Supplementary Material (ESI) for Green Chemistry
This journal is © The Royal Society of Chemistry 2010

Supporting Information for

Synergistic effect of vanadium-phosphorus promoted benzylic

alcohols oxidation with molecular oxygen in water

Zhongtian Du, ? Jiping Ma,*” Hong Ma, ? Jin Gao ® and Jie Xu ®*

& State Key Laboratory of Catalysis, Dalian Institute of Chemical Physics, Chinese Academy of
Sciences, Dalian 116023, P. R. China

® Graduate University of the Chinese Academy of Sciences, Beijing 100039, P. R. China

Phone &Fax: (+86)-411-8437-9245

E-mail: xujie@dicp.ac.cn

Contents:

1. General Equipments and Materials (p. 2)

2. Synthesis and Characterization of Catalysts (pp. 2-4)
3. Typical Experimental Procedure (p. 4)

4. GC Measurements (p. 5)

5. >V and *P NMR Spectra (pp. 5 and 6)

6. pH Measurements (p. 7)

7. Stoichiometric Reactions (p. 7)

8. Detection of V'Y using EPR (pp. 8-10)

9. GC Chromatogram and ‘H, **C NMR Spectra (pp. 10-18)



1. General Equipments and Materials

All experiments were carried out in a closed glass-lined stainless steel autoclave equipped with a
magnetic stirring, a pressure gauge and automatic temperature control apparatus.

Veratryl alcohol is obtained from Alfa Aesar, and TEMPO from Acros Organics; All other
alcohols were commercial available and used as received.

VOSO,4xH,0 (USP28) was dried at 120 °C overnight. The content of lattice water is about 5%
measured by TG. V.05 and H3PO, (85%) are analytic reagents. VOPO,4, VPO and VOHPO, were

prepared and characterization according to previous literature (pp.4, ESI).**

2. Synthesis and Characterization of Catalysts

Synthesis of VOPO,-2H,0: *2 The VOPO,-2H,0 was prepared by reacting V»Os (5.0 g) with
85% H3PO,4 (24 mL) in water (120 mL) under reflux with continuous stirring for 24 h. The yellow
solid was then recovered by filtration, washed with distilled water (25 mL) and followed by acetone
(25 mL). It was dried at 110 °C for overnight. Finally 4.48 g yellow product was received.

Synthesis of VPO (vanadium phosphorus oxide): ® V,0s (5 g) was refluxed and agitated by
mechanic stirrer in a mixture of isobutanol (16 mL) and benzyl alcohol (8 mL) for 12 h, then 7 g of
85% H3PO,4 (P/V=1.1) was added and refluxed for further 6 h to give a light green precipitate. The
precipitate was filtered off, dried at 110 °C overnight and then calcined in air at 400 °C for 4 h. Finally,
8.8 g green powder was received.

Synthesis of VOHPO,40.5H,0:* V,05 (6 g) and 85% HsPO,4 (9 g) were refluxed in isobutanol
(125 mL) for 16 h. The solid was recovered by filtration, washed with isobutanol (100 mL) and
ethanol (100 mL), refluxed with water (10 mL/g) for 3 h, filtered immediately and dried. (120 °C, 16

h).



Characterization of Catalysts (Fig. 4-6):  X-ray diffraction analysis was performed using a

Rigaku D/Max 3400 powder diffraction system with a Cu-Ka radiation running at 40 kV/200 mA in

the 20 range of 10°(or 5°) to 80°.
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Fig. 4 XRD pattern of VOPQ,4-2H,0.
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Fig. 5 XRD pattern of VPO.
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Fig. 6 XRD pattern of VOHPO,-0.5H,0.
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3. Typical Procedure for Oxidation

Take experiment 2 (Fig. 1 in the main text) for an example: VOPO42H,0 (24.75 mg, 0.125
mmol), TEMPO (19.50 mg, 0.125 mmol) and veratryl alcohol (420 mg, 2.5 mmol) were added into
the autoclave followed by 5 mL H,O. After the autoclave was closed, oxygen was charged to 0.4 MPa.
It was heated to 80 °C within 20 min. After 4 h (heating period is not included), the autoclave was
cooled to room temperature and carefully depressurized to normal pressure. The products were
extracted using 3x4 mL CHCl,. The conversion and selectivity were determined by GC without any

purification.



4, GC Measurements

Gas chromatography measurements were conducted using Agilent 4890D GC with a flame
ionization detector. PEG-20M capillary column was used for separation of aliphatic alcohols and their
products; HP-5 capillary column for benzylic alcohols and their produts. TEMPO and
2,2,6,6-tetramethylpiperidine were also detected by GC. Conversions and selectivities are based on the
gas chromatography with area normalization. All product were confirmed by GC-MS with Agilent

6890N GC/5973 MS detector.
5. °V and *P NMR Spectra

>/ NMR spectra were recorded at 105.20 MHz on a Bruker 400 MHz spectrometer at 25 °C.
VOCI; was used as an external reference for chemical shifts (0 ppm). D,O sealed in a capillary
was used for NMR lock. The parameters were as follows: sweep width, 100 kHz; acquisition time,
0.082 s; pulse width, 8.0 us.

31p NMR spectra were recorded on the same spectrometer as the **\VV NMR spectra, at 162.0
MHz. The *P NMR chemical shifts were given relative to 85% Hs;PO,4 (0 ppm). The parameters

were as follows: sweep width, 45.5 KHz; acquisition time, 0.36 s; pulse width, 8.0 ps.

> v Chemical Shift (ppm)

Fig. 7 °'V NMR spectra recorded after different time.
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Veratraldehyde

(1) VOPOQO, aqueous solution.
25 mg VOPO,4-2H,0 was dissolved in 5 mL H0.

(2) t=2h. Conversion: 83.5%
Reaction conditions: 2.5 mmol veratryl alcohol, 0.125 mmol VOPQO,, 0.125 mmol TEMPO, 5 mL
H,0, 80 °C, 0.4 MPa O,. Then it was cooled and **V and *'P NMR was recorded.

(3) t=4h. Conversion: 100%

Reaction conditions were as (2) except reaction time.

0.75

- (d) VOPOQ, aqueous solution

Jn (c) Fg. 1, Experiment 2

J L (b) Fig. 1, Experiment 9
T T T r I
0 100 200
3Ip Chemical Shift (ppm)

Fig. 8 *'P NMR spectra for different aqueous solution



6. pH Measurements

pH measurements were performed using a pH meter (PHS-3C) at 25+1 °C.

| 25 mg VOPO4-2H,0 was dissolved in 5 mL H,0, pH=2.07

Il 21 mg VOSO,4-xH,0 was dissolved in 5 mL H,O, pH=3.08

111 22 mg VOHPO40.5H,0 was added into 5 mL H,O (partially dissolved in 5 mL H,0 at 25 °C),

pH=3.11

7. Stoichiometric Reactions

354 1. 1equiv VOPO,, 5 mol% TEMPO
30+ 2. 1equiv VOPO,
T 3. 1equiv TEMPO, 5 mol% VOPO,
e\O/ .
c 20- .
'% 4. 1equiv TEMPO
$ 15 .
S 5. 1equiv VOHPO,, 5 mol% TEMPO
S
10
5-
0 5%5%
I ' I ' I ' I ' I
1 2 3 4 5
Experiment

Fig. 9 Reaction of veratryl alcohol with stoichiometric different compounds

Reaction conditions: 0.5 mmol veratryl alcohol, 5 mL H,O, N,, room temperature, 4 h.



8. Detection of V'Y Species by EPR

Electron paramagnetic resonance (EPR) spectra were recorded on a Bruker spectrometer at
X-band, with a field modulation of 100 kHz. The magnetic field was scanned from 280 to 400 mT.

The microwave frequency was kept at 9.401 GHz. The temperature was 20+2 °C.

Sample A: 25 mg VOPO,4-2H,0 was dissolved in 5 mL H,0.

Sample B: 10 mg TEMPO was added to A (parallel sample), and it was stirred at room temperature
for 5 h under N,.

Sample C: 100 mg veratryl alcohol was added to B (parallel sample), and the mixture was stirred at

room temperature for 10 h under No.
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Fig. 10 EPR of VOPQO, aqueous solution (Sample A).
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Fig. 11 EPR of Sample B.
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Fig. 12 EPR of Sample C.
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Fig. 13 EPR spectrum of TEMPO remaining in Sample B.

9. GC Chromatogram and 'H, *C NMR Spectra

Data File C:‘\HPCHEM\E'\DATA\DMDOS0403E.D

TEMFO

Injection Date
Jample Name
Acg. Operator

Ao, Instrument :
¢ C:\HPCHEM\E\METHODS'\DU. M

Aecg, Method
Lazt chancged

Analvziz Method :
47372009 10:59:21 AM by du

Lazt chancged

47372009 10:358:22 AN

: TEMFO Location @ ¥ial 1
:odu
Instrument 2 Inj Volume : Manually

: 1/7/2009 11:17:43 AM by duzhongtian

C:\HPCHEMY, 2\ METHOD 54 D1T. M

(modified after loading)

Sample Name: TEMPO

counts
400000

250000+

300000

250000

200000

150000

00000~

S0000

FID1 A, (DIADOSOS03E. D)

mi

Fig. 14 GC chromatogram of TEMPO
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Data File C:“HPCHEM\E%DATA\DUNDOS0DZEZ0N.D dample Name: Z002-02-20-3

2009-02-20-3

Injection Date : Z/22/2009 9:53:53 FH

Sample Name 1 2009-02-20-3 Location : ¥Wial 1
Acg. Operator i duzhongtian

Aog, Instrument : Instrument 2 Inj Volume : Mamually
Aeog. Method : C:\HPCHEMY Z\METHODS\DU. M

Last changed r 1/7/2009 11:17:43 AM by duzhongtian

inalyzis Method : C:\HPCHEMZ\METHODS\DU.M

Last changed 543172009 3:39:52 PM by du

(modified after loading)

FID1 A, (DINDOSO2Z0M.I)
caunts | — OH
K
0 oi
—
S00000
(0]
400000 |
O 0]
| -
O
-
300000 E
i
200000
100000+
[
- A L%
T T T T T T T
in] £ g 10 1 14 mj

Fig. 15 GC chromatogram of the reaction mixture (Fig. 1, experiment 5 in the main text)

Data File C:“HPCHEM\Z\DATAWDUWDOS0Z19E.D dample Name: 2009-02-19

55T, 5%V 500C Swol substrate, 4 hour 2009-0Z-1%

Injection Date @ 271972009 3:29:32 PM

Sample Name : 2009-0z2-19 Location : Wial 1
Arcg. Operator i dushongtian
Acg. Instrument @ Instrument 2 Inj Volume : Manually
Acog., Method ¢ C:iWHPCHEM ZWMETHODEDU. M
Last changed : 1A7/2009 11:17:43 AM by dushongtian
Analysis Method @ C:\HPCHEM, 2\METHODS\DU.M
Last changed 44372009 10:59:21 AM bv du
{modified after loading)
FIDA A, (DUINDOQOZ196.0)
counts
O
400000 =
ful
i
350000+ o
200000+ / (|)
//’()
250000+
)
200000 (6]
150000+
100000+
S0000- §
]
T T T T T T T
] L g 0 1 14 mi

Fig. 16 GC chromatogram of the reaction mixture (Table 1, Entry 1 in the main text)
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Data File C:\HPCHEM\Z\DATA\DI\DOS1O0Z1A.Dv Jample MName: 20059-10-2Z1

Z009-10-21 benzyl alcohol oxidation in water for 4 hour

Injection Date @ 1072272009 9:39:40 AM

Sanple Name : 2009-10-21 Location : Wial 1
Acg. Operator : duzhongtian

Ao, Instrument @ Instrunent 2 Inj Wolume : Manually
Ao, Method : C:\HPCHEM Z2WMETHODSYDU. M

Last changed : 6472009 5:47:22 PM by du

Analysis Method : C:ZHPCHEM)2\METHODS,DU. I

Last chancoed = 1141172009 §:54:35 &M bv du

(modified after loading)
FID4 &, (DADOS10214.00

counts 4
900000 S
g O
g
&00000
700000 /
600000
&00000 OH

40000 /

300000

4614

200000+

00000 L

4804

Fig. 17 GC chromatogram of the reaction mixture (Table 1, Entry 2 in the main text)

ata File C:\HPCHEM\Z%\DATA\DU\DOS1108D.D Jample Name: 2Z0059-11-08-2

2009-11-08-2 4-Me-benzylaleohol

Injection Date 11/9/2009 §:14:21 AM

Sanple Name : Z008-11-03-2 Location : ¥Vial 1
Acdg. Operator podn
Ao, Instrument @ Instrument 2 Ing Volume : Marmally
Ao, Method : C:\HPCHEMY 2\METHODSWDU. M
Last changed T 6/4/2009 5:47:22 PM by du
Analysis Method @ C:\VHPCHEMY 2\METHODSWDUT. M
Last changed : 1171142009 3:05:06 AM by du
(modified after loading)
FID1 A, (DUADO11030.00
- A
counts E O
wi
1400000H
1200000H /
000000+
200000+
OH
00000+
4000004 %
2000004
3 |8
2, A
T T T T T T T
0 4 5} 10 1 14 mi

Fig. 18 GC chromatogram of the reaction mixture (Table 1, Entry 3 in main text)
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Data File C:\HPCHEMYZ4'DATA\DUN\DOSL1110E.D Sample Name: 2009-11-10

2009-11-10 Z-Me-Ph0OH

Injection Date 1171042009 4:33:07 PM

Sample Name : Z009-11-10 Location : Wial 1
Acg. Operator odu

Acg. Instrument : Instrument 2 In) Volume : Manually
Acg, Method ¢ CiZHPCHEHM 2ZMETHODSWDU. M

Last changed Do6/4/2009 5047022 PN by du

Analysis Method : C:%HPCHEM):Z\METHOD3\DU.HM

Last changed  11/11/2009 9:12:268 AM by du

(modified after loading)

FID1 A&, (DUDD911108.0)
counts ]
= AN
(=]
700000 [ @)
500000 /
500000
-
400000 o OH
w0
300000 /
200000
100000
E E %ﬁ. B %
a e | Son oo W
T T i i : T ;
il 4 I 10 1 14 mi

Fig. 19 GC chromatogram of the reaction mixture (Table 1, Entry 4 in main text)

bata File C:“HPCHEMSZA\DATA\DINDOS0415E.I dample Name: Z005-04-15-1

2009-04-15-1 3-methoxyl-

Injection Date @ 471672009 Z:49:38 PH

Sanple Name : 2009-04-15-1 Location : Vial 1
Acg. Operator H

Acg. Instrument : Instrument & Inj Wolume : Manually
Ao, Method : C:\HPCHEM Z2YMETHODSA DU M

Last chancoed 44372009 11:10:39 AN by du

dnalysis Method : C:\HPCHEM2\METHODSADU.M

Last chanced P 1LA1L/2009 9:22:12 AM by du

(modified after loading)
FID1 A, (DUADO0G1SE .00

counts] g (@)
=}

FOo000-

- /

500000

:

) O
400000+ - \©/\OH

200000
200000

100000

5,596
——
G.552

Fig. 20 GC chromatogram of the reaction mixture (Table 1, Entry 5 in main text)
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Data File C:\HPCHEM\Z\DATA\DINDOD10Z6A.D Jample Name; 2005-10-z26-1

2009-10-26-1 4-0Me-benzylalcohol

Injection Date : 1072672009 12:55:58 PM

Sample Name : 2009-10-26-1 Location : Vial 1
Aoy, Operator iodu

Acg. Instrument : Instrument 2 Inj Volume : Manually
seg. Method : C:\HPCHEM\ Z\METHODSDU. M

Last chanced 6442009 5:47:228 PM by du

Analysis Method : C:\HPCHEM,Z\METHODSYDU.M

Last chanced 1171172009 9:01:38 AM by du

(modified after loading)

FID1 A, (DLWDOZ1026A.0)
counts_
o &
/
1000000H
500000
/O \ OH
500000
400000
2000004 /
2
o
r ; : " T r r
0 5 5 75 10 125 15 17.5 mi

Fig. 21 GC chromatogram of the reaction mixture (Table 1, Entry 6 in main text)

Data File C:‘\HPCHEM'Z\DATA\DINDOSO4LSD.D dample Name: 2009-04-15-2

Z009-04-15-2 3-Cl-benzyl alcohol

Injection Date : 471672009 3:45:22 FPM

Sauple Nanme : Z009-04-15-2 Location : Vial 1
Acg. Operator odu

Acog, Instrument : Instrument 2 Inj Volume : Manually
Acg. Method ¢ Ci\HPCHEMS 2\METHODZW\DU.H

Last chanoged 4372009 11:10:39 AM by du

Analwsis Method : C:\HPCHEM\Z\METHOD3A\DU.M

Last changed P 1171172009 9:24:38 AN by du

(modified after loading)

FIDT A, (DUDOO0HED D)
counts ] cl AN
O
500000 § /
400000
300000 E Cl
OH
200000 /
100000
o
[ LA
T T t T T T T
0 4 g 10 1 14 mi

Fig. 22 GC chromatogram of the reaction mixture (Table 1, Entry 7 in main text)
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Data File C:%HPCHEM\Z\DATA\DI\DOSI1111C.Dr Sample Name: 2009-11-11-2
Z009-11-11-2 2-Cl-Ph-0H

Injection Date : 11/1Z/2009 S§:10:07 AM

Sanple Nane : 2009-11-11-2 Location : ¥Wial 1
Acog. Operator : du

Aog. Instrument @0 Instrument 2 Inj ¥olume : Manually
Ao, Method : C:\HPCHEM 2%METHODSYDU.H

Last chancoed - 6/4/2009 5:47:22 PM bv du

Analysis Method : C:%HPCHEM\Z\METHOD3%DU.M
Last chanoged : 1171472009 9:04:16 PM by du
(modified after loadingl

FITT A (DUDOS1111C.00
counts_ X
@)
o
w
00000 bt
Cl
S00000-
BN
OH
3000004 o /V Cl
200000
1000004
N =] 9
(¥} -
+ =l
AL, L ol L
: 7 7 7 : : :
Il 4 & 10 1 14 mi

Fig. 23 GC chromatogram of the reaction mixture (Table 1, Entry 8 in main text)

Data File C:‘\HFCHEM'Z'\DATA\DU,DOSO0416E.D Sample Name: Z005-04-16-1
Z009-04-16-1

Injection Date 4/16/2009 10:060:55 P

Sample Name ;o 2009-04-16-1 Location : Vial 1
Acg. Operator odu

Acg. Instrument @ Instrument 2 Inj Volume : Mammally
Aco. Method ¢ CiZHPCHEMS ZYMETHODSSDIT. M

Last changed P 4/16/2009 10:03:47 PM by du

(modified after loadineg)
inalysis Method @ C:\HPCHEM\ZW\METHODS\DIT.M
Last changed 1141172009 9:19:13 AM by du

(modified after loadineg)
FID1 A&, (DUDD9O4ER.[)

counts

50005

OH
900000

200000

700000 (@] /

GO0a00+

<} 2002

S00000+

4000004

2000004

200000+

100000

7.6

SR

JaEc]

b2 5
L =501

M e 4022

Fig. 24 GC chromatogram of the reaction mixture (Table 1, Entry 9 in main text)
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Data File C:\HFCHEM'Z\DATAWDUNDOS10ZED.D Jample Name: Z009-10-25-Z2
2009-10-28-2

Injection Date @ 10729720059 3:03:48 FM

Sample Name : 2009-10-28-2 Location @ Wial 1
Acg. Operator : duzhongtian

Acog., Instrument : Instrument 2 Inj Volume : Manually
Ao, Method : C:ZHPCHEMY Z\METHODS\DUO910.M

Last chancoged : 10/29/2009 2:45:33 PM by duzhongtian

(modified after loading)
Analwsis Method : E:“CPH.M
Last changed : 11/11/2009 10:57:54 AM by CHEPH
(modified after loadineg)
FID1 B, (DUADOS10230.00

counts

Q0000

00004 OH

345065

F0000-
G0000-

50000 /
T
4

40000

20000 \

20000

40000+

—— 2 T2

Fig. 25 GC chromatogram of the reaction mixture (Table 1, Entry 10 in main text)

Data File C:\HPCHEM'Z\DATA\DINDOSLOZEC.D Sample Name: Z2009-10-Z6-2

2009-10-26-2 acetone as products water as solwvent

Injection Date : 1072772009 9:Z28:05 AM

Sample Name 1 2009-10-26-2 Location : ¥Wial 1
4cg. Operator : durhongtian

Loy, Instrument @ Instrument 2 Iny Volume : Manually
Loy, Method : C:\HPCHEM, 2Y'METHODSY,DUIO210. M

Last changed 1072772009 9:23:40 AM bv duchongtian

(modified after loading)
Analvwsis Method @ E:WCPH.M
Last changed : 1171172009 10:53:12 AM by CHEPH
(modified after loadineg)
FID1 B, (DIADOS10ZEC.0)

counts

30000+

1.807

OH
28000- )oj\ ,gi )\

20000 \
150004
10000
5000
L
0 T T T T T
0 1 ) bl mi

Fig. 26 GC chromatogram of the reaction mixture (Table 1, Entry 11 in main text)
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Data File C:YHPCHEM',Z\DATL\DI\DOS10Z8E.D Jample Name: 2009-10-25-1
2009-10-28-1

Injection Date :

102972009 2:36:27 PH

Sample Name : 2009-10-258-1 Location : Wial 1
Acg. Operator : dushongtian

Aog. Instrument : Instrament 2 Inj Volume : Manually
Aog. Method : C:ZHPCHEM, 2\METHODS\DUO210. M

Last changed : 1042972009 2:11:33 PM by duzhongtian

(modified afrter loadineg)
Analysis Method @ E:ZCPH.H
Last changed : 11/11/2009 10:56:07 AM by CHEPH

(modified after loading)
FID1 B, (DNDOI10226.0)

counts

;

S0000+

OH

0000+ )\/

0000
20000 \

10000+

1402

Fig. 27 GC chromatogram of the reaction mixture (Table 1, Entry 12 in main text)

Data File C:\HPCHEM\Z\DAT&\DUADOS1109E.D Sample Name: 2009-11-09

Z008-11-09 3,4-Med-benzylalcohol and Me-%-Fh

117972009 4:05:58 PH

Injection Date

Sample Hame : Z2008-11-08 Location @ ¥ial 1
Acog. Dperator odu
Acg. Instrument : Instrument 2 Inj Wolume : HMarmally
Acog. Method : C:\HPCHEM\ 2\METHODZ\DU. M
Last changed D 6/4/2009 5:47:Z2 PM by du
Analvsis Method : C:\HPCHEM\Z'\METHOD3ZDU.N
Last changed p L1/11/720059 9:07:45 AM by du
(modified after loading)
FID1 A, (DAPOS11096.00
counts |
g S
Wy \
G00000
500000 / /O
400000
(0]
300000 g o |
o /////,/”" 7
200000
100000
IL : ~i : : : : :
In} 8 L3 15 10 125 15 175 mi

Fig. 28 GC chromatogram of the reaction mixture (Table 1, Entry 13 in the main text)
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NMR (DMSO-a) of Isolated Veratraldehyde
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Fig. 29 'H NMR of veratraldehyde.
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Fig. 30 **C NMR of veratraldehyde
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	Reaction conditions: 2.5 mmol veratryl alcohol, 0.125 mmol VOPO4, 0.125 mmol TEMPO, 5 mL H2O, 80 oC, 0.4 MPa O2. Then it was cooled and 51V and 31P NMR was recorded.

