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Abstract

The catalytic performances and reaction mechanism of 1-hexene and cyclohexene epoxidations
over active centers at the T3 and T6 sites in Ti-YNU-1/H,0; system have been investigated by us-
ing density functional theory. All calculations were performed at the theoretical level of B3LYP/6-
31G(d,p). The results indicated that the active center at T3 is Ti3-n2 (OOH), and the active centers
at T6 are Ti6-n2 (OOH)-H20 and Ti6-n2 (OOH)-CH3CN. The catalytic activity has the trend of Ti6-1?2
(OOH)-H;0 > Ti6-12 (OOH)-CH3CN > Ti3-n2 (OOH). The activation barriers of 1-hexene epoxidation
over different active centers are higher than that of cyclohexene epoxidation. With the increasing
of Ti content in Ti-YNU-1, more Ti species are inserted into the T3 site in the 10-membered ring
channels, which accretes the numbers of Ti3-112 (OOH). Due to the distribution restrict for cyclohex-
ene, the conversion of 1-hexene epoxidation is much higher than that of cyclohexene epoxidation.
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H E

KA REW, BIA T Ti-YNU-1/H20.4& R T3M T 4t b 1-TIEMIF CIEFFEA R S
AHEBER R MHLEE . P THE#AEB3LYP/6-31G(d,p) b K FEFHEfT. ZHREH, Ti-YNU-14TFHF
T3HL A5 F LR Ti3-n2 (00H), T6ALiEH:H 02 ATi6-n2 (00H)-H20 M Ti6-n? (OOH)-CH3CN. &4k
& ATi6-n2 (00H)-H:0 > Ti6-n? (00H)-CH;CN > Ti3-n? (00H). ZE&E M 0 E1-TIFHEA R B
EHRER2 R TR AR, BEETI-YNU-145FRPTIERAEMN, EZHNTIIEAZ107THIEZTL
EHRT3INL, FERELKTI3N? (O0OH)EEF LALE, BTFFLENHSHENT R, S301-ciki
EEMEERTH .

KA
HEZRER, Ti-YNU-15TF, FENMRNHE, SR, ¥
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1. 5l

Ti-YNU-1 2 FoifE N — R B R RE o PO L), BHS MWW 2 TRl dhdit, &t
ERIEAE, HZEER T R 12-MR (12-membered ring)fLiE[1] [2] [3], AMYEA F) T K4 F L ik vk
Bad, T HLER T AR EEALTI HaOp K IR IR ISR, BRI 43— I AE AR AR 73 A A 7 T D
FAFFRE T R FH 2 18] o Ti-YNU-1 2 T fEf 1L C5~C12 FFRIRIE 18 A [ B 2R H EE Ti-Beta, TS-1. 3D
Ti-MWW #1 Ti-MOR 477 58 & AL 15 E[1] [3]. Shen %5 A [4]i85d 26 5E T Ti-YNU-1 % & Fifs i
R AT R AL SN AL TR RE, 25 R W], Ti-YNU-1 7] LLEE Ti-Beta 50 80R 43 i Bk b i1k
HaO, 7K I o S HL ' W1 BT AR 0 o AL SR AR T Ti-YNU-1 H Ti-Beta R A6 PE REAG TR K520 . Song
LNBIESEIH R, BEE Ti SR, 1-OME AR E 2 s T30 k. AR &R T
1- OV REAE P E AT 8] 2 FLIE FR g 8L, TR O R BETE (B 2B i A, ARG E 21 Ti
YFh w4 A 2 10-MR(10-membered ring) 1IE5ZFLiEH s i&F —MATREE, ZE 1 Ti ¥WFEMAEI5 TN E
A Ti P (HRIX LRSI B = 3 F IR

X TEREE S F oA R RR IR T, SE38 b — MR IR 20 0 ISR B K SRk b, H A2
IF LGRS ARTUEANTE R . 1057050 P 22 57 (0 A 008 1T R A2 i 1 O RO S M AN ] o 5
SRR, 1E Ti-YNU-1 2 i & B b, TigV) E B AL RN T6 A2[2], KEB A AN Ti
YRR R T 10-MR IESZFLIE 5], X FEZ BT T6 Aikh TEMAEM A, Ti IVFEALZ, &%
BT ARG . Bk, REEA /DR T6 Aok TiQV) IR, EE, BT KSLIe BORT0IE S 5400
PEH OO, TR TH AR 88 R 17K EAf e 7 7 I AN R FLIE AR R B 2L Ti (IV) AL A BO0
g5K0, LG O A5 SR EVE, i AL B AL [6] [7] [8] o R4 SCRRANFRA TR A AR 72 45 2R [7] [8]
£ Ti-MWW 2370 L Ti 5 o] BEVE AL AR TH 20 T1 A1 10-MR IE5ZFLIE Y T3 A7 1 id Ik o R4k
SAE I P AR AEAEAN RIS T W PR TR0 PR 7 BC A 3% e o b A P 3% 1 0 BB AR 2 [9] [10]. 3%
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P R PR 45 R AT AN T I N e B MR AL TS ME AT 1T RE S I [ 45 3
AR B B BB T, HEE Ti-YNU-1 40705 EAR RN PE %) 1- 26 IR O AL
EAbTERE, MO AR RS ARIEFRIE AT, S S0 B R 4 L P 8 AR

2. HREIMEMAT E A
2.1. BRBIEIIEEN

AL EERFFE Ti-YNU-1 5 F i b T3 R T6 1710 Ti #0756 T 1 s ik S0 P A A AL e . A T
B, Ti-YNU-1 7370 1 10-MR IESZALIEH ) T3 3G PEAL A, A MWW RS54 i 36T #Eisl, H
Ti [F SR T3 S0 Si, #E Tidm® (OOH)E 1 Hh A &5y . LA HELAL ) Ti3-n? (OOH) AJ W fft— N7k 43
T3 B AR (7S AL 35 PE R AR 2544 [10], (2 BT 2 (I BEAs A PR, 3 MRS AL B AR T @8 7 1
BEZL, I Ti3-n? (OOH)-H,0 AN Al 2 S2Br A 1 Ly, PR 25 R . 7 B4 Ti-YNU-1 43 19 12-MR
JZ 1A FLIE Y T6 WG PEAL A, A MWW A 45 Ky i B 24T FEAEAY, 23 BIRIEE T /SECAL Tie-n® (OOH)-H,0
H1 Ti6-n" (OOH)-CHLCN [FIif itk Hh [ fA S 4 . T B R 7 B B LR T, A eoh = 25 LR 1
PIAAARLE E,  RAas e NI 2 3R 7, BRI S5O STR[7] [11]. JLANE PR At
MR R R T 1] 1o

22. iHEAZE

AL AT JE A P #E Gaussian 09 [12]#2 /7 H 58/, KA B3LYP [13] [14]444kiz ek Fl
6-31G(d,p)FE4l. LI F EAUEMIMEALTIN HoO, FIWR B s AL 22 B I o5 23, KPR A MR B Dy 55 1)
VBRI, IR A B4 S 5 A NS T A O R SE 4R PR [15] [16] [17]. BRIk, i B B mT L2 AN T o
T A VA RE T B O S A (1 S R R AR R O R B R TR R E I A, D ES
{1 S W o A PE T M PO SN T T b R — A AL
3. RS
3.1 TESILAIEHETHT

Ti6-n? (OOH)-H,0. Ti6-n? (OOH)-CH5CN Fl Ti3-n® (QOH)iH v 5 1-E 4. ¥ s R AR AL %
LA SR S B T 2 RO 3. A TSR, AN ESS ARG T IS O AR R S
TR RGN . MO BT DUE , WSO SRR TR BUG, 7SEALTE M Ao 2 B
)\ T A Y, 1 FLERAL Y Ti3n® (OOH) & M rft iy = A XUHER B . 3t ol | 1-CU . R OB A
ARSI B 2 T LA 458 S 8003 51 T35 LRI 2,

% 3 % “j‘J 9H

Ti Ti6 ocC
- 8 &c
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Figure 1. Cluster models of the Ti-hydroperoxo intermediates at the T6 and T3 sites in Ti-YNU-1 zeolite. (a) Ti6-n?
(OOH)-H,0; (b) Ti6-n* (OOH)-CH3CN; (c) Ti3-n* (OOH)
& 1. Ti-YNU-1 9 F 0% 76 # T3 sk EiE M hEAEREL, (a) Ti6-n? (O0H)-H,0; (b) Ti6-n* (OOH)-CH;CN; (c)

Ti3-n? (OOH)
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Figure 2. Optimized models for transition state of 1-hexene epoxidation on different active centers in Ti-YNU-1 zeolite. (a)
Ti6-n? (OOH)-H,0-TS; (b) Ti6-n? (OOH)-CH3CN-TS; (c) Ti3-n? (OOH)-TS
2. Ti-YNU-1 S FFR&EMHOE 1-BHEFENTESRLENER. () Tiem’ (OOH)-H,0-TS; (b) Tié-n?
(OOH)-CH,CN-TS; (c) Ti3-n? (OOH)-TS

Figure 3. Optimized models for transition state of cyclohexene epoxidation on different active centers in Ti-YNU-1 zeolite.
(a) Ti6-n? (OOH)-H,0-TS; (b) Ti6-n? (OOH)-CHLCN-TS; (c) Ti3-n? (OOH)-TS
3. Ti-YNU-1 A FR&ESR O ERSHERENTESHBRER., (a) Tiem® (OOH)-H,O-TS; (b) Ti6-n’

(OOH)-CHZCN-TS; (c) Ti3-n? (OOH)-TS
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Table 1. Geometric parameters of transition state for 1-hexene epoxidation on different active centers in Ti-YNU-1/H,0,
system (A)
#F L Ti-YNU-UH,0, R BARRLEME H0 £ 1- BB R BT EASR LTSRS H(A)

Ti-complexes L(Ti-O,) L(Ti-Op) L(0,-Op) L(0,-Cy) L(0,-Cy)
Ti3-n2 (OOH)-TS 1.941 (+0.069)* 1.977 (-0.217) 1.847 (+0.379) 2.015 2.348
Ti6-n? (OOH)-H,0-TS 1.940 (+0.041) 2.050 (~0.175) 1.780 (+0.311) 2191 2.252
Ti6n2 (OOH)-CH,CN-TS ~ 1.939 (+0.057) 2.015 (-0.211) 1.788 (+0.324) 2.179 2.208

a 5 W B R R TR O S R K A L.

Table 2. Geometric parameters of transition state for cyclohexene epoxidation on different active centers in Ti-YNU-1/H,0,
system (A)
# 2. Ti-YNU-U/H,0, R R AREIEM 0 IR 2B AR RITESHLAISESEH(A)

Ti-complexes L(Ti-O,) L(Ti-Op) L(O.-Op) L(O4-Cy) L(O4-C,)
Ti3-n? (OOH)-TS 1.921 (+0.049)* 1.994 (-0.200) 1.803 (+0.335) 2.205 2211
Ti6-n? (OOH)-H,0-TS 1.919 (+0.020) 2.070 (-0.155) 1.756 (+0.287) 2.295 2.252
Ti6-n? (OOH)-CH,CN-TS 1.916 (+0.034) 2.036 (~0.190) 1.761 (+0.297) 2.288 2.206

a5 W B FOR TE O S A K 3L .

M LRI LAE H, 76 1- O AL SO B IR 45 b, Tid-n? (OOH)iE 4 H Lo Ti-O, B K484
T 0.069 A, Ti-Op BEE /N T 0.217 A, O,-Op#EKIMIN T 0.379 A, ¥EH: O, J5 75 C=C Wi LH4~ C R
THIFEES 73 74 2.015 F1 2.348 A, Ti6-n? (OOH)-H,0 F1 Ti6-n? (OOH)-CH5CN 3 P Hh o 45 4 EL A FHALLAY
A B AR FRI R /)N, 150 B T BC A P 35 OB SIS G S CASE PR S R o BR e , 5 OCRR[10] [18] [19]
[2010F Fe A — 2. eI SLEH I O, R 75 1-C C=C XK C A FHIFE S Wi, #EX %
T HEERE RS T a8 2B — N FIEH . MR O A B S g5 R (32 2),
EAREIE MO B8N T 1- ORI AL R, (HRTE O KR S 1- ORI A R
WAL, FEHLFREZ Tid-n? (QOH)IE M o B K ARk i K . AR, Hod A gk bis ik o, i 115
IO C=C MR FIEE S JLF A ] 455K, 7F Ti-YNU-1 4 Fifisim e b BRI R A 1-C0F
T A2 TR UM AP S5 S 7 B T AIE A [ P S AT, BV C=C X5 M O, J7 Al BLE 0, O, T
BHTEALE] C=C Wik I, WEGLERS)G Ti-0O, Al O,-Op SEK I, Ti-Op FiES IR/, H Ti-O, Al Ti-Op )
B KUMHE, WEHEOHE S TIOH A0S, X5 Ti-MWW Hl TS-1 7570 ok 23 AL
IALEEAH—£X[10] [15] [20].

3.2. WESEERSH

SRR o T I AR S A s T B P AR R, — RO S s O IR E AR R, BRRS AL
IR TIEE R OE 2 SBOLRRER; H—MEEEhofE—E, EEPOEE s SO
K. AL 1-Cffi. RO AR DT, HE T Ti-YNU-1/H,0, 78 R FROR[EE O IR IR A
RIFIEAGRE, TSRS TE 4.

e, W B FENE L b1 CFIER IR PR A OB TS RE R I SIS PR A L 1- O3
ARSI A RE 22 5 T3 OO0 , 3 2 B T R - U PR S RO BRI S A B, BRI IR ) C=C
SR TN R T, AR T C=C RS o000 FUR B LT3, I 78 IR A 72 . Hor, Tien?
(OOH)-H,0 A1 Ti6-n? (OOH)-CH5CN 1t F s 1- SV R AL S B2 R AL BE 23 i A 35.00 A1 43.92 kd/mol,
M Xu £ A [21 38 B¢ B 1% 25 A G H Ti-MWW/H,0,/CH;CN 18 R 1- SV EAL [ B 5 Ak g



- cyclohexene - 1-hexene 85.22
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Figure 4. The activation energies of 1-hexene and cyclohexene epoxidations over different active centers in Ti-YNU-1
& 4. Ti-YNU-1 REEE O E -2 BT S B TR RN R A TEL

4 21.03 kd/imol, B RARTATIHEMEILRE 22 . R, dlid BEA [mlE 1 ot EAR [R5 T HE AL R
KB, Tid-n? (QOH)FH 1 ot (R A AL % E K T Tie-n? (OOH)-H,O Fl Ti6-n? (OOH)-CH;CN 5Py, X
FESEHET T3 AR T N Z S AL, FAERR I 2 RS, AR T A e 1 A 454 o Tien?
(OOH)-H,0 1 Ti6-n? (OOH)-CHCN i1 Fp s -3 CUJis TR 484K s B2 PRI AL 6 23 51 A 24.23 1 32,50 kd/mol ,
1M Ti3-n? (OOH)IF 1t 0 53R O [N (RS AL RE N 56.61 kd/mol. 545 AT LS Kwon 28 A\ [16]38 5 52
IS FIRTAE JE 5 28 A S EAF RN TS-1 40 70 1A 2R OO 2R 800 OB 1) 2 WL 10 BE A EL B (40 £ 2
ki/mol). 1tt4h, Vandichel % A[22]LARUT Fid FUb S AR, 7E VO(acac), i if) EdEAT I 3F DR FE
Ak NI BE N 48.60 kd/mol. ] LAE H Ti-YNU-1 4010 b T6 45738 M A O B f Ak 1% 1 58 vy
HHAE LA G EEE N .

UhAh, FRATLIHRE], BARTE Tid-n? (OOH)IH It L 3K O 3R AL I B T AL REAR T 1- U
fbfg, 2 HT T3 AAEFET 10-MR IE5ZFLIE N, AR O EE 1- O S 508 T3 A7 13 M
Lo Clerici 58 N[23]8 4 H, ¥ HUSN 2 1-CM R SE R TITE K T3 O doE K. Bk, AL
HED, 1-CURIAEALTTLAEZ B T6 AL A2 T3 AnidE ke E3ET, M3 ORI RAEE T6
PSR OAT . BEE Ti SENM, BE2M TifdAR 7 10-MR IEZSLEFR) T3 A7, ff 1-CHL
RN S T O, InT DU SEIO I G & R ARRE[S]

4, &Eig

AR SO B2 IR T, X Ti-YNU-1 3 Fifd 1- O3 QISP S S RLEAT T8 5. Hie
7 Ti3-n? (OOH). Ti6-n? (OOH)-H,0 A Ti6-n? (OOH)-CH5CN & 1t Fh a4 R 454, 115 T & id kg b
PRI IR AL SN RS RS A R . S5 R, RSO B, 1O MG EER TS
I SONEAGRE, I M A (AAA AL A Tie-n? (OOH)-H,0 > Ti6-n? (OOH)-CH5CN > Ti3-n? (OOH).
Ti-YNU-1 4 Fifi R B Ti S 2R8I, F2 0 Ti @A T3 7, S Tid-n? (OOH)iE L7 3 £,
H 2 T AL 2 (B RS, BRG] T BRI Sy 8, RA 1O R & O R AR I A AR
o DRk, BEFE Ti SR, 1-CMHERE I & T8 2.
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