it 7 R

2010 Chinese Journal of Catalysis Vol. 31 No. 8

XE %S 0253-9837(2010)08-0895-17 DOI: 10.3724/SP.J.1088.2010.00450 £RiR 1 895~911

fRiE IR B R R ER
3 F, B R EZHEK

O B AR L A BT PT, i k% 116023

FEE: RN AR B A% Ak 0 S R R SR () — B A e AU AR R I A AR R ATE S I 72 v B B A 1 ARAE, 24 J V. &5
TG, MR A TR R A R 1R A8 A TR SE A B BT AT AT 5 AR A 700 1909 23 B IR B A P . AN SR s N 4 ol A 6 e A i 2 R G
TEM IR . TR IR A . 2RI A L 0 T e i A R R A I 555 1 T A P D e i S AT T 368

KR SONVEERIMERAEL, S SRR, BRIk, B

PESES: 0643 XERFRIRES: A

Progress in Reaction-Controlled Phase-Transfer Catalysis

LI Jun, GAO Shuang’, XI Zuwei

Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, Liaoning, China

Abstract: Reaction-controlled phase-transfer catalysis is a new catalytic system. This catalytic system is homogeneous during the reaction.
After the reaction the catalyst becomes insoluble solid and precipitates from the reaction medium, so that the catalyst can be easily separated
and reused. This paper presents recent progress made in reaction-controlled phase transfer catalysis for the epoxidation of olefins, oxidation

of alcohols, hydroxylation, reductive carbonylation of nitroaromatics, esterification, and other reactions by us and other groups.
Key words: reaction-controlled phase-transfer catalysis; oxidation; hydrogen peroxide; carbonylation; esterification
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Fig. 1. IR spectra of the compound Il, catalyst A, and recovered
catalyst™, (1) [n-CsHsNC1gHa3]s{PO4[W(O)»(0,)]s} (compound 11); (2)
[m-CsHsNCisH33]s[PO4(WOs3),] (catalyst A); (3) Recovered catalyst of
A
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Fig. 2. Structure of {PO,[WO(O2)]}*".
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Fig. 3. 3P MAS NMR spectrum of catalyst A,
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Scheme 1. Epoxidation of propylene catalyzed by catalyst A.
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Scheme 2. The process of benzyl alcohol oxidation.

F1 BT Q[PO4WOs)] FAE QMRS HILE L HIF I
Table1 Effect of Q" in Qs[PO4(WO3)4] on cyclohexene epoxidation

Catalyst Q" During epoxidation After epoxidation Conversion® (%) Selectivity” (%)
| [(n-Pr)4NT* insoluble insoluble 60.6 60.2
A [n-CsHsNC16H33]") soluble insoluble 90.6 96.7
1l [(C18H37)(CH3),NCH,Ph]* soluble soluble 96.5 85.8

Reaction conditions: cyclohexene:H,0O, molar ratio = 2:1, CH,CICH,CI 16 ml, 35 °C, 1.5 h.

#Conversion of cyclohexene based on H,0,.
PSelectivity for cyclohexene oxide based on cyclohexene.

B G WS BT B 5 T A 2% £ R B 1k 7
Q3PM0,O1 H 2= 5 0T I A A 1 248 P i 4 o) 28 A
eSS L () s ) (L3 2). S5 R RWT, M 1 QT 2
[(C4Ho)sNT" 5l [C1eH33N(CHa)s]™ I, AL 1) AN i T
SN AR Z BT LA A ARG, 43 0 ok 30.1% FiI

%2 QsPMo0sOy F AR Q"M K RERLAIF I
Table 2 Effect of Q" in QsPMo0,0316 0n benzyl alcohol oxidation

. During After Conversion®
Entry Q . .
reaction reaction (%)
1 [(C4Hg)aN]T* insoluble insoluble 30.1
2 [C16H33sN(CH3)s]"  insoluble  insoluble 27.8
3 [PhCH,N(CH3)s]*  soluble insoluble 92.8

Reaction conditions: BzOH 20 mmol, H,O, 15 mmol, Q:PM0,4036 0.1

mmol, CH;CN 10 ml, 80 °C, 3.5 h.
#Conversion of BzOH based on H,0,.

27.8%, {H 4 LL[PhCH,N(CHg)s]™ 4y FHES 1IN, #4771
AT SR I s A AR g I i AT R PR AR s, R T L AT A
AT P, Ak 92.8%.

5 A2 T AH 3 3% A AR 2R v, 500 7 3 )
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H A8 S N rp, BIOE . A OkE . RTBEIR = T R A
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& 4 v AP, AT SR, NGN- R I i
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T AR A P A Ak 5 R TR AL AR R, Bl AE &
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Scheme 3. Reaction-controlled phase-transfer catalysis in the sele-
nium-catalyzed carbonylation of nitroaromatics.
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Scheme 4. The couple process of epoxidation of propylene with in
situ H,O, by reaction-controlled phase transfer catalysis (RCPTC).
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REFE R DL = R T B R A v i
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Table 3 Results of recycle of catalyst A

C;He:EAHQ Yield? Selectivity”
Entry .
molar ratio (%) (%)
Fresh 2511 86 94
Cycle 1 2711 84 96
Cycle 2 24:1 83 92
Cycle 3 2.4:1 83 94

Reaction conditions: 75.0 ml of 0.42 mol/L EAHQ solution was oxi-
dized with O,, and 31.5 mmol H,0; is formed. EAHQ:fresh catalyst =
200:1 (molar ratio). At the end of the reactions, the catalyst was sepa-
rated by centrifugation, washed with toluene, and used in the next
reaction without addition of fresh catalyst.

2Yield of PO based on EAHQ.

PSelectivity for PO based on propylene.

5E PR

FEREAL ] A [ JE Rk 2 b 22 [0 2 g 2 (16,27
SCA A T DU R AL AN [R] 1 S 2% 2 R AR 1 4L ) B,
C,D M E, I H IR X EATTHEAT T R AL, 45 R WK 4.
PP AT L, Bl T A O ORI B AR ) Ven-
turello %5 BV f 4h 75 A [, 3898 & 35 k4, 7 842
om ™t A AT H I AR Y R v JE AR AR R A,
C, D Rl E AR 3% 1 407 B0 8 790 0 e et e o0 A, A4
7] B AR B A i P A

842

(g
GUR

1 1 1 1 L 1 L
1200 1100 1000 900 800 700 600
Wavenumber (cm™)

4 fEHFABCDFMEMIRIE
Fig. 4. FT-IR spectra of the catalysts A, B, C, D and E.

ICP 7y M 8, 47 A, C, D Fl E ) W/P LL
7F 3.3~4.8, MHEALF B i WIP Lb A %, 7.5
(W3 4).
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T4 ICPIRMER
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Table 4 Results of ICP characterization Table5 Different catalysts for propylene epoxidation
Content (%) . Catalyst Molar ratio of W/P Yield® (%)
Catalyst Molar ratio of W/P
P W A 431 84.6
A 1.53 38.1 4.3:1 C 48:1 81.8
B 0.83 37.1 7.5:1 D 411 80.7
C 1.36 38.9 48:1 B 7.5:1 55.0
D 1.46 35.7 41:1 E 3.3:1 84.3
E 1.91 37.0 3.3:1 Reaction conditions: 50 ml in situ H,O, solution, H,O,:catalyst =

5 FaR AL 3P MAS NMR i, ] L
B, XA R ER S AN TR WP LR AL i T
&4y, Salles 25 814K i PW4, PW3 FiI PW2 ff] 3P
NMR 1k 2447 % 43 51 -3.5, 1.6 F1 0.5, Tff Duncan
2 915 B PWA AT PW12 943 5] 4 0.6 AT -18.5. )&
BT AR T AR AR RS B, AT A 3
) PW4 AL 27 r % AN 8], (H AT Uk B, AH O 38 wi/P
A B A WIP LLI R — i Ty, sl 5
A, AL A, C, D I E 75 6 = 5 A 45 (i s R 4R
B, FLAE WP LL; AT B ) 8 A7 i U,
Kt WIP 5 5.

g LT LA, A7 RS AE O = 5 A A7 45 # A4 R
A2 T W R 8 AR P R0 {POL[WO(0,),]43 1 Ay
P AE TR ISR S N TR 12 48 A R T R AR e ) AR
1 A, C, D B E 36 PE38 8 m, fi fiE A6 R B 3 1k
FHRT AR

I Hsf T 475 A A A0 S I 45 A 52 T b I o

5 {#4k% A, B, C, D E & P MAS NMR i
Fig.5. P MAS NMR spectra of the catalysts A, B, C, D, and E[2.

0.015 mol : 0.1 g, propylene 2.65 g, 65 °C, 5 h.
Yield of PO based on H,0,.

(0.7 5). 47 A, C, D Fl E IR NSl 2
75 80% LA I-,1 B H A 55%.

AR, TR BRI AT S FE o, 47 D
CL R i Ao e A, LR A A e e A5 2 T 1R 40 1)
WFoEl, 25 3 W 6. R T WL, 7 A A5 4L 7 D
TRFF T RIFMTETE.

F 6 AT DERBRELPIBINER
Table 6 Recycle of catalyst D for propylene epoxidation

Catalyst Yield® (%) Catalyst recovery (%)
Fresh 82.6 95.3
Cycle 1 84.6 96.1
Cycle 2 83.3 95.8
Cycle 3 82.0 97.5
Cycle 4 81.7 96.6
Cycle 5 82.7 96.5
Cycle 6 82.5 94.5
Cycle 7 81.5 98.2

Reaction conditions: 70 ml of 0.32 mol/L EAHQ solution produced in a
fixed-bed reactor with a Pd/Al,O; catalyst was oxidized with O,, and
20 mmol H,0, was formed; EAHQ:fresh catalyst = 300:1 (molar ratio).
At the end of each cycle, the catalyst was separated by centrifugation,
washed with toluene, and used in the next reaction with addition of
fresh catalyst to makeup for losser.

2Yield of PO based on EAHQ.

[l iR IR 5 NMR S [ fi Ak I 0E AT T 3%
I, S5 WP 6 AP 7. B 6 Ebks T B e Ak 5
557 WG G IR FT-IR %, nT LA H,
I AN A R 1 535 B A T 22 5, R 88 R s B e A
{10 W A U (842 cm ), [AT Wi A 4k 751 Hh 887 emt (1 U
AL JE A y(W-0b-W) (35 £8) $i3).

1B 7 AT WL, B URAA FA S R 1 i A 5 45
T A, B2 JLIRAG PR 5, 3881 T8 A% WP (1) 5
—WFh, JRRFERRE. T, AR D B R
s
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Fig. 6. FT-IR spectra of the fresh and recovered catalyst D in pro-
pylene epoxidation.
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Fig. 7. *P MAS NMR spectra of the recovered catalyst D and fresh
one in propylene epoxidation.
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Table 7 Effect of different volume ratios of TBP/toluene on PO yield

TBP/toluene  Yield® Conversion® Selectivity®  Catalyst

volume ratio (%) (%) (%) recovery (%)
Toluene 18.1 66.9 27.0 70.4
1:3 68.6 84.5 80.9 86.8
1:2 82.0 98.4 83.3 86.2
34 90.4 98.2 92.0 94.0
11 85.8 97.2 87.8 85.8
2:1 56.3 72.2 78.0 27.7
31 335 46.4 72.2 59.1
TBP 315 39.8 79.6 66.0

Reaction conditions: solvent volume 70 ml, reaction time 4.5 h, reac-
tion temperature 65 °C. TBP—Tributyl phosphate.

2Yield of PO based on H,0,.

®Conversion of propylene based on H,0,.

“Selectivity for PO based on propylene.

11 BA HoO, 7K 9 0 S AL AN, H T 7K 3% 548
1, 2 o B A BE K AR AR R DAL I A B
AWFER KR 2 m A e R — AN EETF
Bt 4 AR HL0, KWW AT, BT IR
TSR0t P A h BRI A R 0T S I 4 i A i BS i AL
A ({[C16H33(70%)+C15H37(30%)](CH3)sN}[PW,016])
R4 A I B B840 B Y P i ) S T, 5 SR LR 8. 4 R
FWY, AN IS RTINS, RS BE K AR B Ok S 245 T
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Table 8 Effect of additives on catalytic performance of the catalyst Table 9 Epoxidation of olefins catalyzed by catalyst B
for PO epxidation Reaction ) ) .
— ) Reaction Conversion® Selectivity’
. Selectivity Olefin temperature .
. Conversion time (h) (%) (%)
Additive (n/mmol) Solvent for H,O, (%) (°C)
of H,0; (%)
PO PG Cyclohexene 60 1 99.3 99.5
—_ PhCH,-TPB 83.9 176 56.3 1-Octene 60 4 90.6 94.4
K,HPO,-3H,0,/0.057 PhCH,-TPB 83.3 269 415 1-Dodecene 60 5 81.9 96.8
K,HPO,-3H,0,/0.114 PhCH,-TPB 87.9 39.2 304 Styrene® 60 6 81.3 —
d
K,HPO,-3H,0,/0.228 PhCH,-TPB 92.0 65.0 9.3 C ; 35 15 83.7 985
K,HPO,-3H,0,/0.285 PhCH,-TPB 93.3 64.0 4.4
— chloroform 91.0 269 412 Reaction conditions: olefins 15 mmol, catalyst B 0.05 g, olefins:H,O,:
K,HPO,-3H,0,/0.285  chloroform 96.8 631 27 catalyst B = 600:200:1 (molar ratio).
NaHPO,-2H,0,/0.282  PhCH,-TPB 88.7 407 296 “Conversion based on H,0,.
NaH,PO,2H,0,/0.423 ~ PhCH,-TPB 88.7 446 307 "Selectivity based on cyclohexene.
NaH,PO,-2H,0,/0.481  PhCH5-TPB 92.4 455  30.6 ‘Na;HPO,-NaH,PO, (0.0192 g) was added.
Na,HPO,12H,0,/0.168 PhCH;-TPB 89.8 58.2 155 ah d
Na;HPO,12H,0,00229 PhCH:-TPB 928 605 85 The product was
Na,HPO,12H,0,/0.279 PhCH,-TPB 91.0 53.4 4.3

Reaction conditions: 31.8% H,0, 5 ml, catalyst 0.3 g, 500 r/min, 1.1
MPa, 60 °C, 5 h. PO: propylene oxide; PG: propylene glycol; TBP:
tributyl phosphate.

TN T 2 P4 9% J00 700 D00 ) 7 28500 10 A VR e 1D K A
Lo IR L LUl 1 R 1 ) 0 T A Tl
SUH LY 1 AN B S 0 A A I, S
BT .

He 253 i J #8701, HaO, 7KW A S5,
FT RN B A B B i Ak ) {[CreHa3(70%) +
C1gH37(30%)](CHa3)sNI[PW, O] i 1L I 455 34 48 1k Jx
NLPERE. &5 R W, RIS B IR N4 AE T, H0, R 4%
T30y 98.6%, AR A Bek FE bk A 97.2%, AL AT
(RN R
2122 ZMIEERABRIREL

55 % 22 TR A S IV 42 11 K 6 % AR A TR 5 22 ol I
J TR S AL S IV IS LA e AR TS M, R 9 b L
H20, 7K %5 3k S5 I (AL R B A4 22 B I 8 21 4
A IR e,

H 2 1T L, R UM R AR 35 T 0 v, A S PR I
[i) P 26 Ak R B . T LR A T, AT
WS C R OL, CHBE, VIS R,
W, PERIIT 1) R N 45 4F R, 12000 O 4 h G 4k
KA 90.6%, 1M 1-+ M N5 h B AL R AL N
81.9%. K L5y T AR AR, 3 B B
ZEE TR, AR o it A . Ea N
7 Na,HPO,-NaH,PO, £ 75 T, V. 6 h 3% K &hd

Wy 81.3% (AHXT T HoOy). &5 I 3R S AL S v &%
SLR B, R [R] S A B P 0 B R i 7 s B I
TS PN O B ) 9 P K i 7 0 B ). AT, U R A R
P NS T R W > il > 2R L.

WF 58 & B, T 5 H 30%H,0, /K %W A 4 T8,
TEBAR AN AAE T, IR COM I8 | N 5, 6
3 1RL AT (%) 8 A 7510 &5 A6 H5 ) LA Keggin 45 14) (1) 1o 755
T % 13 b A A 24250 TR b ] i e ) 0 35
FEAI.

75 H,0, 7775 4541 K, [PACH,N(CH3)3]sPM04O16
AL e R SRR S B P8 AR 70 °C I ER U L 1-
VA 1- AR R (67%~72%, AH G e B G
B AL N T5%) FIIEFEME (94%~99%) 44 . 4k
FUATAE PR, 762 OO R 13 0 R A4 Y v A
B y 87%. 3 URAG IR SE U6 45 FE 1, [l f
A4 700 P 3 P R IR B P 5 O A A R ) R, 1 I i
A 700 5 A e PR A

A7 W 98 3 W T8, AE H,0, 7K 5 9 48 A0 A7 452 045 14
PR SR A R, B A % 20 TR A AV O A
Z IR R 30 5. [FIFE IS A1 H B s 0 4% 1l AH 4%
(R A N A R VAL S S E R
[PhCH,N(CH3)3]sPM04016 T 70 °C Jx i 18 h, % f
ARG B A i, T AR T B R 1R T A 2k 2 IR SR i
7] D M AL, #F 65 °C [N 4 h, PR R Kk
BB KT 85%.

Ding %7211 Zhao 25PNt i I &k 7 2K 4k
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4 A QaPW, Oy H S IV 425 1l AH e B% AL ], 24 Q =
[n-CsHsN(CH,)11CHs] Gl [n-CsHsN(CH,)15CHs] I, 7
LR LWE R RIS AE T, A A7) BAT S b 42
A B 5 v, AT DL A M 8 BR EA S N, T Q =
[(CH3(CH2)17)aN(CHa) ] A6 7 48 — S N A3 1 vh
HA B 78 AN e B o5 1k, AT DU A0 e 30 281
I, S5 10, ] W, =M i A ) 2 T E WA
IR, IF R F5 B B AL TR

% 10 QsPW,Os EWEIEIRE b R
Table10 Epoxidation of olefins catalyzed by Q;PW,03,
Selectivity (%) Yield (%)

A B C A B C
cyclohexeneoxide 94 92 98 88 83 97

Substrate Product

Cyclohexene

Styrene styrene oxide 96 97 97 95 96 96
1-Heptene heptene oxide 99 97 97 91 94 83
1-Octene octene oxide 99 99 99 89 98 97
1-Dodecene dodeceneoxide 97 97 97 96 96 87

A=[n-CsHsN(CH2)1:CH3]sPW,032, B = [1-CsHsN(CH2)15CH3]sPW,4Os;,
C = [(CH3(CH2)17)2N(CH3);]sPW403,.

R 11 4 i A ) [n-CsHsN(CH,)11CH3]sPW,03,
REA S I I 280 A0 S DY R A A A0 45 2R s & ] W,
S5 IS, 14 e A %t 90% [ 1) 88%, 1k +£
PEIS R 99%, Ut WAL ) AT IR B R AS e V. B
i e e 700 R [ 5 e e 0 B B IS R R R P A e
) 3P MAS NMR i (U114 8 Fi1 9) AJ 411, QsPW,0s,
Mo A A WIP LIS 2% 2 IR S IR G ),
1E R NI R 5 H0, 7 H 22 )5 A BOE T A Pw4
MPWS3, 2 HoO, FEJINF, ¥ A A8 S AR 1 o (1) %
B 1 MR & ok 1 iR PW12 F 3 A% WP
ECA) TR 5 ), T ER S N A4 2R A T

IR e 2R RORS gil A6 L el A, =
TR T A5 N IR s iR . 2003 4R, SN 4 A B
% 11  [a-CsHsN(CH2)11CH3]sPW,Os £ 1-E B IR E L X
F7 B TR IR 45 R

Table 11  Epoxidation of 1-octene on [n-CsHsN(CHy)1:CH3]sPW,03;
catalyst for different cycles

Cycle times Conversion (%) Selectivity (%)
1 90 99
2 91 99
3 92 99
4 89 99
5 88 99

Reaction conditions: 3 mmol 1-octene, 0.75 mmol H,0,, 30 mg cata-
lyst, 3 ml ethyl acetate, reaction temperature 65 °C, 2 h

(ORI

@

)

Il L Il L Il L Il L Il L Il L Il

60 40 20 0 20  -40  -60

8  #&f & k51 [n-CsHsN(CH2)1:CH3lsPW,03, B HEIR
1 % & #0443 [2-CsHsN(CH2) 1.CH3 s [PW12040] B9 *'P MAS
NMR iZ&

Fig. 8. P MAS NMR spectra of the fresh catalyst of [n-CsHsN-
(CH,)11CH3]sPW,03, (1), the above catalyst of cycle 1 (2) and the
catalyst of [1-CsHsN(CH,)11CHs]s[PW:1,040] (3) #%.

@

@)
L L 1 L I L 1 L 1 L 1 L I

30 20 10 0 -10 -20 -30
5

B 9 HyO, 432 i3 Y # 8 f# 1L 7 [r-CsHsN(CH2)11CHs]s-
PW,0s, 1 H,0, AL 3 53 B9 18 I8 1 X B9 4 4L 77 [n-CsHsN-
(CH2)1:CH3]sPW,O4, B *'P NMR i

Fig. 9. P NMR spectra of the fresh catalyst [1-CsHsN(CHz)11CHs]s-
PW,0,, treated with H,O, (1) and the above catalyst of cycle 1 treated
with H,0, (2) .

o AL IR A 1 38 400 2t 1 207 A 2 i 2
(WLES 5), 4477 1000 t FRAFR CBE A =2
TR AERIE A IR i TR AR 5 T
L T B A R DL PRy AL AN P, 2 PR S5 AL
[ A P R B b I 3 1 P,

Li % BOLYg 52 7 42 o A1 %% 7% {1k 7 [PhCH,N-

RCPTC
O + H202—>
Solvent
ExX5 IoHIAEL
Scheme 5. Epoxidation of cyclohexene.

0 + H,0
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(CH3)3]oPWoO3q H T3 U 1 IR AL IR 1% )
REARZ T, HoO, I A AL 100%, FR 4R il %
h 87.1%. I H. IR 45 AL BH, 5 6 b A 750 0[] i £t
A F AT AH ) PR R S e, 5 1) e A 7R 5 Ay AR R AR E
AR .

AIF 5T 2 W LA ST oA 5 701, HoO, 7K R 40U
1 A 71 [m-CsHsNC1gH33]7[PW11030] i A1 3 45 24 48
B R 3 L AN A [m-CsHsNCieHag]s[PW4O16] fi 4L
F243 g F 4 PWAL AL RS T PWA4.
2123 ARBAELFREITRK

WA SN (ECH) & — M EZ A HL4L TR
BRI A, Tz N T AR G . SRR IR AR
o

25 A 2 UL FH 1 2 30% Ho0, 7K 3 4
B, LR OR AN, REMR T B 2 R 5
S48 A 2 % e A 7000 S DA A4 A S A P A e V1)
AR, 25 3R 0, AR B A IR s Pk, 3R
AN BT F 0] 14 88.3%, H AL W mld. £ K-
TH A SR G A T A A R 6T SR I TR B A A v
AR RA L, ZE® Ok AL, R — " s
ot FH A T B S e P SR e 1 7

SN AL R B, [CreHasN(CH3)3]sPW, 016 fii
WA H0 MEH G, AN TR A % 22 1R R W b IR TR
B W AN 8 o i 5 A R R A
(WK 10), FTREN PW3 B PW4 7.

1 L 1 L 1 L 1 L 1 L 1 L 1

30 20 10 0 -10 -20 -30

10 SABHRELRLNTIZPHHIEL P NMR iE
Fig. 10. 3P NMR spectrum of organic phase during epoxidation of
allyl chloride™”.,

W it 2 2 A % 4k R AT TS, A AT
Ho0, 7K A A8 A TR, R FH SR, 92 ) AH % A% f A0 7]
{[C16H33(70%)+C15H37(30%)](CH3)sN}[PW,046] i 1L
SN HEAT B A SR B O S b, BT )

IO 4% PE 6 SRR N (R . g R, AE L
e A R B PR, T L S0 e e A R
Sy E, AH B A0 0 o B IR AEG, I N O = 11 B )
KoHPO, R I FR AU SN BE (R 7K A, T4 T B4
SN BEEPEE. SN IR A S N IE B4R B
ST AH T, KoHPO, FH 2 (R X 6 S5 B 4 o o 7y
$) 0.04%, m( & A i ):m(H,0,) = 5.0, m( 4 1k 71 ):
m(H,0,) = 1.0, 50 °C Jx I 4 h. 7F bt & B 4 fF
H,0, 74 %y 96.4%, K 40 &N ot ik 8 P RIS R 4y
A 89.4% FiI 86.2%, 1% M AL KB M 4r, [RDic i
AT Bl A A A R (L3 12).

F 12 {[C16H33(70%)+C15H37(30%0)](CH3)sN}[PW, O] 1 £

FIEY B INE A 1 B
Table 12  Recycling of catalyst {[CisH33(70%)+C15H37(30%)]
(CH3)sN}PW,O1]
Catalyst Conversion  Selectivity  Yieldof  Recovery
recycled of H,0, for ECH ECH of catalyst
time (%) (%) (%) (%)
Fresh 96.4 89.4 86.2 96.1
1 96.5 90.1 86.9 95.4
2 94.9 90.3 85.7 94.0
3 95.2 87.2 83.0 92.1
4 96.4 85.1 82.0 90.0

Reaction conditions: allyl chloride 10.0 g, 50% H,O, solution 4.0 g,
catalyst 2.0 g, chloroform 60 ml, K,HPO, mass fraction 0.04%, 50 °C,
4h.

SR b3k Uy e B KRN, X 54k
Ak 2 i BEROR AR 77 B3 IRk, Li 2B RL H,0, 7K
VSR AR, AR TR R A TR T S A
#HIEH B LK 6). 4R ER W, A0 5T
~, % NagHPO, 12H,0 1 NaHCOs, B 44 il 4
BE B i 1k 7 [C16H3sN(CH3)3]sPW, 016 2 B AR 157 ) i
A TE PRI RR E PR 2 S M tH O 8 Ak 7] (R 7K LE)
k) 800:100:1 [ 4 1F F, 65 °C J i 2 h ¥R 4 50 A ¢
A IA 88.7%, M AL G 1 2 UG R4 U TN e i
HAN A5 85.0%. i X G A M TG R 4 A R AR
B D) 225, e T 78 SR B A8k B B, Y
SN H0, A 8:1 I8, HoOp [ N H R 0 97, [ I
iHLEE A 52 kd/mol.

O+ HE RCPTC

<o
EX6 SARFEL

Scheme 6. Epoxidation of allyl chloride.
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TE LB TSR L, 5 A= 72 PO 1 30 1) 47 26
I BEAT T RAWTST, K BLIE 2495 N0 B i A l 43 24
MRS E WS 2 22 R FR AL AR B 2 1 (MLIET 12).

5th cycle recovered
3rd cycle recovered
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11 SABIENREZAFHEEELT D Fm L Fa
3p MAS NMR i

Fig. 11. 3P MAS NMR spectra of the fresh and recovered catalyst D
in the epoxidation of allyl chloride.

F P AT AL, 22 [R] R A i 5 £ 4 390 RS o 7 T
HNIE AR P, RIS s TRe, 4 —
DA IR 5 AL TR 45 0 R 26 T 3 kA8 4k, 1B 3 IRTGER
5 5 KA R G A ) A5 R AR AR . RN
§i Ho O AL 7 BE R L4 400:100:1 461 1, %52 T
AR T (0 R A 1k A, 25 S 3R 13, W RUAE Mk
S AT 5 I, PR SR B AR FR 7 83% LU
k.

22 ®EBEk

it 308 P AR A A BORE R IV 19 0 R A 45 ) T 1)
AHLA RN, Li 2500 gk A4 42 F1 Zhang 458730
SN 428 A e B A R T I T 3 4 i A S N
WA TARGF a5 A, 7R W ST N s R 428 ol AH
8 1 AL 511 [(C16H3sN(CH3)sPW, O 6] HE 11 BE 1) S AL [

F 13 fELF D MTEIAE A aE
Table 13  Recycling of catalyst D

Catalyst Yield (%)
Fresh 87.8
Cycle 1 86.5
Cycle 2 85.8
Cycle 3 85.0
Cycle 4 83.5
Cycle 5 83.6

Reaction conditions: allyl chloride 10 g, allyl chloride:H,0,:catalyst D
(molar ratio) = 400:100:1, 50 °C, 4 h.

%7 H JES 4 :H,0,: i 4k 77 JBE /K HE 2 300:200:1, 90 °C
TR R, 2 B SRR IR 4 %, TR e
86%, KEFEIEA 99%, HE AL I~ 2 (a4 97% (L
% 14).

R 14 2-FEMEMLER

Table 14 The oxidation cycle of octan-2-ol

Time Yield of Selectivity for Catalyst
Cycle ") octan-2-one octan-2-one recovery
(%) (%) efficiency® (%)
Fresh 5 92.0 99.4 93.2
1st 5 90.0 98.6 98.0
2nd 43 86.2 99.9 100
3rd 4 83.6 99.3 96.6
4th 4.3 82.0 99.3 100

Reaction conditions: octan-2-ol 15 mmol, H,0, 10 mmol, catalyst 0.05
mmol, 90 °C. The fresh catalyst was supplied if the amount of recov-
ered catalyst was not equal to the initial amount after reaction.

*The weight ratio of the recovered catalyst to the initial catalyst added.

3% 15 AT, A0 B R A B ) B A7 AE I, i
AR AT L3 4B b A ol e A A T A AR 2D A
s, 5 R TE [R] — 23 7 YA [ I A7 A7 A 2 LA 72
FE IR, T 0 R A R R 1 SR A T AN S 4
5, Wl 2- 2, %6-1,3- B N S A P )
(177 2 55 e ¥ 2 i A 88% AT 84%, B4 Ak )
h 3 A AR AR T D, i G s A R AR A ).

* 15 AMEMEATISLIT

Table 15 The comparison between primary and secondary alcohol oxidation

Entry Substrate Product Time (h) Yield® (%) Selectivity® (%)
1 octan-1-ol octaldehyde 4 8.3 13.7
2 octan-2-ol 2-octanone 4 74.3 93.5
3° octan-1-ol + octan-2-ol octaldehyde 4 9.7 32.0
2-octanone 4 61.0 99.0
4 2-ethyl-1,3-hexanediol 3-methoxyl-4-heptanone 5 88.0 84.0

Reaction conditions: alcohol 10 mmol, H,0, 10 mmol, catalyst 0.05 mmol, 90 °C. 2Yield of ketone or aldehyde. "Selectivity for ketone or aldehyde.
“Octan-1-ol 10 mmol, octan-2-ol 10 mmol, H,0, 10 mmol, catalyst 0.05 mmol.
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g5 LR, 2 2 UK BA 5 A 70 45 0 5 4 e
AT B AR AL BT B A 1k 1) [(CieHasN(CH3)s-
PW,016] %4 PW4, PW11 % HiAth — S6 i 453 v 28 )
R, BE A G I ON B HEAT, AL RE W AR Sy LA
PW11 32 PW11 $—41 sl fl PW11 5 PW12 B &
UK, B Ja FEA se 4748 g PWL2. w0, |12 4151
TR B A T 328 3 A g B — A 43 AT R S5 R IR 4L
.

Weng 25 5% HY — 2 51 i 45 2% £ 1 &k o J I 4%
A 4 % R A TR, R AT 2 I A A A T 1) S
N (LK 7), 455 W% 16.

CH,OH CHO
RCPTC
+ H202 —_—> +2H20
BX7 XHREBESUFFRR
Scheme 7. Oxidaton of benzyl alcohol for benzaldehyde.

4 PWi1039"", PWg034”, PaW1506,"", SiW11030>

B 7, [PRCH,oN(CHa)s]™ S fir BH 251, BT 46 %
PR LG RR- TS, 16 v, BT
QeP2W1gOgs, HeAthy 44 £ 71 X 75 FHY 8% 11 4501 S [ R %

U AR v RO PR 1, o Q/PW 1104 I
QoPWqOs, 1135 P4 B 1y, K B H A5 Lacunary &5 1 11
it 4k 5 (Q7PW1;039, QsPWs034) st T HE
Keggin 454 1) AL 74, 1 )5 & X 1 A5 Dawson
25 K I AEAE 77 (QeP2W 18062, Q1oP2W17060). 73 4b, Tk
2% 2 IRAE AL AT PE v TRERS 22 2R, SO 76 %
Je, AR AT 7 b RD, B TR ISR

GUO[AO]Z%EWJ[C16H33N(CH3)3]4W10032 A TR T
Eh AR FLAT B Y 45 A B B AL RE I, T 90 °C S B
12~17h, 1- CUEERT 1-2 B2 50 53l g A A0 1 1- AT 1-
R, P7 R N 86.2%~93.7%, ik ¥ P 4 93.5%-~
98.8%, 4 H,0, M 4 5¢ Jo, AL 7w K AH AT
SO X2 EEN

B8 AT 56 A0 i — b ) 3 e 2 A o V2 A ) S B 48
A B B i AL ) BT 2 DL [PhCHoN(CH)s)s-
PMo4O1g A A6 71 1) S8 A B B A 3 oy, A1 I P DA i
PRV M AL AR s, S5 R AR 17, (AT, AEAH
() B2 I 2% A1 1, 1R 8 JIi I A 1 L 370 ) O 7
P, TS A S M S TR DT R . R R
g rh, 1-SE BRI PEAR T 1-Cl, R W] B A g oh
C ity 38, e S B i PR BEAS. ML FIIE PR E A 3

16 MEEATHREUXFESLRNE
Table 16 Oxidation of BzOH by heteropolytungstates

Solubility of catalyst

Anion Q" Solvent Time (h) - - - Conversion (%)
During reaction After reaction
PW1,040> BTMA DMACc 1.8 Soluble Soluble 14.3
PW1:03¢" BTMA DMAc 0.5 Soluble Insoluble 86.2
PWy0s,* BTMA DMACc 0.5 Soluble Insoluble 85.5
P, W1g06:%~ BTMA acetonitrile 0.4 Soluble Insoluble 3.6
P,W170g0™ CPC DMACc 3.0 Soluble Soluble 35.6
SiW3036% BTMA acetonitrile 35 Soluble Insoluble 72.6
SiW3036% CPC DMAC 3.0 Soluble Soluble 85.6

BTMA: [PhCH,N(CHs)s]"; CPC: [CH3(C15Ha0)CsHsN]".

< 17 [PhCH,N(CHs3)3s]sPMo0,O16 3T B Y 8 1k S 1L 14 BE
Table 17 Oxidation of alcohols catalyzed by [PhCH,N(CH3)3]sPM04O16

Substrate Product Time (h) Conversion (%) Catalyst recovery ratio (%)
o { Hcno 35 928 87.6
QOH @o 40 95.2 85.4
~_~_-OH o0 5.0 81.9 84.3
_~_~_-OH /WO 4.0 76.4 87.4
N 0 NN 45 42.0 79.5
)vOH )vo 5.0 72.8 86.5
)wOH )\Ao 35 67.7 89.6
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IR, R AL R 93 51 4 86.8%, 89.3% Al 87.2%, fi:
LA AW 253 591 4 91.1%, 89.4% F1 87.5%, 1] WL, it
AT 2 T HE B s ) R e
2.3 HRERIW TR
KR RN RO CRECRR S

R SRS SRR S RN T vl o o R 43,
Chen % ML) [r-CsHsNC16H3s]sPW4O16 o i AL 771, K
FH 50% H,0, 7K ¥ #0480 A6 2R 14 W 2 Bl 1 — 1R
(WL P50 8). fr 1%k & P I R 83.1%, ML
FUELAT S5 B 4% Tl FH 55 RS R

[n-C5HsNC16H33]sPW,016 COOH
+4H;0; > CCOOH +4H0

B 8 HKBHAMFIK IR

Scheme 8. Oxidation of cyclopentene for glutaric acid.

2003 4F 2 B AR 1T DL A4 1 2 4 6 ok R TR
O NI A O O A VAR 7 B
[n'C16H33N(CH3)3]4W1003Zv [CGHSCHZN(C2H5)3]4W10'
OSZ! [n'C16H33N(CHS)S]SPW1204O)v 30% HZOZ 7J( /%1’ ff&‘
HEAAT CmEIC R (WK 9), M I,
WV AEHTT, © 8™ %45 4 78.8%, 66.0% HI
75.4%, Horf LRI AE N R R B s 8 AR
R, RDBCHEA R | P T A 1 — A

[n-C16H33N(CH3)3]4W 1003, COOH
@ +4H202 > COOH +4H20

B9 HCHELFIZSZE

Scheme 9. Cyclohexene oxidation for adipic acid.
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(Nb2(0,)203-6H,0) Ay S I 4 il AH 4 s i A4 5510 1) 4% A4
T, PR R AL R 100%, 1% R R 72%,
UL S AT R TR > 959%. 10 YK WV Ji [
HEAL T HE 1 & B (O ~45.1%) 58T 5 4 4k 751 b 11
(~45.3%) —Z. IR 45 W, 7 6 1 75 70 [m]fig e
P74 860 cmt Ak # A W iU, X S y(O-0) IHEAE
U, 3 WAL AR P AT R AR IR . 10 Y [T f#E 4K 7

peroxy-niobic acid CHO
+ 2H202 Y <: + 2H20

CHO
EX 10 IRKEEMLH KB

Scheme 10. Cyclopentene oxidation for glutaraldehyde.
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Scheme 11. Benzene oxidation for phenol.
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R = Cl, CH,, COCHj, COOH etc.
EX 12 BREUEYHER

Scheme 12.
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Scheme 13.  Synthesis of thiocarbamates.
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% 18 WEHYTEIRHR

Table 18 recycling of selenium

Cycle Recovery rate (%) Isolated yield (%)
Fresh — 86.0

1 93.7 84.0

2 88.6 83.0

3 78.5 80.9

4 70.9 77.8

Reaction conditions: aniline 5 mmol, selenium 5 mmol, propanethiol 5
mmol, Et;N 10 mmol, atmospheric pressure of CO, ambient tempera-
ture, 10 h.

Synthesis of ureas.
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I A 100%.

NO, NH,

Se/NaOH
+3C0 + H,0 —> + 3C0,

EX 14 1-HEENTER
Scheme 14. Reduction of 1-nitronaphthalene.
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F 19 MEMERSRE _HEERBSINEEERR
Table 19 The selenium-catalyzed monoreduction of dinitrobenzene
derivatives to the corresponding nitroanilines

F 20 MAEAFIERZHERTERNPREELE
Table 20 Recycling of selenium catalyst for the reduction of
m-dinitrobenzene to m-nitroaniline

Substrate Product t/min X/% S/%
NO, NO, 65 100 87.7
NG, i NH,
60 100 78.4
O,N NO, O,N NH,
ON \Q/ NO, O,N \©/ NH, 35 50 84
CF, CF,
OzN\Q/ NO, OZNQ/NHZ 120 100 92
CN CN
100 100 79.0
0,N NO, O,N NH,
NH, NH,
NO, NO, 140 100 83.7

z
RS

z

T
N

NH, NH,
Reaction conditions: 10 mmol substrate, 0.4 mmol selenium, 40 ml
DMF, 2 ml H,0, 5 mmol NaAc, CO, bubble, 95 °C.

Co, oxidant
H,Se

reduced product

HOC(0)SeH 2 Se

CO
COSe

H,0

B 15 #fifEk CO/H,0 EEHIE
Scheme 15. The mechanism of selenium catalyzed reduction by
CO/H;0.
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2009 4F, Leng 2 M5 i 7 B AL 10 T g
b 5 N B A N 45 A B B RE R T 1R A )
[MIMPS]:PW 1,040, 7EFT B R 55 1E T BE 1 i A6 2 Y.
bR A AT DAY A U 5% 2% A A R R AR g AT H
AR (W KX 16). 78 ) M) 4a B B, R4k 71 52
AV RRAT RN JFURE Y, 2 N 2RSS B M R P

Catalyst Reaction time Conversion Isolated yield®
(min) (%) (%)
Fresh 65 100.0 87.7
Recycle 1 70 100.0 90.6
Recycle 2 65 100.0 88.4

Reaction conditions: m-dinitrobenzene 10 mmol, selenium 0.4 mmol,
DMF 40 ml, H,O 2 ml, NaAc 5 mmol, 95 °C.
?Isolated yield based on m-nitroaniline.

HO,C BgcozH C4HgO,C C0O2C4Hg
H™ ~CO,H H™ "CO2C4Hqg
[MIMPS]3PW,,049 95.4%
* 130°C, 3h +
3 n-C4HgOH 3H0

@
PO _
[MIMPS]3PW;,040 = [\N \N/\/\SOsHLPWuOma

B 16 EEizidiz

Scheme 16. The process of esterification.
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HE AR () 906 B0 AT 45 SR LR 21, iR mT L, —
W NI LAy 95.4%, 2 i Ak 7710 3% 1k 1 18 R B,
4 RN AWK 84.5%, AL T IR K 80.2%.

%21 EAFI[MIMPS]sPW1,04 TEATEEE S ET BEAVES L
KBz R IEIRE A

Table 21 Catalytic recycling of the [MIMPS];PW;,0, catalyst for
the esterification of citric acid with n-butanol

Run Conversion (%) Selectivity (%)
1 95.4 98
2 91.6 98
3 86.5 98
4 84.5 98

Reaction conditions: catalyst 0.20 g (0.06 mmol), citric acid 30 mmol,
molar ratio of citric acid to n-butanol 1:5, 130 °C, 3 h. Yield or selec-
tivity of tributyl citrate was based on citric acid.
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