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Catalytic performance and mechanisms of GOase model compound
on selective oxidation of ethylbenzene to acetophenone
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Abstract: Selective oxidation of C—H bonds under mild conditions plays an important role in the
production of fine chemicals. Inspired by the active center structure and catalytic cycle of galactose oxidase,
model compound CuL, with L referring to the ligand of N,N'-bis(2-hydroxy-3,5-di-tert-butylphenyl)-2,2'-
diaminonaphthyl, was synthesized, and evaluated for its catalytic performance as well as mechanism on
selective oxidation of ethylbenzene to acetophenone using N-hydroxyphthalimide (NHPI) as cocatalyst. The
results showed that under mild conditions (initial O, pressure 1.0 MPa, 75 °C, reaction time 8 h), the
conversion rate of ethylbenzene was up to 99%, while the selectivity of acetophenone was also up to 99%.
The reaction mechanism could be attributed to the active intermediates formed by CuL and NHPI, which
efficiently promoted NHPI generating phthalimide N-oxyl (PINO) radicals through electron transfer and
thus achieved the C—H bond activation of ethylbenzene. Data from kinetic isotope effect experiments
suggested that the activation of NHPI might be a rate-determining step (the ratio of reaction rates between
NHPI and deuterated NHPI was about 3.4). The results of electron paramagnetic resonance and high-
resolution mass spectrometry revealed that there were alkyl radicals, peroxy radicals and hydroxyl radicals
generated during the reaction.
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Wi (—C=N—), fEiEHiil GOase HAT ¥ T
e Th e B0 Ik EEE 1 i LA e S AR TR
&, AT —% GOase MEEAELS Y, IfE0F5E
HEEM GRS R . Bl KITATIMA 2P T
Salen HIFl & W1E N GOase WA BB EILEY),
CHAUDHURI %51 T —Fh g Cu 2RI
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Fig. 1 Possible mechanism of GOase oxidation of alcohols
(a) and biomimetic catalytic system composed of
GOase model compound and NHPI (b)
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= L BEN () [ Fe(acac); ). AR 4% ( Zn(OAc), ).
EER%S ( Mn(OAc), ). RO, 1- KW, L. H
k7], AR, %L &3A (LRFETHRHE AT BR
2] ); Oy (IRFR3%E 99.999% ), [ MIASMAE BRA .

GC-2010Plus BVSAHEATEL . GCMS-QP2010-Ultra
B A - i e 34X (EPR ), HZX Shimadzu 24
F]; JESFA-200 #IHL P mEILHR B, HARHF
R 24t UltrafleXtreme 7Y 58 57 5l Bh 3O A% W2 HHL 25
TRATHTE] TS AL (ITMS ), % F Bruker /A 7 ; Avance
NEO 400 MHz B g L3R 1%4Y . UltrafleXtreme™7!
MALDI-TOF Fii{%, & Bruker 237 ; 100 mL AN
BN A, 1LV EILT P ER BRI
1.2 NN-WER-BE-I35-ZHRTEFE)22-°F

BEEE (B HL ) MEK

P SCHR[2518 WAL AR HoL, FmsAEB k. A
ZUTF IR

a's *E%w*gm K

¥ 1.42 g (5 mmol) 1,1'-BKZE-2,2- iR 2.22 ¢
(10 mmol ) 3,5- /U T FEARR Wy A 126 20 mL
LR =B, Wi L1-BZE-2,2- T 4
Fii P VA R A 22, INARRI I 8 TR, VTR R
AR s, HERERE (VA « (R
ZHE)=6 : 1) WSS REERE, S 30 min S5,
WEIZEEW, AEETE, S, H 10 mL Rk
ok, 195 3.28 g By A @A, 7% 87%, 'THNMR
(400 MHz, CDCly), 6: 1.22 (s, 18H), 1.42 (s, 18H),
6.47 (br, 2H), 6.94 (d, 2H), 7.07 (d, 2H), 7.21 (d, 2H),
7.31~7.41 (m, 6H), 7.84~7.90 (m, 4H). ITMS,
CusHsgNoO,, m/Z: [M+H] SZIE (81 ) 693.88
(692.97); [M+Na] SEME (3T54H ) 715.77 (714.76),
FTIR (KBr), viem': 3425, 3376, 3345, 3058, 2960,

2906, 2867, 2632, 1918, 1710, 1619, 1596, 1510, 1477,

1419, 1363, 1224, 1147, 1116, 1025, 925, 879, 817,
794, 750, 686, 647, 630, 578, 518, 480, 435, 416,

1.3 HWELEW NN-WE-BEI35-ZHRTEE

) 22-“REBKZEAM (Cul ) MAMK
FESCHR[2518 8 Cul, JEmsfEEk, Ha g
LT FR

B 1.38 g (2 mmol ) BiiA& H,L i T4 10 mL
Jook B EERY BB, mImA 0.36 g (2 mmol )
ToKBERRH] , 7E25 S HidtE 30 min J5, RV RS
g, NS RENANEY, S8, HPE., OBk
W, TRIEERASESEEA 123 g, 7F 82%.
MALDI-TOF, C4sHs,CuN,0,, m/Z: SZi{E (3514 )
751.44 (751.48), FTIR (KBr), viem': 3436, 3270,

3062, 2952, 2904, 2867, 1945, 1916, 1756, 1619, 1594,
1510, 1479, 1427, 1386, 1359, 1301, 1234, 1207, 1147,
1112, 1076, 1027, 1006, 991, 960, 931, 894, 863, 815,

775, 742, 694, 632, 582, 568, 545, 509, 464, 447, 416,
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Jid Tt R E R R e A AT I
WEBON . WA 9.22 GHz, JEHIIEE 0.1 mT,
PEHIBE 100 kHz, TR 0.5 mW, BFE] %% 0.03 s

GC-MS %E : GCMS-QP2010 Ultra S HH (713 -
AU B Rix-5 BANEAE (30 mx0.32 mmx0.25 pm )
A1 FID Kl a4 o METHERR T R #IRIREE 50 °C,
SEAFHE] 1 min, DA 10 °C/min AY3EFRTHEZE 100 °C,
{88 2 min; LA 10 °C/min B FRTHEZE 150 °C,
{88 2 min; A 20 °C/min 3R THEZE 250 °C,
{522 2 min,

GC %€ : GC-2010Plus < HH {233 1’)(@ﬂ§lnertcap
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KIGE b (FID) Kl 2% o MR FE T h . PIlR
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THEZE 160 °C, £ 1 min; LI 10 °C/min B3R
THEZ 180 °C, 4% 3 min.
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it, T K 0.2%. NHPI &N 4% (L2 EY
R, TR D). 205 10 mL. #7146 0, 677 1.0 MPa.,
75 °C. RMERFE] 8 h 4R, RIS 4 Jm #hAE
AR R Y R R o

mr&%\fff KDL FESE RN GC-MS 3 GC
BRI S, 38 3t % AR B ) DA B o A T
I3 o
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JEMIFEAL R 1%=(40-A,)/49x 100 (1)
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Hi Ay HIERPIRIM A, mmol; A, NS B
Y, mmol; Py NN H R =Y &, mmol; P
NTAFEYI R, mmol,
1.43 8w ABMgT 7k

A 390 B9 A 2 EasySpin 5.2.35 X
£ EPR AT HIA 10,

2 ZHR5WE

21 ZHFREURMEHHER
2.1.1  REMEAL A 3¢ TR RAC R 6 % v

F IR 1.4.2 552 5500, RSN 4 8 $hVE it
I A AR SN B SE ], A5 R I 1,

1 ATFEMEA R T PR B B

Table 1 Effect of different catalysts on oxidation reaction
of ethylbenzene

FFs AL CHRKALR % RO BENE/ %
1 CulL 99 99
2 Cu(OAc),*H,0 88 98
3 Co(acac), 82 97
4 Co(OAc),*4H,0 63 95
5 Fe(NO);*9H,0 51 90
6 Fe(acac), 68 94
7 Fe(acac); 57 92
8  Mn(OAc), 42 85
9 Mn(acac); 56 92

10 Zn(OAc), 21 68

2 1 A%, 4 Cu(OAc),*H,O MHEALFIIT,
HA B NMILRCR, CRB R 55] 88%, 4
=28 PR I 35 5 98%; Co(acac), ML
RBar, XA EN 2%, ML HEY
Co(OAc),*4H,0-NHPI 1k R4 — & H 4 FH1E AN,
Al RE S SRR X R S WA o Ve s oAk A
AR AL RO YA SR AR by —
WEEER AL SO B WA BR, ZORFERIUA 21%.
M5 WA Cul ZEAH [ A 4544 T AT LA 288 Ak R
=W O T B 2R 5 99%, FBI5AE 2L
AL M P 5 B AL &9 Cul B 1Y
AR .

212 BESTHEAANR Y h

HoAl v 40 R) 1.4.2 35, DL Cul g Ak,
IR X AR ARV R, SR 2,
B 2 ATHL, RVIREE R 45 °ChY, KO Ek RN
90%, 1HZFEFEALFRAL T 26%, FW] Cul A] LATERS
TR IREE TR s N, 7T REVR A 15 4= S5 F e S
RERETEIR AN B 4508 RS2 B NHPL B354k, 24w i
JE LT 60 °CHY, LR KR BT, i85 91%,

RETBEREM N 98%, [N EHE = 2 75 °CHT,
CuL itk & 2R S A I e AL R W) 28 Bl e B 14
H99%. —FHERNREE 90 °CHf, K%
LR =Yk AR A K, HIt, 75 °CENIE

HIREZ .
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80|
60}
40
R
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Fig. 2 Effect of temperature on on oxidation reaction of
ethylbenzene
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Fig. 3 Effect of reaction time on oxidation reaction of
ethylbenzene

& 3 Af%0, CuL-NHPI 1k &k 2 R bk
PR SR [l 3 S N AR, 7R RN R IR T 0.5 h A7
TERET I SO 1 h i, SO o R I 2 e
K 2 h B, SR EE>80%; FE 5, H
T ORMREREAR, S AL BURA N FEAC, S 2 2
KO HE B R AR TE 90% A 5 W 4h, 4K
FIEAL AT IA 94%; W 8 h i}, AL R
LT IEE] 99%., KL, 8 h A& il F B R At
[ o
2.1.4 ABALH R F 2 TR BAR R 69 7R

Hofth SR 254 R) 2.1.3 45, 78 S B A 8 h )
S B SRR FH 0 LR SE A N R, 45
IR 2,
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Table 2 Effect of catalyst dosage on oxidation reaction of
ethylbenzene

T4 VRN R T1 8 & E AR S Y 5
Table 4 Effect of initial pressure on oxidation reaction of
ethylbenzene

5 CuL /% IR % FE R % 5 JE J1/MPa LR R /% RS/ %
1 0 27 82 1 0.2 91 98
2 0.01 61 94 2 0.5 94 98
3 0.1 97 98 3 1.0 99 99
4 0.2 99 99 4 15 95 98
5 0.4 94 99

2 2 Al Y4800 Cul {UA NHPI R, 2%
AL RALUA 27%, 75 LT Bt AR X 4R ( 82% ),
VEBA BT AL R IE 16 NHPI B LGS A
CuL &R 0.01%0, ZARFEALFKIE FTHE 61%,
[] I 2 2 B e R Pt T 28 94%, 6 Cul & #1552
B AR AE T o Cul I ZE 0.1%F1 0.2%
i, AR AT IR 97%F1 99% , F= )k B METE 98%
1 99%; #E—¥ Cul FHERTFE 0.4%H0F, %R
NI R R K, HREELHFE, cul HEN
0.1%~0.2% N1 H .

2.1.5 NHPI A& %f TR AR B 695 vh

HoAth S 7 444 1F) 2.1.4 75, 7E CulL FHiE 4 0.2%
B2 %88 NHPT FH i % R AR S Y 52
R 3,

3 NHPI A £ Sk SN I 52
Table 3 Effect of NHPI dosage on oxidation reaction of
cthylbenzene

5 NHPI H#/%

CHIACR 1% RN/ %

1 0 — —

2 1 65 97

3 2 79 98

4 4 99 99

5 6 98 98
=7 Rk .

3% 3 a4 R A NHPI AU hn A Cul i,
CARSEAC R N TCHE KA, B NHPT 36 fb Az 5 )
PINO [ i 3 X} F 1% 4k 24 C—H 8k 5] 56 4 M 1
M BiE NHPL HEMEE M, ORGREEH -
Th; 24 NHPI JHHE N 4%F0 6%H, AL R IL
SEANAE 5 T NHPT F % 7= 49 36k 6 7 A 52 g AN K
LG, #EN NHPL XA 2 W) 46 By B X 36 4k 22K
B C—H F e 2| SCHEPEE A . Ik, NHPI H &%
4% N H,

2.1.6 B JE A3 LREBABRF 6 #h

Hop S0 46 F ] 2.1.5 5, 78 NHPI &N 4%
BT, %58 O, K Xt SR EAL L 5, 25
Wik 4 pis,

M % 4 nT AL, Oy FE 1% OB /N, 2 T
5 0.2~1.5 MPa i}, ZREALRN 91%~99%, K
BRI PR TR A B AR b . R, MR R AT DIFERR 5
)R IS B AT o

28 ERSIAE R, 78 Cul Ji#E 0.2%. NHPI
FHA 4%, #I4h O, JE 41 1.0 MPa, 75 °C. ¥ 8 h
PIRAC I B 451 R, SRR R 99%, 2K T
PEFEME F IR 99%.
22 RENEBERR
2.2.1 CuL #4% NHPI 5 #7

T % PINO HHIEHEAFRMAEN, Ik
Yy B o I AR R A M B W AT Cul 5
NHPI fER#5E, 459 0IK 4, A Cul. NHPI
ETTE O, AR Mk, Bl HEFT EPR M5, A
F| PINO H % (HKAMIEHE (a), an=4.9 G,
0=0.3 G, g=2.0045 ] P7EAE ([ 4a), W] CuL
fiefs 1% b NHPI 2E i PINO H i3, 4 EPR SZHG7E
Ar SUR T HEATRE, KR Bl — A A AL A B3R E S
(an=3.1 G, ay=3.6 G,g=2.0021 ), "] fie 3k I T NHPI
5 CuL 45 A AU BCR [ SRl (& 4b),
B NHPI 5 CuL Z [Hl k4 THFHRE . HIEHEAT
A S TR T B 43 HT, 453 T Cul A NHPL &4
) ESI-MS & ([ 4c), CseHseCuN;Os ) m/Z:
913.3506 ( SZER{H ); 913.3510 (1Y ), #E—4F0,
CuL A1 NHPI &4 T HEAER], A2pk PINO H H %,
222 BuEGF S

CuL-NHPI ffb 2R b s v BA B 5| &
Wi, g N BB, FBH LR AR 3 N
FRE, B CuL., NHPI FIZZEAE O, AT, Ak
AR DMPO i, 75304 EPR #E4N&l Sa fi7s .

B

on=49G, 05=0.3G, g=2.0045

330 332 334 336 338 340
3%/mT
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an=3.1G, 05=3.6 G, g=2.0021
340 328 330 332 334 336 338 340

Wi3%/mT
Y 913.3506
914.3534 o
0 N_O
916.3529
ik l 91A7'3570 CuL-PINO
913.3510
914.3543
916.3536
X)) ‘I | 9173563
I 1 L1 Lol 1 I 1 1
908 910 912 914 916 918 920 922 924
ml/Z

Kl 4 PINO M3t (a), CuL FAAAHEE (b) Y EPR
TP [ CuL-PINO A E (A S50 FBE AL (¢)
Fig. 4 EPR spectra of PINO radical (a) and CuL ligand-
based radical (b), as well as MS spectrum of
CuL-NHPI intermediate (c)

5
DMPO-EB

~ A~ ~ » DMPO-OOEB

DMPO-OH

AN N\ A L
328 330 332 334 336 338 340
#i3%/mT

b
+ 0,

UER LS | DMPO

\] v v

m/Z 218.1538 m/Z 250.1438 m/Z 234.1485
DMPO-EB DMPO-OOEB DMPO-OEB

1. é
© m/Z 130.0861
DMPO-OH

Bl 5 Cul fifbZ 2K E AL N ) EPR SE56 FAR 48 i &

(a), MY A b AR (b)

Fig. 5 Experimental and simulated EPR spectra of CuL-
catalyzed ethylbenzene oxidation (a) as well as
radical species in reaction systems (b)

WA, AR R R AE TR E
- (ROO¢) (on=14.5 G, ay=11.2 G, g=2.0061).
Foe 3k 1 i RECHR o0 A B3 X an=16.0 G, y=20.0 G,
2=2.0056 ) F1*OH ( 0n=14.8 G, a;;=14.8 G, g=2.0059 ) **,
HE—25 1 AR B, X2 [y SRR 450 A s
T DMPO i3k 1) R A ek, {45 DMPO-EB

(m/Z: 218.1538 ), DMPO-OOEB ( m/Z: 250.1438 ).

DMPO-OEB (m/Z: 234.1485) #1 DMPO-OH ( m/Z:
130.0861 ) (&l 5b), v, 78w hoAs 3 iy
OH Tl fig N 1-7 £ 3t E Ak S =
223 awuEAIHHFHH

i1 43 B A o3 sh J1 25 B gl SR LA 6.

a — O min

328 330 332 334 336 338 340
R63%/mT
b —— 60 min
—— 75 min
—— 90 min
—— 120 min

328 330 332 334 336 338 340

3I28 35’)0 35’)2 35’;4 3236 3238 3;10
Wi¥/mT
B 6 IfiErPEAY CuL-NHPI fi#:fk 2 2 & 4L S i EPR
T

Fig. 6 Time-resolved EPR spectra of oxidation of ethylbenzene
catalyzed by CuL-NHPI

H & 6 %1, CuL-NHPI & Z {5 30 min BT
HROT BB Z 0 H R YR, W 360 min {5RE
A Fr R = ) 1 R R, R CuL-NHPI {& &%
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HHEYRM WS & . TEAEA LA REER. #
CREARI BN J17% 5 A RS 122856 R,
K51 & W15 B i SEAE U AR R (0~60 min ),
PR N B B O SRR E— R R, WA
Y A R s A S AR . I, B R
PRI G K A G PR X B g e PR 1T A 3] E
EH
224 FHAFREIEZHE (KIE) 547

RS ANAE ST ST X s I W k= A iR A
RIL, Z5R0AE 7,

a
y=0.0393x

_ a4t R=0.9889 .
g a
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Fig. 7 Kinetic isotope effect experiment
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