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Visible-Light-Induced Aerobic Oxidation of Alcohols over Surface
Oxygen Vacancies-Enriched Nb2Os
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Abstract Oxidation of alcohols to the corresponding carbonyl compounds plays a very important role in fundamental re-
search and industrial applications of organic chemistry. In this paper, a green and efficient method for alcohol oxidation to
carbonyl compounds was reported over a surface oxygen vacancies-enriched Nb2Os as the photocatalyst. The catalytic system
demonstrates high activity with wide substrate scope and diverse functional group compatibility under mild reaction conditions
and visible-light irradiation. In addition, the catalyst has good catalytic stability, which can be recycled for several times with

maintaining the catalytic activity unchanged.
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ZHEATEA VUL R OU R AP RE, A SO AL
IR — DI R BIRESRAL 9, SRt R AR
B2 TR, AT T R A S N R B
SNEEE S SRS AR REMGR AL, R, % pEL
FIBERSEPEIEI] 6 VR 5 RE ORFF e B ML TR ANk %
1.

1 &HR510R

KIS FATA NbOs AL FI(OVs-N-NbOs-T,
TARFMBBEIE )R N 2% J5 115 4 e mg i 1l 4, HLAAR L
FIRRGE AN = TN R, I I K FAA DA AN [ i
BB T SRAF AL () 2). Z AL 4% 5 AL 40
TAERTIA TAE T O VRIS, 7E AR,

DA A 4R A0 22 2R B AR S B, 5 AN R 4L
TR Z A XA R RE IR (R 1), B %, DA RE
B EE N TS OVs-N-Nb,Os-T (20 mg) ML, 2 mL
ZIENER, 0.5 mmol FHEARNY), /£ 5 W

Previous works:

KA (LEDYAT BRGS0 N 8 24 h N6 T
SR S5 HRI, AEATR) AR A 1 B B e T P T T
R KL A H (1, Entries 1~4). HH, OVs-N-
Nb2Os-350 Ak 7RI H B AR AL PR e, R F 1k
HN 93%, RHEIEFMEIAR] 100%. T ZEtfEi
A, X RBIEFIEAT TS AR, KA H,0.

CH:;OH LA} PYEWE I (THF)/H,O 18 & A E Ay, 2
FR R AL A I 2 N % (3R 1, Entries 5~7). fELL
OVs-N-Nb,O0s-350 1ENMHEAT 25 N7 SN A 1)
etk b, HE—20 458 I NI 1] 22 20 h B FREARAE AL T A
£ 10 mg, AKHFEELALHANFREER FREEE 1,
Entries 8, 9). TEAIIAMEALFIBAE R A E H, Bi7E R
G A T RN, R LA R AR, UER T
TEAEFR . AR A RO IR T O N EEME(SR 1, Entries
10~12). fEAXL, BARBIE NbOs I
(Nb,Os-350) % N\ B ) Bidr, AH LG T mAR AR, g
PEE BB R (3% 1, Entry 13). Bk, BT E B sz

Catalyst: [Cu], [Ru], [Pd], [Au], TEMPO

Oxidant: IBX, Oxone, DMP, PCC, PDC

Homogeneous photocatalyst
9-Fluorenone, Rose bengal, pyridinium salt

Heterogeneous photocatalyst
TiO,, g-C3Ny4, ZnS, CdS, MOFs, COFs

This work: Aerobic oxidation of alcohol by surface oxygen vacancies-enriched Nb,Og

R NOH

O Recyclable heterogeneous photocatalyst
O High efficiency with broad sunstrate scope
N O Simple operation and workup procedure

O Aerobic and mild conditions

BT TSP 5 S S

Figure 1 Strategies for oxidation of alcohols to aldehydes

Melamine

Niobium oxalate

<o
'/ A“
Hydrothermal Pyrolysis
180 °C 350 °C

B2 OVs-N-NbOs-T fi Ak 7l il # 7~ 75
Figure 2 Schematic illustration of the typical procedure for the synthesis of OVs-N-Nb2Os-T
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Table 1 Optimization of the reaction conditions for photocatalytic oxidation of benzyl alcohol
@ OH OVs-N-Nb,Os-T ©Ao
Solvent, O,, r.t., 5 W Blue LEDs
1a 2a

Entry Solvent Cat. Conv.?/% 2a%/%
1 CH;CN OVs-N-Nb20s5-250 77 >99
2 CH;CN OVs-N-Nb20s5-350 93 >99
3 CH3;CN OVs-N-Nb20s5-450 86 >99
4 CH;CN OVs-N-Nb20s5-550 53 >99
5 H20 OVs-N-Nb20s5-350 8 >99
6 CH3;0H OVs-N-Nb20s5-350 15 >99
7 H>O/THF OVs-N-Nb20s5-350 21 >99
8¢ CH3;CN OVs-N-Nb20s5-350 82 >99
94 CH3;CN OVs-N-Nb20s5-350 51 >99

10 CH3;CN — — —
11¢ CH;CN OVs-N-Nb20s5-350 3 >99

12/ CH;CN OVs-N-Nb20s5-350 0 —
13 CH3CN Nb205-350 41 >99

“@Reaction conditions: 0.5 mmol of benzyl alcohol, 20 mg of OVs-N-Nb,Os-T, 2 mL of solvent, 5 W of blue LED lamp, reaction at room temperature for 24 h. * Con-
version and selectivity were analyzed by GC and GC-MS, and mesitylene was used as internal standard. ¢ 20 h. ¢ 10 mg of OVs-N-Nb,0s-350. ¢ Argon atmosphere.

/Reaction under dark conditions.

% 264 A: 20 mg OVs-N-Nb,Os-350 FELF, 2 mL 2,
&R, 0.5 mmol ZK RN N4, 75 5 W {5 LED
JTHRST . =R N 24 h.

TERAER MR, Bzt ik 2 H T AR E fe
BRI R AR B, Ik 2 R, R BRIk
HE (1b~ 1d) 7E Z AL A A 1R &R R BB IR gk A7 I =
PRI BT B )28 F =) (2b~2d). it H T2k
FAEFLAf~1h). FIEQAj). NN-—HIEADZEAHZE
HRERENS DL 85%~95% ™ F 45 3| ot RIfK H A5 4. [
I, S AR 206 T 1 52 (Th) X i 5 5 R A S8 AL 1 BT e
PRI S e, R T RAFI B RE IS A 1. 76k
A E e AL T AR R AR Y (Tes 1is 1A LI E
M EIARIIEY), H N ERER 2, AR T2 hr
BH AN, Tk TR A I (Im) . B (In) A2
(10) L BEE:(1p). X (1q) HUAR 1 2% HR i 10 g % LA
T1%~89% 1= 243 2| H AR =4, bk, HAh I 28 FRE
AREE, i 3-EnE HRE (L), 3-TEENsy RS (1s) . 2-Mk i R
(1)t EE LA 70%~82% MU K15 2] HAn =4, MiJa, 14
Tk F& i — 2 R T A R R 07 B R — R (lu~
IX) RN, FELPL 72%~92% KL 245 31 %6} v 7=
¥)(2u~2x).

FaE MR TR oy — BB R bR, T2, DU MY
VERFE LGN Gtk — 52 T AR e k. 75 B8
BeJE, AL B0 PR AN TR D RS A
HH T BB, SLie2s R (E 3), AT S E R
i 6 S ATIRENS PRIFIRII A HEE 87% 1AL AN 100%
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TN T OSSR TR (B 4). BRI, AN R
(OA)BE = LBER(TEAVE 7S 7O KGN, IOREE 1
IR R R, R OG AE 28 7RO ) 32 A A PR B,
IO SABRAE A LTV, S RS PE A — e R
TFE, IEMDRA B AR RN R BIER. R
IR DY S BRAE A A KR, SR S A U
A BB BRI, U ISR SN B RO A BT
PER, = r i A B B 1 B 2RO, ") AR 28 Y
AR BN IEAE P HZ, DN ZS TR A7) 5 X B R
ROV SRR FEE B IION B -3 KRR, BRI HE I 2 7 Ak
s AL R B A, HA R T 3 B (O, HIA
AR IRES . IhAh, RN EEAN B B AN iR dk
H 2 ("OH) A Ze 2 A (P02) IV K 0N 31 B B 2
WG, R BLEERGE R LT B e, Hibg 1R
H 1 2& (COH) Al 28 38 S (PO ME A IE TRV Fh 11 AT Be 4.
[AEf, EPR (Electron paramagnetic resonance, F—¥ ik
FLHR) IR A — PR W] TR F b S S B AR
TELE(E 5B

it EPR MK, 225173 T NbyOs-350 Al OVs-N-
Nb20s-350 fA4E & i ALl AU A 2 7 H H 25 07 7)
5 BL(E SA, 5B). HIE SA, 5B of i, 76/ 5 min /5
R T AR E T H 0,7, FIEE
FRIGTHI FRRR LT E S IR, KL EPR 15 5 hEE I
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Table 2 Substrate scope of alcohols for photocatalytic oxidation reaction

A~ OVs-N-Nb,05-350

OH

CH3CN, 5 W Blue LEDs, 24 h

R0
2

F Cl Br Cl

2a 93% 2b 90% 2¢ 87%

N N
e AL
MeO HO OMe
OMe OMe

29 94% 2h 73% 2i 74%

N
o s
NC MeO,C O,N 5

2m 81% 2n 84% 20 71%

2t 82% 2u 82%

o
MeO

2d 91%

2e 80% 2f 95%
Y
I
2j 97% 2k 77% 21 85%
X S0
P
N
2p 85% 2q 71% 2r 70%
(0] (0]
Fac/ﬂj)k NC/E>)k
2v 86% 2w 77% 2x 72%

@Reaction condition: 0.5 mmol benzyl alcohol, 20 mg OVs-N-Nb.0s-350, 2 mL CH:CN, 5 W blue LED lamp, reaction at room temperature for 24 h.® The yield was
quantified by GC, with mesitylene as the internal standard, and the product was identified by NMR.
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Figure 3 Recycling performance of the catalyst OVs-N-Nb2Os-
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[ E K AT REIR, BLZ 25 min 5 3EAS 4350 K (& 5D).
X EPR SREEMIGIT i K, RIEE &8 A0
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Figure 4 Influence of different scavengers on oxidation of
benzyl alcohol to benzaldehyde over OVs-N-Nb20s-350

B HHER AR EE AR, AR TR
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f, HE—BAEN T RS AL RS AL R .

BT AR S50, B T Ay —
0.53 eV, fi FESIBIRHENAL 00, (—0.33 eV). [FAIHT,
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Figure 5 EPR experiment for determining the generated O,  with Nb205-350 (A) and OVs-N-Nb20s-350 (B); (C) OVs concentration
of samples calculated via X-ray photoelectron spectroscopy (XPS) spectrum; (D) the retention-time of the generated O, on surface of
Nb205-350 and OVs-N-Nb20s5-350 after 25 min visible light illumination

5 S AL A R 1) B AL PhCH,CHO/PhCH,-CHOOH
2.50 eV)UL AU, AR A 2R R B HE X PR A I 1 OO0 S
PRI, R I i A R AR B . BTk
R SEES 5 R G A ML BRI G54, AR SR A
6 PRI SMALEL. B, JEBUR OVs-N-Nby0s-350 f
T2 A A BRI 2R, A IR A H T T 01
R4, P AR A E T H O )% 2K F A
PR 2R S, e 28 7 (h ) AT DR AL 2K B D %
MAEE e R A B B B AN IR E IR,
HLE AN N AR,

2 Zhig

TER T —FhA] WOGEREN T, LA 9 A 77 R 2%
0 SR RO A ) S SRR B T T 1, 1R BI
AR N 2544 0.5 mmol BiE, 20 mg OVs-N-Nb,0s-350

2576

http://sioc-journal.cn/

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

JEMEAT], 2 mL CH;CN NI, 5 W i 5 LED 4T &
S IR 24 he AR I S R AT PR R
Pt RAFHE RS M AR E A . R, 2
TR BERS AL LA IAME ] 6 VAR I s AR B AL S P A A
SEPE. JEI TR SEEG, WA T OB AR R VG E AR R
JIiFE.

3 S
31 UESEHHT

'H NMR (400 MHz)#1 3C NMR (100MHz)% fH i+
i€ 75 /A5 AVANCE 111 HD 400 MHz ¥ 04338400 52 ;
'H NMR (600 MHz)F! *C NMR (125 MHz)X i 445
97 /\F] AVANCE 111 HD 600 MHz W3 4R 52
SMEREGC) KA SHIMADZU Nexis GC-2030
e A - 5 B (GC-MS) 2 #T R - Agilent
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Scheme 6 Proposed mechanism for oxidation of alcohol reaction

HP-7890 JM5&; *EZHT AT FEER F 200~300 H kMG 52
5 BT FH 2 Sl 350 AN IEL 245 22 5 45 2 =) R T 4 2 i ik
F.
3.2 ZLWAHE
3.2.1  EHIH &

¥ 1.076 g FERRARIE T 30 mL 25 F/K/ VIV =
3/1)IREWF, 7F 60 CTHIAN 45.6 mg —REF &ML 1 h
o5, IR AREE 100 mL /KU N 28, 180 ‘C K
24 h. KIS B 58 UG K BT AR LA IS e, 60 CTF
B TR 12 he B3 AR T A [F BB IR L (250 300
350, 400 C) FMLE 3 h(FHEEZE 5 C/min), FifS =4
FRICN OVs-N-NbyOs-T (T fRFRIBLeiR ). X fi1h 7
TER I A IO =R JUK, FAth R A AR 5] (0 i) £ 2544
322 XTPEANLRE

7] S 3 v AR O R (0.5 mmol). 20 mg
OVs-N-Nb,05-350 #1 2 mL CH;CN, fEASAE T 5 W
Wit LED ST HRYS N iR HE 24 h. RBISERUE, FHEf
FILE, AT IERGE T GC M GC-MS HEAT 84k R ik £
PRI E . B 5 DA TR A 202 20 PR VR A TN e B 7,
AR E AT DR AR B R, THEL R, i
NMR U0 5 F= 4 45 4.
323 BAKIERER

LI SEER A H B R, ER B O AR
WA, ¥ NGHEAT GC FI GC-MS M 23 #r DA 8
JSL ) Ak Ze A B, 8 FRRERIK R B (Vv =
1/1) 20 mL &% =R, #ISHELAESTREHITES
fEH.

Chin. J. Org. Chem. 2023, 43,2572~2579

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

324 FARIEHIE

7K A (2a)12): TLEMAR, 773 93%. 'H NMR (400
MHz, Chloroform-d) d: 10.01 (s, 1H), 7.87 (s, 2H), 7.72~
7.39 (m, 3H); *C NMR (101 MHz, Chloroform-d) ¢:
192.4,136.4, 134.5, 129.7, 129.0.

4-FEAR TRE2D): T ERAE, 7% 90%. 'H NMR
(400 MHz, Chloroform-d) ¢: 9.97 (s, 1H), 7.96~7.88 (m,
2H), 7.22 (t, J=8.5 Hz, 2H); 3*C NMR (101 MHz, Chlo-
roform-d) o: 196.5, 165.8 (d, J=255.0 Hz), 133.6 (d, J=
3.0 Hz), 131.0 (d, J=10.0 Hz), 115.7 (d, J=22.0 Hz),
26.5.

4- K HE Qo) KB R, R 87%. H
NMR (400 MHz, Chloroform-d) d: 9.96 (s, 1H), 7.79 (dd,
J=8.6, 2.3 Hz, 2H), 7.46 (dd, J=8.4, 2.3 Hz, 2H); 1*C
NMR (101 MHz, Chloroform-d) J: 190.6, 140.6, 134.7,
130.8, 129.3.

4-FRHEE(2d): AR, 7% 91%. mp. 55 C
(Lit."1 57~60 C); 'H NMR (400 MHz, Chloroform-d) ¢:
9.98 (s, 1H), 7.86~7.15 (m, 4H); '*C NMR (101 MHz,
Chloroform-d) ¢: 191.1, 135.1, 132.5, 130.9, 129.8.

2-SW AR I (2e): s OURAK, 7% 80%. 'H NMR
(400 MHz, Chloroform-d) J: 10.64~10.34 (m, 1H), 7.91
(dd, J=17.7, 1.8 Hz, 1H), 7.73~7.31 (m, 3H); 3C NMR
(101 MHz, Chloroform-d) ¢: 189.7, 135.1, 132.4, 130.6,
129.3, 127.3.

xf AR R e 2012 LA, % 95%. 'H
NMR (400 MHz, Chloroform-d) J: 9.88 (s, 1H), 7.97~

http://sioc-journal.cn/ 2577
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7.74 (m, 2H), 7.19~6.78 (m, 2H), 3.87 (d, J=3.3 Hz,
3H); 3C NMR (101 MHz, Chloroform-d) J: 190.7, 164.6,
131.9,129.9, 114.3, 55.6.

34- AR TEEQe): ABEEK, F2E 94%,
mp. 41 ‘C (Lit!"? 43~45 C). 'H NMR (400 MHz,
Chloroform-d) d: 9.86 (s, 1H), 7.64~6.90 (m, 3H), 3.96
(d, J=9.9 Hz, 6H); *C NMR (101 MHz, Chloroform-d) J:
190.9, 154.5, 149.6, 130.2, 126.9, 110.4, 108.9, 56.2,
56.01.

R (2h): AR A, 2 F 93%. mp. 81 C
(Lit.'"1 82~83 °C); '"H NMR (400 MHz, Chloroform-d) &:
9.83 (d, J/=0.7 Hz, 1H), 7.58~6.88 (m, 3H), 6.28 (s, 1H),
3.97 (d, J=0.7 Hz, 3H); 3C NMR (101 MHz, Chloro-
form-d) 0: 190.9, 151.7, 147.2, 129.9, 127.5, 114.4, 108.8,
56.1.

2- AR BE R RS (209 B, 77 % 84%. H
NMR (400 MHz, Chloroform-d) J: 10.48 (d, J=0.8 Hz,
1H), 8.05~6.77 (m, 4H), 3.94 (d, J=0.8 Hz, 3H); 1*)C
NMR (101 MHz, Chloroform-d) J: 189.8, 161.8, 135.9,
128.6, 124.9, 120.7, 111.6, 55.6.

XF HY IR (2)02): Tk, 77 97%. 'H
NMR (400 MHz, Chloroform-d) J: 9.96 (s, 1H), 7.78 (d, J
=8.1 Hz, 2H), 7.33 (d, J=7.9 Hz, 2H), 2.44 (s, 3H); 1*C
NMR (101 MHz, Chloroform-d) J: 192.1, 145.6, 134.2,
129.9, 129.7,21.9.

2- FHER PR 22 Tk, 2% 77%. 'H
NMR (400 MHz, Chloroform-d) J: 10.27 (s, 1H), 7.68~
7.19 (m, 4H), 2.67 (s, 3H); 3*C NMR (101 MHz, Chloro-
form-d) J: 192.9, 140.7, 134.1, 133.7, 132.1, 131.6, 126.4,
19.6.

X G RORHEEQ2D): AR, PR 85%. mup.
72 C (Lit.'¥ 73~75 °C); 'H NMR (400 MHz, Chloro-
form-d) §: 9.74 (s, 1H), 7.94~7.56 (m, 2H), 6.90~6.52
(m, 2H), 3.08 (s, 6H); '*C NMR (101 MHz, Chloroform-d)
0:190.3, 154.3, 131.9, 125.2, 111.0, 40.1.

4-F AR EE2m): A BB, 722 81%. mp.
101 C (Lit.'"1 98~101 ‘C).'"H NMR (400 MHz, Chloro-
form-d) ¢: 10.10 (s, 1H), 7.93 (dd, J=59.0, 8.3 Hz, 4H);
3C NMR (101 MHz, Chloroform-d) J: 190.6, 138.7,
132.9,129.9, 117.7, 117.6.

it FE G 35 2 R R B (2m): B LA, PR 84%.
m.p. 60 C (Lit.' 60~62 “C); '"H NMR (400 MHz, Chlo-
roform-d) J: 10.11 (s, 1H), 8.20 (d, /=8.0 Hz, 2H), 8.05~
7.74 (m, 2H), 3.97 (d, J=0.9 Hz, 3H); 3*C NMR (101
MHz, Chloroform-d) J: 191.6, 166.1, 139.2, 135.1, 130.2,
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X i H O I (20): A EENE, PRE 74%. mop.
107 'C (Lit.'? 111~113 C); '"H NMR (400 MHz, Chlo-
roform-d) J: 10.17 (s, 1H), 8.40 (d, J=8.6 Hz, 2H), 8.08
(d, J=8.7 Hz, 2H); *C NMR (101 MHz, Chloroform-d) J:
190.3, 140.1, 130.5, 124.3.

4- ST K H B 2p) Y K, P2 89%. 'H
NMR (400 MHz, Chloroform-d) o: 10.11 (s, 1H), 8.27~
7.73 (m, 4H), 2.67 (d, J=1.2 Hz, 3H); 3C NMR (101
MHz, Chloroform-d) 6: 197.4, 191.6, 141.1, 138.9, 129.7,
128.8,26.9.

X R R S (2q): B EBEAA, 7R 71%. mop.
161 C (Lit." 157~159 C); 'H NMR (400 MHz,
Chloroform-d) ¢: 10.15 (s, 1H), 8.41~7.68 (m, 4H), 3.11
(s, 3H); 3C NMR (101 MHz, Chloroform-d) J: 190.7,
145.4,139.7,130.4, 128.2, 44 3.

3-nkiE M JREE, F2E 70%. '"H NMR
(400 MHz, Chloroform-d) ¢: 10.13 (d, J=2.7 Hz, 1H),
9.10 (q, J=2.6 Hz, 1H), 8.86 (ddd, J=4.9, 3.2, 1.8 Hz,
1H), 8.37~8.01 (m, 1H), 7.51 (td, J=4.9, 2.5 Hz, 1H),
3C NMR (101 MHz, Chloroform-d) J: 190.7, 154.8,
152.1,135.8,131.4, 124.1.

3-MEWy HEE(2s)'2): S EOIRIA, 773 81%. 'H NMR
(400 MHz, Chloroform-d) ¢: 9.94 (s, 1H), 8.28~8.02 (m,
1H), 7.55 (d, J=5.1 Hz, 1H), 7.52~7.18 (m, 1H); 1*C
NMR (101 MHz, Chloroform-d) J: 184.9, 143.1, 136.7,
127.4, 125 .4.

PR 2004 T EiE, 72 82%. 'H NMR (400
MHz, Chloroform-d) d: 9.67 (s, 1H), 7.71 (s, 1H), 7.27 (d,
J=3.7 Hz, 1H), 6.70~6.51 (m, 1H); *C NMR (101 MHz,
Chloroform-d) 6: 177.9, 152.9, 148.1, 121.1, 112.6.

KO TEERAR, 72 92%. 'H NMR (400
MHz, Chloroform-d) ¢: 8.03~7.83 (m, 2H), 7.68~7.39
(m, 3H), 2.60 (s, 3H); '*C NMR (101 MHz, Chloroform-d)
0:198.1, 137.1, 133.1, 128.6, 128.3, 26.6.

RNEFHEv)I: TotisiE, 7% 86%. 'H NMR (400
MHz, Chloroform-d) : 7.96 (dd, J=28.0, 1.5 Hz, 2H),
7.71~7.08 (m, 3H), 3.00 (dd, J=7.3, 0.9 Hz, 2H), 1.23
(td, J=7.2, 0.8 Hz, 3H); 3C NMR (101 MHz, Chloro-
form-d) 0: 200.8, 136.9, 132.9, 128.6, 127.9, 31.8, 8.3.

4- =GR W) IR AR, TR 77%.
"H NMR (400 MHz, Chloroform-d) J: 8.06 (d, /=8.1 Hz,
2H), 7.73 (d, J=8.1 Hz, 2H), 2.65 (s, 3H); *C NMR (101
MHz, Chloroform-d) : 196.9, 139.7, 134.5 (d, J=33.0
Hz), 128.6, 125.7 (q, J=4.0 Hz), 123.6 (d, J=274.0 Hz),

Chin. J. Org. Chem. 2023, 43,2572~2579
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4-F K LW (2x): A/ EAE, P2E 72%. mop.

59 C (Lit.'7? 58~60 C); 'H NMR (400 MHz, Chloro-
form-d) : 8.29~7.10 (m, 4H), 2.65 (s, 3H); *C NMR
(101 MHz, Chloroform-d) &: 196.5, 139.9, 132.5, 128.7,
117.9, 116.4, 26.8.

4 Bh#1 B} (Supporting Information) ff 1k 71 R ME 45
PAK A BB ARFA) 'H NMR R PC NMR B . IX e h
T] DL 3% IASTH WX 3k (http://sioc-journal.cn/) | F %K.
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