. W.; F. J. Frariletrahedron Lett.
1968, 9, 3363-3366; (c) Turner, D. LI. Am. Chem. Soc. 1954, 76,
5175-5176; (d) Highet, R. J.; Wildman, W. .Am. Chem. Soc.
1955, 77, 4399-4401.

2. Brackman, W.; Gaasbeek, C. J.; Smit, PR&cl. Trav. Chim.
Pays-Bas. 1966, 85, 437-445.

3.  Semmelhack,M. F.; Schmid, C. R.;Cortés,D. A.;Ch6u,S. J.
Am. Chem. Soc. 1984, 106, 3374-3376.

4. (a) Gamez, P.; Arends, I. W. C. E.; Reedijk, J.el8bn, R. A.
Chem. Commun. 2003, 2414-2415; (b) Kumpulainen, E. T. T.;
Koskinen, A. M. P.Chem. - Eur. J. 2009, 15, 10901-10911; (c)
Hoover, J. M.; Stahl, S. 9. Am. Chem. Soc. 2011, 133, 16901-
16910.

5. (a) Steves, J. E.; Stahl, S.3Am. Chem. Soc. 2013, 135, 15742-
15745. (b) Sasano, Y.; Nagasawa, S.; YamazakiSkihuya, M.;
Park, J.; lwabuchi, YAngew. Chem. Int. Ed. 2014, 53, 3236-3240.

6. Zhang, G.; Han, X.; Luan, Y.; Wang, Y.; Wen, Xiijng, C.
Chem. Commun. 2013, 49, 7908-7910.

7. (a) Herr, R. J. Bioorg. Med. Chen2002, 10, 3379-3393; (b)
Myznikov, L.V.; Hrabalek, A.; Koldobskii, G. I.Chem.
Heterocycl. Compd. 2007, 43, 1-9.



10.

11.

12.

13.

14.
15.

16.

17.

19.

20.

21.

22.
23.

(a) Zhao, H.; Qu, Z.; Ye, H.; Xiong, Rhem. Soc. Rev. 2008, 37,
84-100; (a) He, M,; Li, J.; Tan, S.; Wang, R.; ZbaiY. J. Am.
Chem. Soc. 2013, 135, 18718-18721; (c) Xiong, R.; Xue, X
Zhao, H.; You, X.; Abrahams, B. F.; Xue, Zngew. Chem. Int.
Ed. 2002, 41, 3800-3803.

(a) Aromi, G.; Barrios, L. A.; Roubeau, O.; Gamé&z,Coord.
Chem. Rev. 2011, 255, 485-546; (b) Ouellette, W.; Liu, H.;
O'Connor, C. J.; Zubieta, khorg. Chem. 2009, 48, 4655-4657.
(a) Momiyama, N.; Torii,H.; Saito, S.; Yamamoto, Ptoc. Natl.
Acad. Sci. 2004, 101, 5374-5378; (b) Yamamoto, Y.; Momiyama,
N.; Yamamoto, HJ. Am. Chem. Soc. 2004, 126, 5962-5963; (c)
Funabiki, K.; Itoh, Y.; Kubota, Y.; Matsui, MJ. Org. Chem,
2011, 76, 3545-3550;

(@) Yu, Z.; Ho, Y. L.; Lin, Q.J. Am. Chem. Soc. 2011, 133,
11912-11915; (b) Yu, Z.; Ohulchanskyy, T. Y.; An; Prasad, P.
N.; Lin, Q.J. Am. Chem. Soc. 2013, 135, 16766-16769.

Xie, A.; Cao, M.; Liu, Y.; Feng, L.; Hu, X.; Wei, .lEur. J. Org.
Chem. 2013, 436-441.

linuma, M.; Moriyama, K.; Togo, HTetrahedron. 2013, 69,
2961-2970.

Mo, J.; Xu, L.; Xiao, JJ. Am. Chem. Soc. 2005, 127, 751-760.
Olah, G. A,; Forsyth, D. AJ. Am. Chem. Soc. 1975, 97, 3137-
3141.

Gopalakrishnan, M.; Sureshkumar, P.; KanagarajanThanusu,
J. Catal. Commun. 2005, 6, 753-756.

Chu, L.; Qing, FOrg. Lett. 2010, 12, 5060-5063.

Tang, P.; Ritter, TTetrahedron. 2011, 67, 4449-4454.

Vogl, M.; Kratzer, R.; Nidetzky, B.; Brecker, lOrg. Biomol.
Chem. 2011, 9, 5863-5870.

Pravst, I.; Zupan, M.; Stavber, Setrahedron, 2008, 64, 5191-
5199.

Liu, M.; Hyder, Z.; Sun, Y.; Tang, W.; Xu, Li.; Xoa Org.
Biomol. Chem. 2010, 8, 2012-2015.

Somogyi.J. Heterocycl. Chem. 2007, 44, 1235-1246.

Nakamura, S.; Sugimoto, H.; OhwadaJTOrg. Chem. 2008, 73,
4219-4224.

24.
25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

7

Mori, N.; Togo, H.Tetrahedron. 2005, 61, 5915-5925.

Clennan, E. L.; Zhang, D.; Singleton, Bhotochem. Photobiol.
2006, 82, 1226-1232.

Mu, X.; Zou, J.; Qian, Q.; Zhang, WDrg. Lett. 2006. 8, 5291-
5293.

Wang, X.; Wang, D. ZTetrahedron. 2011, 67, 3406-3411.
Arvela, R. K.; Pasquini, S.; Larhed, M. Org. Chem. 2007, 72,
6390-6396.

Nobuta, T.; Hirashima, S.; Tada, N.; Miura, T.;hité\. Org. Lett.
2011, 13, 2576-2579.

Hajipour, A. R.; Zahmatkesh, S.; Ruoho, A. $nth. Commun.
2006, 36, 71-76.

Campaigne, E.; Archer, W. L. Am. Chem. Soc. 1953, 75, 989-
991.

Olivera, R.; SanMartin, R.; Dominguez, E.; Solaxs,Urtiaga, M.
K.; Arriortua, M. 1.J. Org. Chem. 2000, 65, 6398-6411.

Wang, Y.; Zhao, H.; Hu, Z.; Kimura, M.; Zhang, Zeng, L.;
Hiratsuka, K.Synthesis. 2011, 2, 287-291.

Suzuki, T.; Morita, K.; Tsuchida, M.; Hiroi, KJ. Org. Chem.
2003, 68, 1601-1602.

Ueda, T.; Konishi, H.; Manabe, Kingew. Chem. Int. Ed. 2013,
52, 8611-8615.

Cirpan, A,; Rathnayake, H. P.; Lahti, P. M.; Karafz E. J.
Mater. Chem. 2007, 17, 3030-3036.

Layek, K.; Maheswaran, H.; Arundhathi, R.; Kantam, L.;
Bhargava, S. KAdv. Synth. Catal. 2011, 353, 606-616.

Supplementary Material

Copies of'H and"*C NMR spectra of all the products.

Click here to remove instruction text...




Supporting Information

Heterocyclic Tetrazole Ligands for Copper-catalyzed Aerobic Oxidation of

Alcohols at Room Temper ature

Yangyang Liu, Aming Xie, Junjian Li, Xiao Xu, Weidhg and Boliang Wang*

School ofChemical Engineering, Nanjing University of Scieacel Technology,
Nanjing 210094, P. R. China

Table of Contents
Spectral Data O2.............ccccoveviviiiece e S2-S22

Spectral Data Of.............cccooviiiiiiceece e S22-S36

S1



Propiophenone 2a

38000
36000
34000
{-32000
30000
28000
26000
24000
22000
20000
[~18000
16000
14000
12000
10000
|-8000

6000

4000

2000

2000

450

400

=250

F200

F150

100

50

T T T T T T T T T T T T T T T T T T T T T T T
220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 0 60 50 40 30 20 10 0
£1 (ppm)



1-(3-Methoxyphenyl)ethanone (2b)

{-32000
30000
28000
26000
24000
22000
{20000
18000
16000
14000
12000
10000
8000

6000

4000

2000

T T T
1.5 1L0 105 100 95 9.0 &5 &0 7.5 7.0 &5 60 &5 650 45 40 35 30 25 20 L5 L0 0.5 00
1 (ppm

F170
160
r150
140
r130
F1z20
Fii0

100

20

=30

T T T T T T T T T T T T T T T T
250 240 230 220 210 200 180 180 170 160 150 140 130 120 110 100 SO 80 70 60 50 40 30 20 10 0 -10
£1 (ppm)



CCEPTED MANUSCRIP

4-Methylacetophenone (2c)
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1-(3-Bromophenyl)ethanone (2h)
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Phenacyl bromide (2))

1100
1000
Fo00
800
F700
600
F500

400

200

100

T T T T T T T T T T
3.3 12.5 1.3 10.5 9.5 9.0 &5 &0 73 T. 60 55 50 45 40 3.5 3.0 25 20 L3 L0 0.5 0.0

1100
1000
200
800
700
600
F500
400
F300
r200

100

T T T T T T T T T T T T T T T T T
250 240 230 220 210 200 180 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
£1 (ppm)

Sl1



1-Acetonaphthone (2k)
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2-Acetyl-6-methoxy naphthalene (21)
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2,3-Dihydro-1H-inden-1-one (2n)
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3,4-Dihydronaphthal en-1(2H)-one (20)
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3-Methylcyclohex-2-enone (2q)
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CCEPTED MANUSCRIP

2-Acetylfuran (2r)
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2-Acetylthiophene (29)

F170000
160000
150000

140000

110000
100000
90000
80000
[-70000
60000
|-50000
40000
30000
20000

10000

T T T
.0 105 10,0 95 90 &5 80 T3 T0 63 60 5.5 5.0 45 40 33 30 25 2.0 L5 L0 03 0.0
1 (ppm

r130
F120
Fii0

100

10

T T T T T T T T T T T T T T T T T T T T T T T
210 200 180 180 170 160 150 140 130 120 110 100 90 80 0 60 50 40 30 20 10 0 -10
£1 (ppm)

S20



CCEPTED MANUSCRIP

3-Acetylpyridine (2t)
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2-Acetylpyridine (2u)

1.0 105 10.0 95 0.0 &5 80 7.5 ¢ 65 60 66 50 45 40 35 30 25 20 L5 L0 05 0.0
£l (ppm)
Vv ! P W SLN ool P
T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 o -1
£1 (ppm)

S22

100000

[~90000

80000

F70000

60000

30000

{40000

30000

1-20000

10000

160

F150

140

r130

riz20

=110

100




Benzaldehyde (4a)
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3,4-Dimethoxybenzaldehyde (4b)

[-100000
90000
80000
70000
{60000
30000
40000
1-30000
20000

10000

240

F220

200

riso

|-160

rldo

120

F100

20

T T T T T T T T T T T T
210 200 180 180 170 160 150 140 130 120 110 100 90 80 0 60 50 40 30 20 10 0 -10
£1 (ppm)

S24



4-Dimethylaminobenzal dehyde (4c)
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4-Formylbenzonitrile (4d)
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3-Fluorobenzaldehyde (4€)
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4-bromobenzaldehyde (4f)

[-6000
[-3500
3000
4500

4000

3000
12500
2000
1500
1000

F500

1900
1800
1700
[~1600

1500

F1200
1100
1000
800
800
F700
600

500

400
f-300
200
f-100
WWMWMMN—,“*W vy “ gt vyt -0

T T T T T T T T T T T
200 180 180 170 160 150 140 130 120 110 100 80 80 0 60 50 40 30 20 10 0
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2-Naphthaldehyde (49)

A A

T T T T T T T T T T T T T T T T
250 240 230 220 210 200 180 180 170 160 150 140 130 120 110 100 90 80
£1 (ppm)

S29

70000

65000

60000

[-35000

30000

45000

40000

135000

30000

25000

20000

15000

[~10000

5000

800

800

700

600

F500

400

F300

r200

100




1-Pyrenecarboxaldehyde (4h)

{20000
19000
18000
17000
|-16000
15000
14000
13000
12000
11000
10000
9000
|-8000
F7000
6000
3000
4000
3000
2000

1000

1000

r1200

1100

1-1000

200

800

700

600

F500

F400

F300

200

F1lo0

=100

T T T T T T T T T T T T T T T T T
250 240 230 220 210 200 180 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
£1 (ppm)
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Phenylacrolein (4i)

L -

T T T T T T
250 240 230 220 210 200

T T T T T T T T T T
170 160 150 140 130 120 110 100 80  BO
£1 (ppm)
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8000

7500

|-7000

[-3500

[-3000

1-4500

4000

3500

2500

2000

F1500

1000

500

=500

3500

15000

4500

4000

3000

2500

2000

1500

1000

500




2-Furfural (4))

T T T
25 10,0 9.5 9.0 8.5 8.0 7.8 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.8 3.0 2.3 2.0 L3

L0 0.5 00
1 (ppm
| el I
LIl A N ) g
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£1 (ppm)
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200

800

F700

1-600

500

400

F300

r200

F1o0

F12000

{11000

{10000

9000

8000

7000

6000

3000

{-4000

3000

2000

1000

1000

-—2000




2-Thenaldehyde (4k)

2400
2200
2000
1800
|-1600
1400
1200
1000
800

600

400

r200

700

650

600

550

500

450

400

F350

F300

250

200

150

100

Hiy Ho
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100 190 180 170 160 150 140 130 120 110 100 a0 80 70 60 50 40 30 20 10 0
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CCEPTED MANUSCRIP

3-Pyridinecarboxal dehyde (41)

35000

45000

35000

25000

15000

10000

:
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240

r200

140

80

60

=40

20
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3-Phenylpropanal (4m)

T T T T
2.0 1.5 1.0 10.5 10.0 95 90 &5 80 75 T0 65 60 55 &0 45 40 35 30 25 20 1.5 LO 0.5 00

£ (ppm
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1 (ppm)
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12000
11000
[~10000
8000
8000
7000
1-6000
5000
4000
3000
2000

|-1000

1000

~-2000
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Octanal (5n)

T T
6.5 6.0
£1 (ppm)

T
7.0 5.5

A

130

T T T T T T T T T T T T T
1200 110 100 S0
£1 (ppm)
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250 240 230 220 210 200 180 180 170 180 150 140
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f-2600

2400

2200

2000

1-1800

1600

1400

r1200

1000

800

600

400

1200

1100

1000

Fo00

800

700

600

F500

400

200

100

100




