o P4 s Hhag g R

cCu AT
CHEMICAL JOURNAL OF CHINESE UNIVERSITIES 271? =) 'Ll-lzjjs

AN FELERELEER
& M R I R

HEFH, HERF, B FY, RERKR', FEHKD
(1. M5 F2E A2 T 2B, M 264005;
2. PEBHEBEAR R G055 290K S T S =, T ERMEBEAOR R LA L,
E R YKL, JE 5T 100190;
3. R EBREBE R ARR S T AR, JE5 100049)

BE  MARMEBERLASWTEBURL G EARE L POCIRE Rl 28 SR G EA T2 1 i FH T
FUHI, LA 1A [ AR A 700 0 40 A 700 7 23R i A A A R o) 5 0 28 I B A B AR R M B 1, Hoh T Rt
IR EA IR R — BRI T S B S FIME £ ()8 . AR SCEZR-GIFIR T 430 LSRR RIS S AL R
PEA A e e M R A T 25 1 U S SRR B AL B BT e, R I 0 T R SR A LB, A 4
EAHFEAR P AL S B BRI . f 5, B T AR S BRI AL TR 5 ThT A 7 B P AE [m) RERIPR R, O
XA T5 ) AT T TSR, ITI A AR G Qa1 e SR SR AL 2

KB ORRG R AAL I AR G BRRIEY

FESES 06433 XHEFREE A doi: 10.7503/cjcu20240177

Research Progress on Catalytic Oxidative Coupling
Reaction of Aniline with Green Oxidants

BAN Zhiyong"*, YANG Caoyu™*, FENG Qing>*, YIN Guojun'", LI Guodong™™
(1. College of Chemistry & Chemical Engineering , Yantai University, Yantai 264005, China;
2. CAS Key Laboratory of Nanosystem and Hierarchical Fabrication, CAS Center for Excellence in Nanoscience ,
National Center for Nanoscience and Technology, Beijing 100190, China;
3. School of Nanoscience and Engineering , University of Chinese Academy of Sciences , Beijing 100049, China)

Abstract Azobenzene and azoxybenzene compounds have exhibited broad application prospects in the fields of
pigments, optical materials, fluorescent probes, and optoelectronic devices. Now many catalysts and oxidants have
been developed for the oxidation coupling reaction of aniline to produce azobenzene and azoxybenzene compounds,
and among them, developing the green, eco-friendly oxidation systems is still a hot but challenging issue in the

current researches. Based on the above, this review summarizes the recent progress in catalyzing the selective
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oxidation of aniline to generate azobenzene and azoxybenzene compounds with the use of hydrogen peroxide and
oxygen as oxidants, and meanwhile, discusses the possible mechanisms of aniline oxidation, mainly including
nitrosobenzene intermediate mechanism and radical coupling mechanism. Finally, the potential problems and
challenges in the synthesis of catalysts and the catalytic mechanisms have been summarized, and further researches
have been prospected. This review will provide an important reference for the development of related fields.

Keywords Aniline; Selective oxidative coupling; Hydrogen peroxide; Oxygen; Azo compound

BARMEYIE—RTA—N=N—IGEEREA AN, X HYMEE R T E A 200 Z4EH )
s BECRAE W) IZ T BRI R P AT A | AR5K L B BRI R (0. S
i, PMERRA G Y BA RAFRKREE . M ERDE, =3 PERRENEL A G OS5, e R
dt . GTEL Ak L BRI SEA Tl e A T AL AR, (R RS B DGR B U AL
BEPET, BT RO RE . POCRE FOC RS F AR e 0 BRI Z b, MRS YTEAY)
PR 25 U R P RS H AT, AN, (R A 2 RE A I RAETR T, P AR S WK B 2
BN T2 e s SRl ) 5 EREE TN BURGRI R I N T2 ARG S A
O —N'=NZity, RS ZAFAET BA LY PER R IR =y rp 202 e, S AR S
Py RLHAT R B AT P, AT TR R R R T A2, R B Wik AR J5UR}, JE 3 Wallach
B HERONLA R 4- R BB R R AR AW, SEBAEDT B B0 BRI AR, 200d K e,
R EFAMAT AL S Y CHOIT R R, XSG YTEA LR 259 Gkl dshsnl ALt
PRI K J v R AR AN AR,

HHT, 5 AR ARG WIS Ok EEA T 3RO X (& 1) (1) &S 20k
T B AR IS0 2R U R, PR LS W R T O AL A IR s (2) [ kAR B A
#2020, BaMn0,, 1-BuOI™ 8 CuCl, ) AALTF e 5 (3) SR Il B 057 A el & i 5 16
BRI TCH AR T LAY, e R AR R A 52 R, AT IR RO HLERAT T A B B
fifE . A, YCHLR AT (-BuOD ARSI , t-BuOL el AR i Ak N, N- IR | B 55— DA o)
TR N, N- "R A SRR, A N-NABTR , T E VLA, AU AR Y. il SR
TR , MR S ALY 9 O—O B, AR Rl A1 W) 2 S8 e, Ll itE— A0 A Al A Al A 5
AL R AR 4 G A A SRR ) 5 T 2 R R A SR, D) A S A ™
Pyev. B AR, SRR T B AT Y R 2 | R AR, ikt
TR K (HLO, K0 48 T (O AR, TR AN 8 25 05 T i i AL i 7 3 Ay . Rt
FEARM], SRR R B AL FE e SR SOM LR s e U R P, 2RI el <

Azo coupling scheme

+,’N

o iy,
y emperatur
NH, NO,
©/ BaMnO,; @ LiAIH,; ©/
t-BuOl; Ny

NaBH,;

Oxidation o @ Reduction
N3N scheme

scheme

Fig. 1 Traditional strategies for synthesis of azobenzene and azoxybenzene
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Fig. 2 Transmission electron microscope image of 2. 5%(mass fraction) Ag/WO, and particle size
distribution of Ag nanoparticles(A), recyclability test of 2.5%(mass fraction) Ag/WO,
nanostructure catalyst for the oxidation of aniline to azoxybenzene(B)" ", schematic diagram
of Cot-MA-12-Nb catalyst in continuous-flow catalysis(C)**

(A, B) Copyright 2015, the Royal Society of Chemistry; (C) Copyright 2023, Elsevier Inc.
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H,0,7E (111) &I E DAA SR AL ALY )7 55 B B — Ce 5 17742 Ce-OOH 2544, JAHXTPEPEA 2338 A
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Fig. 3 Schematic diagram of the coordination mode of CeO, in the (111), (110), and (100) crystal facets
(A), the configuration of peroxide species formed by H,0, on the CeO, (100), (110) and (111)
crystal facets and their activation of H,0,(B), the aniline oxidation process on the CeO,(100),
(110) and (111) crystal facets(C)", schematic diagram of the supercritical CO,-assisted Nb,O;
synthesis process(D), schematic diagram of the activation process of H,0, by NbOH(E)®”

(A—C) Copyright 2023, the Royal Society of Chemistry; (D—E) Copyright 2019, the Royal Society of Chemistry.
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AAEFENER 98% 5 T LA LB, AT Hetd %A Z (TBHP) A 8 ALRIINE, 40 CTF [ )i 24 h, R fiE )
EEAL R0 96% , X N AR AR I BEME S 94%. X 25 T SR (v RIS, RISk ™ A R J
JHe L R R R e S A AR RS SR A 2 R AR R AN R T R 3. P AD SO s s 8 e e, 15 31 R
TR AT RS FE IR0 5 7 A AR AR 5 T AR WA R i 20 BRI 5 PR TR e i Ak, A SRR AR
JNL R AR G, 7oA EOR ) . A SRR R A RO I Y RAE S MR A K& DFT 358, &3
Zr(OH) M S FRYE IR 2 A 1 07 A5
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A AL BB, . Ding 25Vl FH 1T 41192 (C,H,0,) B Nb, 28 H,0, I A B A i T 3 b B i, BT
WAL IR A AR ER . LA LA 50 HLIGHEAMNES IR B, S35 AU T 107 935 £ BR A fi Ak 751, B mT a2
L 100% B AL 2, EAL IR B R BN E IR R 95% | FEALATIAR K 4435 h', DL LI 100% 1) H,0, FY F]
FHE . WLERWTSE 20, 147 PR PELE HL0, FHE L1 Nb- (-0,) ¥y A& 2 15 2 e ok 0 S8 AL 1 356 2 v )
A, 3 HAE R R ("N NMR)#IA T Nb- (-0, B Rl A= 5. eAb, 28 AR il—NH, 5 Nb- (9%-0,)
Z A AR BAVE R, AR SRR e v (R 9 A O A RO i R rp R 3 T R . RS, RO
BRI AR Z B R A 46, 8 A AR E R 1)

Cai ZF G T —Fh AL & [Ni [ TR Keggin 1 Z 4> J& %A 2 £k (Polyoxometalate, POM), Bl {[Ni(H,0),*
(Dach),] [Ni(Dach),],! { [Ni,Cl (w-OH), (H,0) (Dach),(WO0,) (PW,0s,) ][ Ni, (u-OH), (H,0),(Dach),-
(WO,) (PW,0,,) ]{CI-27H,0, (Dach=1,2-"ZJEIR Vb ). X Fh POM 7E7K VA HH e B 10 5 A A 2 g
AL R EABRIARAPERE . 7£70 “CF SN 24 h, FRBEAIFEILRIK 99% , X 1 i A (B PR I 1
86%, FARALFIZE IS 4 Y A (R AROR PRI o PO TG . AR F B2l 357 { N Bk L PW | A IR REAE ]
% POM PUMEAL TG P AR PEPE B8 4w . X — PSP RE 3 LU I | Nig 78208 T WAz it ) 4R A A D
T, WIS TRk . R, | Nigh A R T RN 46 G20 58 . XA TN B 20 R S 3 25 1
P A AR R B R

BRIA R A Brabi s, BuiEe A LR R BRI 2 B AR PR E . Niu S5 s A 2 T 4 Fp o)
RE Ak 05 PO A B G A B2 5 Th#% , B Th-MA, Th-BEN, Th,-Fce F Th,-C8A (MA=H11% , BEN=4 /I iR,
Fee=" /R IR, C8A=MR[8]0548). LA H,0, AL, N [EIFEC A vt 19 Th 7% LA AN R 7 390 2 B
SR e PR Al . AR, PR AR, The-C8A AT iRy & Ak 2R e SR Ak A i AR (R 4
A5 T The-MA WIAEALTEPERAR, The-BEN fEALFIJLF-BA TEYE ; The-Fee AL RIEVER &, (HF=911)
VEREVERC2E . A, FEAEM MRS IR BRI R, R TR TR A AR RS 7= 08 B 52 . 454 DFT
THASER, R IAE Th 7 s b, HO,EF 7R SRS Ak 7= A At RIS PR HOO -, SRS A AL . 1L
Hb, LA The-C8A M, HRVF T I P= e 0k 0 fE i) . e 2R e AR sy B AR v, BRABERAN , MR
FIZ I A R R RS AR IR . L, aEad X — R R, BT LA SOR R
AR AR . 270 B O R AR, WA R R SR i ez, MRS %™
Y. E4(C)FP LB IXIECKE . SR . B BRI R BB BRAIR , 22 B 3G 700 AT 8 742 40 B8 1) J g
Sy RN, A v H B0 R 7 R0 R in b S s 5e, DRL e s ) b DA SRR IR R 1
T, WTE SR BE 25 5 A B AR . R, 1F O ke B B B RE , S R0y I S I 25
B, FALBEIRM = REAR . B2, T AR T —Fh U Seml 47 A SRems , Xof 2 g 3d 8 v s 1y 4
FIE ARSI TR, SEBE T XS AN =3 Bk A S0 [ 4(A)~(C) |, X—FEAMUER TR
NEETFB, WA BUREE B bR 8t 1o U ks

Han 2544 1 1 Lindquist 8 242 J& 8RR 5 [N (C,H,), 1,[ Mo 0,, ], VA HO/E AN, I T
EREAL R AL PR BE . 7EH A R, LU Na,S,0,/E MESINF, 1660 °CF K 24 h, A%
K 99%. AR F R T JEBEA R, AN Na,S05, 50 ‘CF S 36 h, AL E RN = 0] k3] 90%.
Su SN TR A R AL RS T T, BB N ARG T Mo b e AR eIt 3 Hyd 4k, A2 =
A AR [Mo,0,Mo" (OH) « - *HN'Ph]*. )5, 575 — N RRHEIT B2 40, &4 N-N BB, 7
[Mo,0,, |*#% IR A S 4 & 10 — 2K Bk rh () (PhHN-NHPh) , #F—5 & R AL A, feA: iU A R )
FALMBAEIE . AR LB, ARIRIES NG s by e HAg i 2 5 m, Horp A Xt NaHCO,, K,PO, %8N
F, NayS,0,%F 5 b HA 5 B G0 FEIEVE R . 308 0 7] = 23 2o 42 S8 e (1) S A% 0 E UK 52 i 44 Js
NERE . AETCU ISR T, 28 AR W R 2R B B el S5 AT LUMO SRR E . S, i n i
S,05 B X Wz B A 2R e 11 PR L A I U AR, 2B R LUMO A RE &, S 3 88w L S i i
PE. AHELZR, W COT, PO FISOT B IR RN ss . JUHMERT AR, COT SR A M Sk
AABERAE SR =, BHAG SN A T, AR 6 [ 4(D)~(F) ].
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Fig. 4 Structures of Th,-MA, Th-BEN, Th-Fcc and Th-C8A clusters(A), selectivity of aniline oxidation
products by using ligands and reaction solvents for regulating Th clusters(B), reaction mechanism
of aniline oxidation through nitrosobenzene intermediates(C) “*, [Mo,O,]* cluster structure(D),
selective oxidation of aniline to different products by solvents and additives modulating the
reaction(E)“", energy changes of 8-LUMO of aniline radical intermediates after binding to different
additive ions(F)"*"
(A—C) Copyright 2022, American Chemical Society; (D—E) Copyright 2020, Wiley-VCH GmbH; (F) Copyright
2023, American Chemical Society.
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Table 1 Summary of research progress on aniline oxidation coupling reactions using hydrogen peroxide

as oxidant”

. Selectivity (%) Generation rate/ )
Catalyst Oxidant ~ Temp./’C  Conv.(%) o Ref.
Azobenzene Azoxybenzene (mmol-g™"+h™")
CuCr,0, H,0, 70 78 — 92 7.700 [97]
[N(C,H,),],[Mo,0,,] H,0, 60 — — 99%(Yield) 1.517 [94]
[N(C,H,),],[Mo,0,,] H,0, 50 — — 93%(Yield) 1.900 [94]
Zr(OH), H,0, Lt 98 — 98 25.82 [81]
Zr(OH), H,0, 40 95 — 97 2.064 [81]
{Ni | POM H,0, 70 99.4 — 86 0.301 [98]
Th-C8A H,0, Lt 98 — 98 0.100 (93]
TBA-Nb H,0, 30 99 — 96 594.0 [91]
Ru-POM catalysts H,0, 40 99 — 97 10.12 [99]
Cot-MA-12-Nb H,0, 60 98 — 99 38.81 [64]
Cu-CeO, H,0, 50 95 — 92 7.283 [100]
CeO, H,0, ot 84.4 — 62.4 6.583 [73]
1.8% Ag/Fe,0, H,0, 50 92 — 94 5.405 [63]
Nb,04-scCO, H,0, Tt 86 — 92 1055 [80]
USHT-200-2/56 H,0, 27 54 — 100 1.808 [101]
2.5% Ag/WO, H,0, Tt 87 — 91 1.649 [62]
Nb-peroxo@Fe,0, H,0, .t 99.6 — 83.7 14.87 [79]
sub-15 nm CeO, nanowire H,0, r.t. 70 — 60 1.873 [72]
Ui0-66 H,0, 60 99 — 99 22.07 [96]

* 1. L. : Room temperature; Temp. : temperature; conv. : conversion; generation rate: the production rate of azobenzene or azoxybenzene

per unit mass of the catalyst, calculated by the experimental data in the reference.
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Fig.5 TEM image of 3.2%(mass fraction) Ag/C catalyst and particle size distribution of Ag
nanoparticles(A), mechanism of Ag nanoparticles catalyzing aniline oxidative coupling reaction
(B) "1 schematic diagram of selective oxidation of aniline to azobenzene by RuO,/Cu,0
catalyst(C), element mapping images of Cu(green) and Ru(orange) in RuQ,/Cu,O catalyst(D),
mechanism of aniline oxidative coupling reactions catalyzed by RuO,/Cu,O(E)""
(A, B) Copyright 2013, American Chemical Society; (C—E) Copyright 2018, American Chemical Society.
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AR WO I R A 5 D A ) T & A A RuO, 2 18T, 00 Ry R (4 A B A A B s R A R e 1) i B P 4
FELEIS(C)~(E) ] 23l , Patel %258 1o R ER A 15 25 T 48R CuCo,0, KR , ZETCES TR 5%
PR, 7E85 C W 10 h, AR R ek 95%, JEIHL S AL A R S AL BB PERE . Hirb, &
S BTG AR E & A AE Cu i s, TR & A & A 4E Co a5, CuFll Co (VS B RIVE B & 4
T AR AR R P R

ZE BT, TR A R T Ak IR i AR S I S A B D R 2 g S 3 T B 4 A
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Table 2 Summary of research progress on aniline oxidation coupling reactions using oxygen as oxidant”

Selectivity (%) Generation rate/

Catalyst Oxidant Temp./C Conv.(%) o Ref.
Azobenzene Azoxybenzene (mmol-g™-h™")
1.5% Au/TiO, 0, 100 100 92 — 26.50 [112]
5% Au,Pd,@C 0, 60 98 99 — 43.26 [109]
0.5% Au/CeO, 0, 100 100 93 — 50.00 [107]
Zr(OH), 0, 110 97 — 90 0.782 [81]
Zr(OH), 0, 100 95 94 — 4.001 [81]
CuBr Air 60 — 96%( Yield) — 5.556 [113]
Meso-Mn,0, Air 110 99 99 — 1.225 [114]
3.2% Ag/C Air 60 — 97%(Yield) — 31.17 [106]

* Temp. : temperature; conv. : conversion; generation rate: the production rate of azobenzene or azoxybenzene per unit mass of the

catalyst, calculated by the experimental data in the reference.
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Fig. 6 Schematic diagram of aniline oxidation reaction mechanisms: nitrosobenzene intermediate
mechanism and radical coupling mechanism
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