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1.1 X F 5

A SRR KR 4 0 g3 B 4l FeCly - 6H,0
FeCl, - 4H,0, &K (25%) ( K KAk 27 15
7y, IRYIEE . R AR (MW =10 000) ( -7k
PL T AACRHE R A BR A F]) , RuCl, « 3H,0(JL4E
fb2f), AL (CREE I TR A FRAF]) .

K EE A G 50 AXS A PR Fl k25 4/ X Gt
LATHHML(XRD) AL e, I8 A Cu-

FeCl;

Ko 14, DL 6°/min 1 20° ~ 70° 35 Fl N 4 FH
F[E SDT Q-600 722 BMHTHL (TG ) M 4 K 85 1
RS E TR AN PEL AR, MREAE S e N4 T,
2L 10 °C/min AYFHEEFE M E IR AR Z 900 °C ;5 F)
JH4E[E Brucker 2 & ) Bruker Vector 22 T B 7%
RETHMCIEAL (FT-IR) Zr HrfE AL R A 4548, 1R AL
JEFr s R F 2 Opfima 7300V % o J8GHE 445 85 1 &
FIHHEAL (ICP-OES ) I fi AL 700 7 i i R
% [/ ESCALAB 250Xi %! X £k )¢ i 1 fE i 1%
(XPS) MRS AN A ; SR Ei -+ AVANCE400 4% 1%
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SP-6890 1 S HH (7,33 1Y ( SE-54 A (1% HE, 30 mx
0.25 mmx0.50 pm, FID K5 ) % 2 b E 47 W I
B SO R B AR R . bl FE v, IRk =
FRG I 2R E Ry 280 °C, HE3LJEN 0.05 MPa,
SR IRTE 80 C 144 3 min, RJFFHLL 30 °C/min
PR THE 2 270 C, HEMLEAAFRF 10 min.
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Scheme 1 Synthetic route of catalyst

1.2.1 Fe, O, JPKKF IR Fe, 0, 40K K F 1
il f R AL DIE . Je% 4.70 ¢(17.4 mmol ) FeCl, -
6H,0 Fl1 1.71 ¢(8.6 mmol) FeCl, « 4H,0 H 200 mL
B PR, BRI R IOINIAE] 60 °C, A
Je A I 25% i) 2K B, L= pH = 10.
RS 0.5 h etk ik, AARRE R = . A
FRHEAING Fey O BT SN TR P 4 B ok, SR
B TREREEE M, RIGHES0 C FHES T
1k 6 h 455 Fe,0, 40K KT

1.2.2 Fe,0,@ PEL FL Wil &' 4 g PEL H
200 mL £ B TKEmE, mHPHA 2 g Fe, 0,40k
Rif, JF AR I B 5. SRR 24 h A,

HEBEF KRR, IS0 CFEE T 6 h,
5% Fe,0,@ PEL
1.2.3 Fe,0,@ PEI@ Ru( OH) 1yl 51" W2 g
il & 1) Fe, 0, @ PEI il A #] 60 mL RuCl, 7K %
(0.13 g RuCl, « 3H,0) I8 438 20 min, SR)5
AR T 1 mol/L NaOH V0K S0 ¥ 22 pH =~
13, PRRHEFE 24 h. 55 HIRE BRI Ae 18 4 PSR i
oy, HFHEBE T KRR E P, 450 C
NE2 T4 6 h, 53] Fe,0,@ PEI@ Ru(OH) .. 4 TG
FUICP 53#r, PEL FE[ & 53 18 8% F12.4%.
1.3 B R R

i BRI SN A 3R DY SR 2 M A LAY /N i R
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e EFT. FREC 1.0 mmol B . 100 mg Fe,0,@ PEI@
Ru(OH), | 1.5 mL HZARMA R = B2, BE
JR AR ESRE A, IFFEIER 0.5 MPa, A5 THE
130 CHATIRY. I SEtE, MR,
A 1.1 mmol N JESLH LR LBRARSE . [ 5¢
B8, PHREYOR SO -5 AR 7 B, P e AT
RN Ay A B, YRR A - RO =
10 : 1.

2 £R 511

2.1 ELFIHRIE
K1 92l Fey, O, FIELPERY Fey O, 40 K AL 5 HY
XRD 1% [&]. Fe; 0, (a) AT S I & 5 SCHR A I8 —

Intensity/ (a.u.)
E

20/(° )
B 1 (a) Fe,0,, (b) Fe,0,@PEl }(c) Fe,0,@
PEI@ Ru( OH) /) X AT 4Tk #
Fig.1 XRD patterns of (a) Fe,0,, (b) Fe,0,@
PEI and (¢) Fe,0,@ PEI@ Ru(OH) ,

LT b M e PHWEF 20 =30.1°, 35.5°,
43.1°,53.4°, 57.0°F1 62.6°4b Fe,O, (4FAEIE, TIERA
£ PEI F1613% Ru( OH) J5 BEA 7E Fe, O, i A%
F. 7E XRD H A7 K 2] Ru MRAIEDE (),
Ru(OH) 7E Fe, 0, BURLFR 5] 708, Sokidi /).
B2 g R T IR (&, 2k a By Fe, 0,19
ZPLEIL, FIRF 200 CH 1% K EREET
Fe, O, R TH W BRI BF 07K 43 (0 6 B T3k, 200 ~ 450
C LY 4% M5 F 2 45 oK RS 1. dh <k b
Hl e B T KB BERHRE AR, #F 450~610 CIRIE X
[ 7 —RARE, XEHEHET Fe,0, 3K 1Y
PEI 4@ TS AN, HHZE b A1 AR IEA—3K,
UEBA Ru( OH) 1 7 353 X PEL B Fe, O, 145
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Fig.2 TG curves of (a) Fe,0,, (b) Fe,0,@
PEI and (¢) Fe,0,@ PEI@ Ru(OH),

Far=Azsgm. R £ ] DA%t PEL 7E Fe, 0, 1)
FBEFN 8%.

wWE 3 i, B 3aH, JES81 em™ AR IR
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PEI@ Ru( OH) {8 L AR 21 S ik 4]
Fig.3 FT-IR spectra of (a) Fe,0,, (b) Fe,0,@
PEI and (¢) Fe,0,@ PEI@ Ru( OH),

1327 I 1 545 em™ 4b B W W e Pl 2R & 0 0 g 1Y)
-NH, 85 V)4 sh b e 3, 3iE B 2R 20 30 7 DY
Ak = gakmm I, B 3¢ 5E 3b M LT
WAL, HEERE 2 WA IITER, 585U
Ru(OH) MY Z X} Fe,0,@ PEI A R .
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Fig.4 XPS spectra of Fe;0,@ PEI@ Ru(OH) . (a) wide scan spectrum, (b) Ru 3d,

(¢) Ru 3p,,of fresh sample, and (d) Ru 3p,,, of used sample

XPS 4xi%. i B0 LA € Fe, O, C, N, Ru {7
fE. CFI N B AEAE#E— DR ] PEL W2 7 T
Fe,0, % 1f. & 4b & Ru 3d Ay $FHE 1%, B SR Ru
3d,, F1 C 1s &5 G BB RRE I 7 285.3 eV AbH &,
{E7E 281.1 eV ALFEAE Ru 3d,,, 454 BEASR AR LA K,
463.0 eV (&l 4c) ALAF 14 Ru 3p, . 25 A RERFAE G,
T UE B B AT DL+ 3 AR E L B 4d
AR T Ru 3p,, 45 & BE M RFIE IS, 5 8] 4c
XFH, TESE A RE 466.6 eV LT 4 M4 Y ERAEIE
UEBH 28 508 4601 B I I AR 7 — 58 4351 A +3 %L
RE T +4 1 17.
2.2 fELIERERY 22

B, DIARHECABARIEY 556 T B L B
A, N 1 iR, TR SO S5 28 I Y ik
FEEBI KT 99%. LI 2R R, 0.5 MPa O, ,
100 mg fEALFA] | 110 CHEATII, [ 13 h #4k
RiLF] 75.4% (Table 1, entry 1); THEEE E 130
CHF, AR S B (B 7% A 3 - 2 94.0% (Table 1,

entry 2) ; AkSEHRERE S 170 °C, WV 11 h, 1k
FRHE 130 CH4RE T 1.1% (Table 1, entry 3),
WU Y8R 130 C RN, BEJS, X 0, M %
FIHAT T %585, 4E 0.3 MPa O, JE /1 R 13 h, %%
1R 1F 81.2% (Table 1, entry 4) ; 142 5 )
0.7 MPa, JZJii 11 h iK% 94.6% (Table 1, entry 5) ,
0.5 MPa O, FIWAIEL, SV [E] 45 A K, K
PUG IR 0.5 MPa O, fF R 2 N FE 7. 445 75705
Wk LR TR 1, 4-— S8 NERRE, MR 2 T 4k
RIH MR T (Table 1, entries 6-7). H4, =5
FAPE R RN 13 h, JLTF-350AA 75 H R 0 A B AL
FIFHTE R 50 mg BF, KW 13 h LR HA 54.7%.
U AR B K F 150 mg BF, SO 11 h #4k
FAIK 95.5% , 1H55 100 mg HEALFIFHEAH L, fitfk
FUHERIN T 50%, KW BEFEALRH g m T
1.1%(Table 1, entries 8—10). F I, 4L =ik
P£ 100 mg. Fe M8 [N BIPE S50 . 50 F R
0.5 MPa O,J5 77 . ¥ 130 °C . 4L FHHE 100 mg.
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Table 1 Investigation on the reaction conditions for the benzyl alcohol oxidation

@on

0,, Catalyst @0

Entry Cat. Solvent p T Time Conversion
/mg /MPa /C /h /%
1 100 toluene 0.5 110 13 75.4
2 100 toluene 0.5 130 13 94.0
3 100 toluene 0.5 150 11 95.1
4 100 toluene 0.3 130 13 81.2
5 100 toluene 0.7 130 11 94.6
6 100 ethylacetate 0.5 130 13 57.1
7 100 1,4- dioxane 0.5 130 13 88.2
8 0 toluene 0.5 130 13 <1
9 50 toluene 0.5 130 13 54.7
10 150 toluene 0.5 130 11 95.5

Reaction conditions: benzyl alcohol (1.0mmol) , toluene (1.5 mL), 0,(0.5 MPa)
a. Catalyst 100 mg = 2.4x107 mol; b. Selectivity >99% based on GC.

# Fe,0,@ PEI@ Ru( OH) f#4k5 FH T4 555
Tl ZeA ARG AEE, DL 108 £ 5 R TR
SEFIEERY 43 T S A A 5 58 IR SRS SR 4R A 11 H B R
N, DA RIS M, 45 R W2 2. th
2 AT, AR R R AT TS TR R R M Ak
AR GRS T, Hodh— S B T R e A
ARAEEH A& = Knoevenagel [ N, i £5 5L S I B9 1%
BEVEA BTG, BRI XTI, TS B 3L 2
PEH T I Z M ORI, AR T DAk R e R b
EAL R, 4k T Knoevenagel 46 2 W 5 16 R
FARL 46 A 7=, AR N %A FIr R Rl A3 2 7T
DI HY, R T SR R H 7 S5 U 178 2 B
45 24 (Table 2, entries 1-3, 6, 9-10). M3
2B R, MBI R E &R AR, Rk
R %A B BN [R] (Table 2, entries 3-8) , R
RN Ay Xof A8 B > ) 47 JBCA st > &8 467 BUAR .
WX il K B EE S 13 h R AL SRR AT LA gk #)
97.5% , 1M 8] i & 28 B2 ) v 19 h, $efb 3 Hf
83.5% AP HEE N 19 h #540R BT 67.3%),
FUA 23 ()07 BHL AR K175 Ru x5 s 0 B I A T
JIVE. Z A EEAC R AL A Py e oy FE s ] DUIUR

HEATAEAR RN, HER SN Y S SR 80% (Table
2, entry 11). ST AR D5 A0 B S A A i
TRiE T, 4G N SR AN BB #EAT (Table 2, entry
12). d s EaiRE, w3 Ak, Jf
HE — ) Knoevenagel W FEMIFRZE 75 CHL HA
D =AY A B (Table 2, entry 13). 475 i ik
HNECTRCTERS , 5 046 ROVARYE, S 50 h
R A BE 58 2576 16 AR B B 45 G 729 (Table
2, entries 14-16) , X /& H TH LR LR I H 3
(R RRE LU TR i 0 PP S i 55 Jir 3>+
2.3 EUFIBNEIAER

DA 0 S Al B N O B R R B, BT
Fe,0,@ PEI@ Ru( OH) (G F M. F5 0K
SERUG , AN AT A S N W o 25, F
R PRI 3 I, TG TR, KM
Fe,0,@ PEI@ Ru(OH) FXfi )5, iR 1A
68.4%. 1CP 73 A1 & BUARAL A BT 19 % 5 78 S )5 1%
B RAEAAE, #BN 2.4% , 1 XPS 43Hr &I, AL
S JE A Ru* H B, 5 b DO A £ 700 2 35 1) 3 2 i
PR ST B N 3 R e 1 710 2% 1T 9 M 19 R 4
N TEPER Ru*.
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% 2 Fe,0,@PEI@Ru(OH) B4 E R Y1 89 5 Bk I KL
Table 2 Aerobic oxidation/Knoevenagel tandem reaction with different substrates catalyzed by Fe,0,@ PEI@ Ru(OH)

CN
0., Cat., 130 °C Cat.,r.t.
R/\OH > RA = > R/\/CN
Reaction time A Reaction time B X
Time/h Conversion Selection
Entry Substrate Product X — a
A B 1% 1%
CN
1 (o Y% CN 1310 94.0 99.0
CN
CN
H N .
2 Jo b JO RN CN 13 12 95.8 90.3
CN
OH N
3 HJ(:(),EDA H,comN CN 125 12 98.6 88.8
H,CO OH H,CO N . . .
4 108 O CN 13 13 93.5 97.7
OCH, OCH,
5 ©/\OH ~CN CN 19 11 87.9 94.8
CN
CN
6 IO oy CN 13 14 97.5 92.4
O:N O,N CN
O,N O:N CN <
7 2 OH : N CN 19 9 83.5 97.7
|&8 U
NO NOz
8 ©A ©/\rCN CN 19 11 67.3 96.7
OH CN
~CN
9 F/@/\on FmN CN 13 1 >99 96.7
~CN
10 /@”m* B,mw CN 125 14 94.3 93.7
Br
S
S
CN
11 OH \ CN 17 20 >99 97.4
O W
CN
OH A
12 ()A O/\gN CN 20 - - _
OH cN
13 ©)\ ©)\r CN 20 15° 75.3 25.2
CN
CN
OH A
14 @A L ook COOEt 13 50 93.5 90.2
OH A CN
15 Jo R Tooe  COOEt 125 50 94.7 917
yen IS " COOEt
16 ON om YooK 13 55 92.3 95.2

Reaction conditions; 1) substrate (1.0 mmol) , Fe,0,@ PEI@ Ru(OH) 100 mg (2.4 mol% ) , toluene 1.5 mL, reaction temper-
ature 130 C, 0, 0.5 MPa; 2) active methylene compound (1.1 mmol) , room temperature.
a. Determined by GC; b. 75 C.
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R R IR AR BE. IR B BT R

i -

Ve D) T 5 OB o B R AR L. {H Fe, 0, @

PEI@ Ru(OH) 28 B S8 A0 S 0L, A Ak 305 4 B
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One-pot Tandem Aerobic Oxidation/Knoevenagel Condensation Reaction
Catalyzed by Magnetic Nanoparticles Fe, O, @ PEI@ Ru( OH) _

YAN Huai-pu, ZHANG Yue-cheng, ZHANG Hong-yu, ZHAO Ji-quan "
(School of Chemical Engineering and Technology, Hebei University of Technology, Tianjin 300130, China)

Abstract: A supported ruthenium catalyst Fe,0,@ PEI@ Ru(OH) _ was obtained by immobilization of Ru( OH)

onto polyethyleneimine-modified magnetic nanoparticles. The catalyst showed good performance in the one-pot tan-

dem aerobic oxidation-Knoevenagel condensation of alcohols and active methylene compounds. This catalyst can be

readily separated from reaction mixture and recovered by an external magnet. However, this catalyst exhibited poor

recyclability. Analysis results of X-ray photoelectron spectroscopy ( XPS) confirmed that no ruthenium leaching oc-

curred during the catalytic run. The analysis result of inductively coupled plasma atomic emission spectrometry

(ICP-OES) revealed that the deactivation of the catalyst was due to the partial oxidation of active Ru’* to inert Ru*"

in the reaction.

Key words: magnetic nanoparticles; knoevenagel; alcohol oxidation; tandem reaction; molecular oxygen



