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FE 4R 4L T rp (E)
HBeta i A 5 3E W B B2/ ER g 1L

FNER, KR, BRI

CHEIMNKZE Gk 255 V98 %M 213164)

FEE: A 61 HBeta F T ML 4-F R BLY R A BRAL R, B8 T HE L5 0 : DL 10 mg 21 HBeta
WA AR 0.5 mmol 4-FFBZEFEE . 0.5 mmol LFAHF. 1.0 mL JAC ke, Ny 4B FEEKNL 1 h, FEZ&MF
TL>99%M A WM T 4R 4-F TR, HR TIRWNEEM:, UK IRYTER& R T 32 Foy& bk
FREY) . TR B AR BB (0.2%~1.0% ), it XRD. N, -k . NH;-TPD. Py-IR X
RIS BB T RRIE DT T 3R1E . 45593% W], F% HBeta 5% Bronsted FRERTEN 41 ( SBAS ) BRI MFEAL,
J5 BB BR AL R T 2 N>99% B Wil 28 57%, URIAMEALT 1Y SBAS JEJ5EY/M RN (&ML 0o Ah, HBeta
AR A B T O A S 0L T R I RAF R 25 MR e M, B3R 4 RN B LG TG o 321 T 4-FF SR F e i
AL SBAS I B S5 AL BURT R A IE B TP A, RS 5 ORI & AR SRR N, I A % B BR =il
NATLEE,

K HBeta Wifr; BRfbIIRL; F5M/WN; BRIEE T Raufe T ik
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Efficient catalysis of alcohol/phenol esterification by HBeta zeolite

MENG Congwei, ZHANG Yuan, TANG Tiandi"
(School of Petrochemical Engineering, Changzhou University, Changzhou 213164, Jiangsu, China )

Abstract: The self-made HBeta was used to catalyze the esterification of 4-methylbenzyl alcohol with
acetic anhydride. Under the optimal conditions of catalyst acid HBeta zeolite 10 mg, 4-methylbenzyl
alcohol 0.5 mmol, acetic anhydride 0.5 mmol, cyclohexane 1.0 mL, reaction time 1 h in nitrogen
atmosphere at room temperature, the yield of 4-methylbenzyl acetate reached >99%. The universality of
substrates was explored and 32 kinds of aromatic esterification products were synthesized with a wide range
of substrates. The zeolite was mixed with different mass fractions of phosphorus (0.2%~1.0%), and the
texture parameters and acidity characteristics of the catalysts were characterized by XRD, N, adsorption-
desorption, NH3;-TPD and Py-IR. The results showed that the esterification rate of aryl alcohol and phenol
gradually decreased from >99% to 57% as the acid content of strong Bronsted acid sites (SBAS) in HBeta
zeolite decreased, indicating that the SBAS were the active sites for converting aryl alcohols and phenols.
Moreover, the catalyst exhibited excellent structural stability with no significant activity loss observed after
being recycled 4 times. The proposed reaction mechanism was that 4-methybenzyl alcohol first underwent
transformation into the corresponding carbocation intermediates on the SBAS of HBeta zeolite, followed by
a nucleophilic addition reaction with acetic anhydride to yield the target product.
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25 HBeta WA o SUHE AL /B 1 £k <223

VEARSE R T BEPESS M B AL, BRAOSR (G AR
— A HLA B A58 $15

HERILTAE, CEITR T ZMAa R0 & B2
Y7 0 Pinner 2w ® . Johnson-Claisen
Je 7% Tishchenko ™45, Hirpr, i RS B
PR BT A Ay ok A i 7] BBA P/ 8 1) 0 T 2R AT 1 K
NS A BR BN AR B i . RS, HH
ML FU45 Bronsted B8 ', JCHL Lewis M4 )@
LRGP Lewis FRE R (I igsh ) Sk
FNCOH EaR IR R AR AR I B, AN S
K& TCHURE AN AT i & SR SR TG LR Y, 3K
RNARRE S F s RxE; R, Mok
Lewis R4 23175 K BE B 1Y 43+ W SR A O, AR
A1, TS BURA =77 i 2 5. L
AR, 28 R R A AL 70 RE £ A B/ M E K A R T
B I B - AR AR R AR (s i
WA ROV ) TR o S B/ A TR AR S I o (H
KIRH™ M2k Z R AR 0 L R /N . FROE
2, ANHEEWE R =Rk, AT AR A b 2= R ER
Kk, FHR—M e AR, EAEINT
MU . & J@R iR, m B ] A EE 2
e/

PR PE RE AR A1 R — IS BEAR B R Y AR AR ), B
AL rfbafaett . Kot m A & 4 & iRk
fif (SBAS) B Bl T 2R bt S sk (o i
MR SRR, BRMERESR A 1Y Bronsted
PR AN s AT R B S g 3 M, e (R ik 2 AR AL &
i A A e A B L S e R R T A S R R
A B —F, HBeta Wi A7 EA WAL ERE B4 B PR,
BEAN, HAT B AH L3S 45 A HE % 7% 55 T 2 YO HL
TR F AL Z50 . b A sl ABE, S
AR Al—OH WS T8 AT S5 RN A, =
S5 R A5 A B AR D0

FEF I, A TR S 603 1 00 JE 244 R 14
HBeta WA AT, RO BRI, 76T MR
B A5 T A A B/ 1 5 TR I A TR A N R B R — R
GBS SN =), 1E HBeta A7 H 51 AR 4540
A BEHMEIL R A SBAS, R HBeta WA
AL ER AL S N & MLy, A Bronsted R fiEfL TR 1L
SR AILBE A 55 P2 — 2 A BRIS HE T

1 LIS

11 KFENEE

B G BRI KR (AR)., NIEEF (AR). T
FRIF ( AR ). JRIREF (AR), BERBALE RAIEA
Al MOEEF A BRI ( TPAOH, it s34k
25%) , HEIE (BTErEch 52%) , BiEmaie T

AR ] 2R PHES TR AW RCC, i 7341 30%,
IE 0.99 g/em® ) [HIPT; ZFREF . NaOH., NaAlO,.
iR E: , AR, EZGEEHL2ERIA RA A B R — S
B, AR, VPR ERA A BRA A 5 AihEk (PE, 60~90
°C, AR) . LMRZ TR (EA, AR) , il (200~300
H) , LigZERHERMARAR KETK, Affl;
ZSM-5881 0 NaYDP 1 MORMOIUIZ LA, A, H
W H BIZ L ZSM-5 NaY Fll MOR #1155 1 mol/L
HIRSPREL A TRAE 80 °CacHe 4 h J5, 7E 100 °CHE#AE;
WA EEA T 12 h, BT 550 CHyzs U FIBbE
5h 3RS, 4r9kRiC A HZSM-5, HY 1 HMOR,

C-MAGHS 10 fHIR ARG i hittds, TEE IKA
vl R1001-VN g 28 kAL, ASMA A T3 A
FRvH]; DHG-9140 G K146, Big—fEER
A ESAE PR T 5 5977B-7820A SUAH (0,335 - 5 1 1656 1
I (GC-MS ), FEH Agilent 24 F]; D/Max 2500 % X
BT AT AU XRD ), H AR B2k 241 ; Avance
Il 300 MHz #3417 351X . Avance 1 400 MHz
W REIEIE I 1Y . Avance T 500 MHz #% if L3RI
WAL . Tensor 27 FU{H H AR 48 2T ANG AN, 7l ]
Bruker A #); TriStar I 3020 4 H sh¥) BRI FHY .
AutoChem 1T 2920 4 H 3 fb 2% W FfH{L, 3%
Micromeritics {X #8270
12 KWHE
1.2.1 Beta 4L 7] 69 A%,

96, ¥ 0.34 ¢( 0.47 mol )NaOH ¥ f#AE 19.00 mL
(1.05 mol) KT /K I, 30 min, £F NaOH
SERVEMR)T ., A 0.73 g (9 mmol ) NaAlO, 1 6 mL
(0.01 mmol ) TPAOH, ##+E 1 h, SRJGHIA 8.50 g
(0.14 mol ) EEVERITHFE 1 he ZJ5, MA 4.5mL
RCC, fi#E 2 h, MHERNRB OB, K% 3
50 mL 7 A 5 DU £ M PR 2 i SO A% L FE 140
CTME T2 h, RGRHERR, &g, TG
FIAEBA, BJaTE 550 °C T2 AU IBBE 4 h,
535 g HEmA, EIh Beta ¥f .
1.2.2 Beta #b GiELF) G 4 52

# 10.00 g Beta i1 5 100 mL 1 mol/L AYRHFR
KBS WA 250 mL [BEEH, SRS 7E 80 °CK
WHiEE 4 ho BWHIEER, LU, 76 100 °CH
P T A D T 12h 5, BT 550 CRYZS U
FlMRE 5ho FiREARH il RELE WK, 155 8.10 g
EAky A, BIMER 1 HBeta 3 £1 .

ZMROCHR[41-441 05, FH#EIR — S EOKIE
SRR RN AR 7 i S N CIR TE 2 WY bl a4 Qi ]
HBeta ¥/ ( PHBeta-x ), HW, x AEB AR ED
B LIBEB ATRE D E0N 0.2%01 HBeta 4145 85
BENB: e, 5 0.0074 g BER S AE T 1.0000 g
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FE K, FCH RS R O 0.735% KR,
# 1.0000 g izt HBeta @BE 5 LR whi — A BIn
PEHEA) R AE S IR FHE 12h; SR5, 76 100 °CF
T4 12 he # L IRBHE i) HBeta WA 75 550 °CF
AR LA 100 mL/min A9 3HERE 4 h, RIFSEEE A
BN 0.2%0 HBeta 341 ,ic 4 PHBeta-0.2%.
HiAx HBeta-x il 2 ik b, HEEMEBER A

B, IR ST 0.0148, 0.0222,
0.0296. 0.0370 g, HI@EIE AT 3505300 0.4% .
0.6%. 0.8%. 1.0%F) HBeta i £7 43 %iC & PHBeta-
0.4% . PHBeta-0.6% . PHBeta-0.8% . PHBeta-1.0%,
123 TERFBE. BB ALEE (B ) BRLA 4 ea 4%

FE SN I 06 Z T, AR A Ak 700 I e S o
T 550 °CRBRBE 3 ho MERAS NG, ALK
BERASPTIREGT . UL 4-FREHE (Maa)
A R, BRI BANT 10 mg( 0.0025 mmol )
& A 5] . 51 mg (0.5 mmol ) ZFREF ( Ta), 56 mg
(0.5 mmol ) 4-FFEIRHEL ( Ta), 1.0 mL IR ke
MRV AT BE: 1Y 10 mL SN B4, 25
TRAGFE NN 1 he RREHRG, Bt fbsm ff
BUAHE ok B0 o 88 o R T 3 78 AN R 25035571, IR
EMﬁﬁ%ﬁF%ﬁﬁHFﬁ%ﬁﬁ*ﬁ TOrE,

FERA V(i) - (TR OTR)=10 = 1 IRABW,

%@JFE%O HA =6 o e b

FPYE R GC-MS 23, Hd =Py n etk (S)
H100%, A mAA — ik il (1) ~ (2)
IHREALR (C, %) A=K (Y, %)

A
Cl%=—""1 %100 (1)
A+ A+ 4,
Y/%=CxS%x100 (2)

s A, TR SO P W A TR 5 Ay oAy e/ )
E*/\, Arz j‘:’ﬁﬂmﬂﬁmkﬁ 2 Ye}
J7lE (W) BREALE WA AT FR -

(0]
+ )L
—OH )J\ R)J\O/R]
2

ITa~11 IIa~IId I, v, v, VI
Ilaa: R,=4-CH;Bn; R,=Me Il ma: R,;=4-Cl-diphenyl; R,=Me
[Iba: R,=Ph; R,=Me [Vab: R;=4-CH;Bn; R,=Et
Il ca: R;=Bn; R,=Me IVcb: R;=Bn; R,=Et
Il da: R,=4-CH,Ph; R,=Me IVdb: R,=4-CH,Ph; R,=Et
Ilea: R,=4-CIBn; R,=Me IVeb: R;=4-CIBn; R,=Et
I fa: R,=4-CIPh; R,=Me IVIb: R,=Diphenyl; R,=Et
[l ga: R;=2-CH,Py; R,=Me Vac: R=4-CH;Ph; R,=n-Pr
ITha: R;=(1-Naphthyl)CH,; R,=Me Vece: Ri=Bn; R;=n-Pr
Ilia: R;=(2-Naphthyl)CHy; R=Me  Vec: R;=4-CIBn; R;=n-Pr
IMja: R;=a-CH;Bn; R,=Me Vlc: R;=Diphenyl; R;=n-Pr
IlTka: R;=1-Ph-2-propyne; R,=Me VIld: R,=Diphenyl; R,=n-Bu
IMa: R,;=Diphenyl; R,=Me

10 mg HBeta,
10mL}IaJ:'-"

rt,1h N,

Hrp, Bn I Me 9L PhoBASE; Bt A2 % n-Proj
IENEE; Py mEhEsE, TR

FIHEE (B ) BeRALE YA BT BrR .

O 10 mg HBeta, 1.0 mL 34 O

R,—SH + >
: )koJ\ rt, Lh N, Ry s R
In~Iq Ma-Md mIv, v,V

M na: R =Bn; R,=Me V ne: R =Bn; R,=n-Pr

Il 0a: R,;=4-CH,OBn; R,=Me V oc: R,;=4-CH,0Bn; R,=n-Pr
I ga: R =4-CIBn; R,=Me V pe: R =4-CH,OPh; R,=n-Pr
[Vnb: R =Bn; R,=Et V ge: R=4-CIBn; R,=n-Pr

IV pb: R,=4-CH,OPh; R,~Et

OTR 4-F KR (Maa): 81 mg TLEIHLIRY), 7=
#>99%, '"HNMR (CDCl;, 500 MHz), 6: 7.17 (d, J =
8.3 Hz, 2H), 6.96 (d, J = 8.4 Hz, 2H), 2.34 (s, 3H), 2.29
(s, 3H); "CNMR (CDCls, 125 MHz), 5: 169.79, 148.44,
135.50, 129.96, 121.25, 29.72, 21.13, 20.87, ESI-MS,
m/Z: [M]" FEE1H 164.1, SZBR{E 164.0,

IR 4-FEEEER (IVab ): 87 mg IR E @ RY),
73R 98%, '"HNMR (CDCl;, 400 MHz), §: 7.30~7.16
(m, 4H), 5.09 (s, 2H), 2.42~2.35 (m, 5H), 1.17 (t, J =
7.6 Hz, 3H); CNMR (CDCls, 101 MHz), J: 174.46,
138.13, 133.21, 129.34, 128.47, 128.00, 66.20, 27.72,
21.30, 9.21, ESI-MS, m/Z: [M] Bie(E 178.1, SZFR
1# 178.1,

ETHR 4-FHEARES( Vac): 92 mg IR B A IIRY),
777 96%., 'HNMR (CDCls, 500 MHz), 8: 7.29~7.18 (m,
4H), 5.11 (s, 2H), 2.35 (t, J = 7.4 Hz, 5H), 1.70 (q, J =
7.4 Hz, 2H), 0.98 (d, J = 7.4 Hz, 3H); >CNMR (CDCl;,
125 MHz), d: 173.38, 134.68, 134.04, 129.57, 128.73,
65.20, 36.14, 18.43, 13.67., ESI-MS, m/Z: [M] Fi&(H
192.1, SEBR{H 192.1,

AR (Mba ): 45 mg ToEIHRY, 7% 66%.
'HNMR (CDCl;, 500 MHz), d: 7.42~7.36 (m, 2H), 7.24
(d, J = 7.4 Hz, 1H), 7.12~7.08 (m, 2H), 2.30 (s, 3H);
BCNMR (CDCly, 125 MHz), 6: 169.62, 150.78, 129.53,
125.94, 121.68, 29.81, 21.23, ESI-MS, m/Z: [M] B4
136.1, SEFR{H 136.0,

CRHETE (Mea ): 75 mg TLEIRYT, 723 90%.
'HNMR (CDCls, 500 MHz), d: 7.36 (s, 5H), 5.11 (s, 2H),
2.11 (s, 3H); "CNMR (CDCl;, 125 MHz), 6: 171.08,
136.06, 128.72, 128.41, 66.47, 21.17 ,ESI-MS, m/Z: [M]"
HS{E 150.1, SEPR{E 150.0,

PRFHER ( IVeb ): 73 mg LAY, 772K 89%.
'HNMR (CDCls, 500 MHz), d: 7.26 (s, 5H), 5.03 (s, 2H),
229 (q, J = 7.6 Hz, 2H), 1.07 (t, J = 7.5 Hz, 3H);
BCNMR (CDCls, 125 MHz), 6: 174.32, 136.17, 128.58,
128.21, 66.16, 27.62, 9.14, ESI-MS, m/Z: [M] BRiE{H
164.1, SEBR{H 164.0,

IETHERYEEE (Vee): 77 mg TL@OpRY), F=%
86%. '"HNMR (CDCls, 500 MHz), d: 7.28~7.19 (m, 5H),
5.02 (s, 2H), 2.24 (t, J = 7.4 Hz, 2H), 1.58 (q, J = 7.4 Hz,
2H), 0.85 (t, J = 7.4 Hz, 3H); CNMR (CDCl;, 125
MHz), J: 173.56, 136.23, 128.61, 128 48, 128.23, 66.11,
36.26, 18.52, 13.75, ESI-MS, m/Z: [M]Bit{E 178.1,
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SEFR(E 178.1,

IR ZERS (Mda): 58 mg JLEIMERY), 7o
77%, "HNMR (CDCls, 500 MHz), 6: 7.27~7.16 (m, 4H),
5.07 (s, 2H), 2.36 (s, 3H), 2.09 (s, 3H); *CNMR (CDCl;,
125 MHz), 6: 171.10, 138.26, 129.38, 128.58, 66.41,
21.33,21.19, ESI-MS, m/Z: [M] FHiS(H 150.1, SZPR{E
150.0.,

PIFR-4-F IEZERE (IVdb): 66 mg IR ECIMRY),
77 80%, 'HNMR (CDCls, 400 MHz), d: 7.17 (d, J =
8.2 Hz, 2H), 6.96 (d, J = 8.4 Hz, 2H), 2.58 (q, J = 7.6 Hz,
2H), 2.34 (s, 3H), 1.26 (t, J = 7.5 Hz, 3H); "CNMR
(CDCls, 101 MHz), d: 172.17, 147.50, 134.29, 128.88,
120.19, 26.71, 19.83, 8.08, ESI-MS, m/Z: [M] B AH
164.1, SZPR{H 164.0,

OTR 4-FEER (Mea): 91 mg IR CIIK, 7=
#%>99%, '"HNMR (CDCl;, 500 MHz), §: 7.35~7.27 (m,
4H), 5.06 (s, 2H), 2.10 (s, 3H); *CNMR (CDCls,
125 MHz), d: 170.79, 134.44, 134.15, 129.65, 128.76,
65.47,20.98, ESI-MS, m/Z: [M] Bt (H 184.0, F:F%
4 184.0,

TR 4-57FHE (IVeb ): 95 mg IRBCMOIIA, =
96%. '"HNMR (CDCls, 400 MHz), J: 7.22 (q, J = 8.6 Hz,
4H), 4.99 (s, 2H), 2.29 (q, J = 7.6 Hz, 2H), 1.07 (t, J =
7.5 Hz, 3H); "CNMR (CDCl;, 101 MHz), 6: 173.15,
133.59, 133.02, 128.53, 127.70, 64.25, 26.51, 8.03,
ESI-MS, m/Z: [M] #1818 198.0, SZFR{E 198.0

1E TR 4-57FH5 ( Vec): 100 mg IR B iRy,
72 97%., "THNMR (CDCls, 500 MHz), : 7.35~7.25 (m,
4H), 5.07 (s, 2H), 2.33 (t, J = 7.4 Hz, 2H), 1.67 (h, J =
7.4 Hz, 2H), 0.94 (t, J = 7.4 Hz, 3H); *CNMR (CDCl;,
125 MHz), d: 173.54, 138.00, 133.20, 129.25, 128.38,
66.02,36.25,21.22,18.49, 13.71, ESI-MS, m/Z: [M] 3
WAH 212.1, SEPR{H 2121,

IR A-F A (1M fa): 84 mg LEIHRYY, Foik>
99%, '"HNMR (CDCls, 500 MHz), J: 7.34 (d, J = 8.8 Hz,
2H), 7.03 (d, J= 8.8 Hz, 2H), 2.30 (s, 3H); *CNMR (CDCL,
125 MHz), &: 169.25, 149.12, 129.49, 122.95, 29.71,
21.07, ESI-MS, m/Z: [M]"BEE{H 170.0, SZPR{E 170.0,

2-MEHEZ RS (Mga): 64 mg IR E IR,
77 85%, 'HNMR (CDCls, 500 MHz), 6: 8.42 (d, J=
4.7 Hz, 1H),7.54 (td, J=7.7. 1.8 Hz, 1H), 7.19(d, J=
7.8 Hz, 1H), 7.06 (dd, J= 7.6, 5.0 Hz, 1H), 5.05 (s, 2H),
1.97 (s, 3H); "CNMR (CDCl;, 125 MHz), J: 173.70,
170.44, 155.47, 149.03, 136.94, 122.87, 121.78, 77.51,
66.36, 20.93, 20.67, ESI-MS, m/Z: [M]" BRi&(H 151.1,
SIBRME 151.1,

CPR(1-Z5F) S (Tha ): 99 mg H AR, m.p.
57.5~58.5 °C, F##>99%, 'HNMR (CDCl;, 500 MHz),
5: 7.91~7.85 (m, 4H), 7.56~7.48 (m, 3H), 5.32 (s, 2H),
2.18 (d, J= 0.9 Hz, 3H); *CNMR (CDCl;, 101 MHz), 6:

171.08, 133.82, 131.71, 131.52, 129.41, 128.83,
127.61, 126.68, 126.06, 125.38, 123.63, 64.67, 21.13,
ESI-MS, m/Z: [M] 3 {H 200.1, SEPR{A 200.1,

CTRQ-ZEHF) R ((MMia ): 98 mg B A [E{A, m.p.
51~53 °C, 7##% 98%., 'HNMR (CDCls;, 500 MHz), &
8.07~7.88 (m, 3H), 7.64~7.48 (m, 4H), 5.62 (s, 2H), 2.15
(s, 3H); "CNMR (CDCls, 101 MHz), 5: 169.88, 132.28,
132.13, 132.05, 127.33, 126.92, 126.66, 126.32, 125.24
(d, J=3.7 Hz), 124.85, 65.39, 20.00, ESI-MS, m/Z: [M]"
FRIBAE 200.1, SEFR{H 200.1,

LR o-HFKEE (Mja): 72 mg TLEIHARY),
P23 88%., 'HNMR (CDCl;, 500 MHz), J: 7.39~7.28
(m, 5H), 5.90 (q, J = 6.6 Hz, 1H), 2.08 (s, 3H), 1.55 (d,
J = 6.6 Hz, 3H); "CNMR (CDCl;, 125 MHz), ¢:
170.34, 141.70, 128.52, 127.89, 126.11, 72.33, 22.23,
2137, ESI-MS, m/Z: [M]"BHiE(H 164.1, SEBr{l
164.0,

1-RHE-2- VAR SRR ( Mka ): 77 mg 8 GRS
77 % 88%., 'HNMR (CDCls, 500 MHz), 6: 7.54 (dd, J =
7.8, 1.8 Hz, 2H), 7.43~7.34 (m, 3H), 6.45 (d, J=2.3 Hz,
1H), 2.66 (d, J = 2.3 Hz, 1H), 2.12 (s, 3H); *CNMR
(CDCls, 125 MHz), 6: 169.85, 136.57, 129.24, 128.85,
127.83, 80.38, 75.51, 65.43, 21.17, ESI-MS, m/Z: [M]"
FRISMH 174.1, SZPRE 174.0,

TRFRPEE (TMa): 102 mg @A, mp.
40 °C, =% 90%, 'HNMR (CDCl;, 500 MHz), o
7.31~7.19 (m, 10H), 6.83 (s, 1H), 2.10 (s, 3H); "CNMR
(CDCls, 125 MHz), 6: 170.15, 140.32, 128.62, 128.02,
127.21, 76.98, 21.40, 1.16, ESI-MS, m/Z: [M] HiE{E
226.1, SEBR{H 226.0,

TIRFLEIHES (IVIb): 106 mg F A, mp.
51 °C, 7## 88%., 'HNMR (CDCl;, 500 MHz), ¢:
7.27~7.08 (m, 10H), 6.81 (s, 1H), 2.33 (q, J = 7. 5 Hz,
2H), 1.06 (t, J = 7.5 Hz, 3H); "CNMR (CDCl,
125 MHz), 6: 173.43, 140.47, 130.14, 128.58, 128.37,
127.94, 127.16, 76.72, 27.94, 9.18, ESI-MS, m/Z: [M]
FHIS(H 240.1, SZPRME 240.0,

THIEETRRTE (Vie): 114 mg A @ MIA,
m.p. 60 °C, =3 89%, 'HNMR (CDCls, 500 MHz), 6:
7.44~7.31 (m, 10H), 6.99 (s, 1H), 2.47 (t, J = 7.4 Hz,
2H), 1.77 (h, J = 7.4 Hz, 2H), 1.00 (t, J = 7.4 Hz, 3H);
BCNMR (CDCly, 125 MHz), J: 172.61, 140.44,
128.53, 127.89, 127.13, 76.64, 36.50, 18.51, 13.72,
ESI-MS, m/Z: [M] ¥ {H 254.1, SCPR{H 254.1,

THEILERR S (VIId): 120 mg @A,
m.p. 66 °C, =% 87%, "HNMR (CDCls, 400 MHz), 6:
7.34~7.10 (m, 10H), 6.80 (s, 1H), 2.32 (t, J = 7.6 Hz,
2H), 1.55 (p, J= 7.6 Hz, 2H), 1.22 (dt, J=14.7.7.5 Hz,
2H), 0.79 (t, J = 7.4 Hz, 3H); "CNMR (CDCl;,
101 MHz), d: 172.80, 140.43, 128.54, 127.89, 127.12,
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76.64, 34.34,27.04, 22.28, 13.78., ESI-MS, m/Z: [M]"
FHISE 268.1, SZPR{H 268.0,
[(4-FAREL)- A E) R (Tma): 122 mg
F 05, mp. 80.5 °C, 723 82%., "HNMR (CDCls,
500 MHz), &: 7.42~7.31 (m, 9H), 6.90 (s, 1H), 2.21 (s,

3H); "CNMR (CDCl;, 125 MHz), J: 169.94, 139.77,
138.83, 133.82, 128.74, 128.66, 128.56, 128.17,

127.08, 76.21, 21.27 . ESI-MS, m/Z: [M] H it H
260.1, SZPRIE 260.0,

CFFEREERS (Mna): 66 mg IRECGIRY), 72
% 80%, 'HNMR (CDCls, 400 MHz), J: 7.25 (s, 5H),
4.09 (s, 2H), 2.31 (s, 3H); *CNMR (CDCL, 101 MHz), J:
194.12, 136.55, 127.77, 127.60, 126.24, 32.41, 29.30,
ESI-MS, m/Z: [M]" #i1H 166.0, SZFr{E 166.0,

PR B EERE (IVnb ). 76 mg IR kY, 7=
% 84%, 'HNMR (CDCls, 400 MHz), §: 7.35~7.18 (m,
5H), 4.10 (s, 2H), 2.56 (d, J = 7.5 Hz, 2H), 1.16 (t, J =
7.5 Hz, 3H); "CNMR (CDCl;, 101 MHz), J: 198.44,
136.70, 127.76, 127.56, 126.16, 36.09, 32.00, 8.57.
ESI-MS, m/Z: [M]"BHi&(H 180.1, SZBR{E 180.0,

1E TR HREEAS ( Ve ): 79 mg IR & (iR Y,
72 82%, 'HNMR (CDCls, 300 MHz), §: 7.27~7.13
(m, 5H), 4.06 (s, 2H), 2.48 (t, J = 7.4 Hz, 2H),
1.71~1.56 (m, 2H), 0.89 (t, J = 7.4 Hz, 3H); *CNMR
(CDCl;, 75 MHz), J: 198.90, 137.87, 128.90, 128.71,
127.31, 45.77, 33.20, 19.25, 13.61 ,ESI-MS, m/Z: [M]"
FRIEMH 194.1, SEPR{H 194.1,

S-(4-HEAFERH) LR EE ( Moa ): 85 mg IRE
MRy, 77% 87%. 'HNMR (CDCl;, 500 MHz), o
7.27~7.17 (m, 1H), 6.90~6.84 (m, 1H), 3.79 (d, J=7.3
Hz, 2H), 2.34 (s, 1H); *CNMR (CDCl;, 101 MHz), 6:
194.92, 159.01, 128.31, 127.34, 127.31, 114.35,

114.32, 55.82, 33.11, 30.50. ESI-MS, m/Z: [M] Hi
{H 196.1, SLBR{E 196.0,

S-(4-HAEFERE)IETIRRE ( Voc): 91 mg IR
IR Y), 775 87%., 'HNMR (CDCls, 400 MHz), o:
7.28~7.23 (m, 3H), 6.92~6.84 (m, 3H), 4.13 (s, 2H), 3.82
(s, 3H), 2.58 (t,J = 7.4 Hz, 2H), 1.75 (q, J = 7.4 Hz, 2H),
1.00 (t, J = 7.4 Hz, 3H); "CNMR (CDCl;, 101 MHz), ¢:
197.93, 157.70, 129.00, 128.88, 128.70, 112.95, 112.79,
54.19, 44.63, 33.84, 31.54, 18.10, 12.47., ESI-MS, m/Z:
[M]" BB 224.1, S2PR(E 224.1,

S-(4-HEFRIHAMREE (IVpb): 95 mg IRE,
Ry, 7% 85%, 'HNMR (CDCls, 500 MHz), o:
7.41~7.29 (m, 2H), 6.96~6.82 (m, 2H), 3.81 (s, 3H), 2.65
(q, J = 7.5 Hz, 2H), 1.21 (t, J = 7.5 Hz, 3H); "CNMR
(CDCls, 125 MHz), 6: 199.34, 160.60, 136.16, 132.69,
118.57, 114.85, 77.31, 55.36, 36.86, 9.66., ESI-MS, m/Z:
[M]" B 196.1, SERR{E 196.1,

S-(4-H FFEARIL) IE T ERER ( Vpe): 100 mg IR BE

kY, 7% 84%., 'HNMR (CDCls, 300 MHz), &
7.32~7.25 (m, 2H), 6.90 (dd, J = 8.5, 1.6 Hz, 2H), 3.78
(d, J = 1.3 Hz, 3H), 2.62~2.54 (m, 2H), 1.77~1.63 (m,
2H), 0.95 (td, J = 7.5. 1.3 Hz, 3H); "CNMR (CDCl;,
75 MHz), d: 197.49, 159.53, 135.06, 117.61, 113.79,
54.30, 44.23, 18.11, 12.50, ESI-MS, m/Z: [M] BRiE(H
210.1, SZBR{H 210.0,

S-(4-FER) ZREE (Mga): 91 mg R EIHPIR
Y, 773 91%, '"HNMR (CDCl;, 500 MHz), d: 7.31~7.17
(m, 4H), 4.07 (s, 2H), 2.35 (s, 3H); "CNMR (CDCl;,
101 MHz), &: 193.82, 135.25, 132.04, 129.14, 127.70,
31.69,29.29, ESI-MS, m/Z: [M]"FHiE(H 200.0, SZPr{E
200.0.,

S-(4-F T IETRES ( Vqe): 109 mg IR (A3
R, 7% 90%., 'HNMR (CDClL;, 300 MHz), o
7.28~7.09 (m, 4H), 4.04 (d, J = 3.6 Hz, 2H), 2.52 (t, J =
7.4 Hz, 2H), 1.76~1.57 (m, 2H), 0.92 (t, J = 7.4 Hz, 3H);
BCNMR (CDCls, 75 MHz), 6: 197.50, 135.45, 131.97,
129.12, 127.69, 44.62, 31.35, 18.08, 12.45, ESI-MS, m/Z:
[M]"BEIS1H 228.0, SE2PR(E 228.0,

1.3 RIEFZESHERENK

KRGS IR IS 3% (AT "THNMR AT PCNMR
iR, i CDCL M, U L aEGe A AR

7E XRD FRH 40 kV, 100 mA # Cu K, FREHE,
XHEAFI#EFT XRD K, 5452648 0.2 (°)/min, il
FH4 A S A, PERCARE (—196 °C) FXfHE
AT A BRI 3T . AR, FEAE TR
2B TE 200 °CliiS 8 h, FESZUS%0H BIH
PR E RS . 2P THES (NH;-TPD ) 7E4:
B sh Ak 2E M B o3BT S R 1 o 7 (il E AR
WLTAIMNEIEAL |, SHEERL Y Bronsted FRER B Il Lewis
PR IR A T ELT A, ( Py-IR ),

2 HRSIE

2.1 EAFIHIFRIE
YR AR =508 PHBeta-x AL AT T
XRD. N, W[, NH;-TPD £k, Z55RanK 1 s,

a

J] ) S
/a,,,)" M, HBeta

PHBeta-0.2%
PHBeta-0.4%
PHBeta-0.6%

PHBeta-0.8%

10 20 30 40 50
20/
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551
b /
HBeta o
N ;
L0 HBeta-0.4%
g 2P BC0-0.6%
=
lﬂg
0 0.2 0.4 0.6 0.8 1.0
AARTE ST (plpo)
C HBeta
PHBeta-0.2%
PHBeta-0.4%
—_ PHBeta-0.6%
20 ‘\“ PHBeta-0.8%
g ® PHBeta-1.0%
K 3.4 nm
< o000 0 0 0 e —eo
a \\l“f 3.9 nm —
on
2 3.9 nm
S
3.9 nm
3

2 10 60
fL#2/nm

K1 @tk HBeta W41 1 PHBeta-x £ /5 1) XRD i (2 );

N, W2 FF-BE R S5 ZR (b)) R FLRSF 43 (¢ )

XRD patterns (a) and N, adsorption-desorption

isotherms (b) and mesoporous size distribution (c)

of acid HBeta zeolite and PHBeta-x samples

Fig. 1

m & 1a A7, FR1M: HBeta 341 Al PHBeta-x k£
i B A BEA $hENS ) BLAL 0, H P A
(JFRAIECN 0.2%~1.0% ) X T A7 43 1 £ G 06g 5 i
FARBA MW, It B 5 S R B A R
HBeta P25 fh . HHIE 1b 070, AS[RRE & R0 H A1
RLR 8 BfF- TG A AR i 2, HLAEARXT R ) 0.45~0.99
YN BT A S Y B, U IR A AR A AL
SERUY ) PRSI S HOLERE 1. @id XRD Al N,
W - MO B A5 TR 2 AR T, Y P WIS A A BrE
0.2%~1.0%, %FfRPE HBeta 3 47 FO 45 F 52 M4 /N
HFE S BAETEAN FLEEH

RS ZEL

Table 1 Textural parameters of various catalysts
FE Sper/(M*/g)  Sext/(M*/g) Vinicro/ (€M) Vineso/(cm’/g)
HBeta 552 162 0.16 0.18
PHBeta-0.2% 555 162 0.16 0.17
PHBeta-0.4% 558 164 0.16 0.17
PHBeta-0.6% 561 166 0.16 0.16
PHBeta-0.8% 555 158 0.16 0.15
PHBeta-1.0% 572 169 0.16 0.15

T Soer 4 BET HCRER; Sexr WIMEMHRG Ve JHALIL
75 Vo WAFLILES.

ASTRIBE S ) NH;-TPD il 2k K Ho s il 4 i 46
s 2 s,

& 2a AT WL, 52k HBeta WA AHEL, FEE P
BT MBI, PHBeta-x B 5 RR BB W
i, ELA2ME HBeta A1 A9 NH3-TPD [k i =5 i i b
Wi 5 14775 T PHBeta-x A i i T B0 PRI 3 2 AR SC
BR[35-36,46-47HRIE A 2b I, P IEMHAENS
Ik PHBeta-x FfFISRIRIKE , OUZHY, ERBHIR
g | ABIBEIR S B2 Y Al—OH il B
T, FEBRSEIRTE MUBTHY Al—O—P Hfh, MRS T
SBAS % . Wit L FRAEATAL, P A AT Z R0
R PE HBeta 354111 SBAS 5%, XJHRPE HBeta 547111
LERIEEL /N RIBA P IWIRYE HBeta i1 AL
() SBAS, X ERL S A4 T H A F

PHBeta-0.2%
PHBeta-0.6%
PHBeta-0.4%
PHBeta-0.8%
PHBeta-1.0%

W 3 B /. u.

200 300 400 500
REE/°C

W B3R /a .

Kl 2  PR1: HBeta ¥ f1 1 PHBeta-x #£ i 1Y) NH;-TPD £

(a) Bt i (b)
Fig. 2 NH;-TPD profiles (a) and their Gaussian fitting curves
(b) of acid HBeta zeolite and PHBeta-x samples

AN[ERE S e IR B Sl 350 °C R Y Py-IR 1% &
WE 3 Frs. miE 3 Al%, 1546 cm ™ &b YIS Ay it
WE 73~ F5ik Bronsted FRAHEAEFIE B &5 105 W04
fIEUEE , 1456 e ALk AR IR SCUGE SR I IE 20 FI5H: Lewis iR
TE R 25 B R E I B P AOE AT 2 B3 n
51 HBeta Wb A AH L, PHBeta-x A£5: 5% Bronsted
MR TR & R Lewis TR R fif AV B S Wi eI, H5R
Bronsted FRFR s (1 RFAEE 5 T50 Lewis FRIR B2 1R
RRERE . HEAREIE WL 2. 3% 2 vJHl, 5 HBeta
AHEL, PHBeta-1.0%F5% Bronsted BRFR & )i/0 0.1280
mmol/g, 1M Lewis 2R &8/ 0.0729 mmol/g, i HH
P [ A Z 5% Bronsted FRAR &, MM 2k
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FE RS TERAG . KL, KBA P IERTE HBeta
ATEZMAIR R T A R FERL S T o

HBeta
\ PHBeta-0.2%
| PHBeta-0.4%
PHBeta-0.6%
PHBeta-0.8%
PHBeta-1.0%

Y6 /a.u.

3 FR1: HBeta i1 #1 PHBeta-x ££ 51 AY Py-IR & &
Fig. 3 Py-IR spectra of acid HBeta zeolite and PHBeta-x
samples

2 EHRRR R

Table 2 Acid properties of various catalysts

M. Bronsted AL Lewis 3% Bronsted 5% Lewis

il Mt/ EARREY  RRRRL MR/

(mmol/g)  (mmol/g)  (mmol/g)  (mmol/g)
HBeta 0.1755 0.0645 0.1996 0.0786
PHBeta-0.2% 0.1158 0.1664 0.1146 0.0515
PHBeta-0.4% 0.0927 0.1036 0.1102 0.0245
PHBeta-0.6% 0.0868 0.0747 0.0896 0.0122
PHBeta-0.8% 0.0854 0.0582 0.0855 0.0108
PHBeta-1.0% 0.0840 0.0234 0.0716 0.0057

1 8t Py-IR U3 RE AL 7] 1Y Bronsted 2 iR 5 A1 Lewis
PR R 1481,

22 RIIFHHIERE
LA i Maa ], 25 G2 AN [ 28 YRR 1R A1 4 i
PR BIPERE , SRR 3 B

3 ONIFZEBIR M A AL R T TR RE

Table 3  Catalytic esterification properties on different acid

zeolites
P AL AL Y% 23 /%
1 ¥ IR IR
2 HBeta >99% >99%
3 PHBeta-0.2% 93 93
4 PHBeta-0.4% 81 81
5 PHBeta-0.6% 65 65
6 PHBeta-0.8% 60 60
7 PHBeta-1.0% 57 57
8 HZSM-5 34 34
9 HY 22 22
10 HMOR 9 9

e gl Ta (0.5 mmol), Ia (0.5 mmol), WA
AL 10 mg. RO bE 1.0 mL, N, & FEIRUY 1 h, HE
el GC-MS HHE kS, T,

H#E 3 s, SR, MR RN AGE L
AP 1) AEIZE R34 R I AR 541k
BefetEpe ()55 2~10), HHr, HBeta Xfllaa 1™
R (P52, >99%) ¥m FIHABRM A HZSM-5
(J¥%5 8, 34%). HY (J¥5 9, 22%) L\ J& HMOR
(JF%5 10, 9% ), R T HEEAMHEAENE. XATHE
JE T HBeta W A3 JHEF M SCHE S5 SR B £
T E BRI AL OSB3

ek, FfiE HBeta FF b 0 50 R R 8 W PR A
HARAL TG Pt S B — B, PR Maa A=K
M>99%Z Wi FEARE] 57% (JF5 2~7 ). L5 2
2 T, RIS MR A T AR BT A
R T PR i o RIS | Y, I FL5 Bromsted R PR 1%
R B FRRE I 2 T3 Lewis FRR i MR AU RRE . IR,
HBeta /) SBAS /2t Ak FR Ak S I FR 3 PR ol o

J TR % HBeta fEALER 1L N 1Y 3L 5T I 1 A
B, AT T 4 R B BRI

A BRESRAMEROS D 0shre, 0
H, ¢ O HBemlomg o~
_— >
)@M )1\0)1\ FELE 1.0 mL )@A
Ia0.5mmol 1IIa0.5mmol IMaa GC yield 63%
b Xt T a FEREALFIVE R P B4
0o o ()HBetal0mg,rt,05h )JO\

(ii) 12 0.5 mmol,rt, 0.5h /@AO

AEHELOML [l GC yield 61%
o X T a ZEALFIVE T Bk o}

/©/\OH (i) HBeta 10 mg, r.t., 0.5 h

a 0.5 mmol

(ii) 12 0.5 mmol, ., 0.5h _ /O/\

I 20.5 mmol FehE 1.0 mL Maa GC yield 94%
d PRHESEI SRR RN L h 0
1h,rt.,
/©/\OH )(i )OJ\ HBeta 10 mg /@/\OJJ\
— > 5
T N0 HE ks 1.0mL
Ta0.5mmol IIa0.5mmol IMaa GC yield>99%

K4 BRSO BRS He S

Fig. 4 Control experiments of esterification reaction

& 4 a] W, R 0.5 h i, PRI R RN 63%
(Bl 4a). BlJG, Fr L BRI AL Z R T BOG
fb 0.5 h J5, A 4- B LR B R 7 4k 2k B h
0.5h, #33] THRI P17 % (61%, Kl 4b). ik
A5 4-H R B EERN O FR I I I, 7=
W EEE (94%, [ 4c ). Y LRI FIT 4-HH LR H it
FRELRN L h &, == R 58 4c (7= S AR
Fr—3 (>99%, K 4d). 256 DL Sz al R SCik
fiRIE[27]F] 41, HBeta [ [ SBAS fEfE4G 4-H FoR H
st 2 b BSG 1es  PE )R JRl OE B R R, B S R
¥ AR50 & R I3 2ok SR A AR 1 T AR 7 o

%, DiRPE HBeta WhA7 MAEALH, F5EE D a
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0.5 mmol, FEEFMa 0.5 mmol, EFF4E (1.0 mL ).
N, JE FEERN 1h, Z2ETRBA P WRME
HBeta LA IEMEILERIL I N P ] R M, 45

(1.0 mL) ', BAAB FERRM 1 h HEYE
Rl T T %8, 45503k 4,

| =3 e f |
e 5 s 120 = 120
Ml S AT, FRPE HBeta W 47 fEAE AL 4- 36 100 1%
o >99 98 98 ®
RS ZRBF IR (LI Bk, B AT e, 5 80r |7 180 &
Bl TEER U I, AR TR PE LA . fEfiEfE § 60 60 %
FUEIR 4 U5, RSB T 805 1 T a #4650 98% ) = 40} {40 B
Fllaa BELENE (100% ). X —45 R ULl , TEZBE{L 20l 120
KF . HBeta fi k50 B A RLAF 97T 52 1 0 0
o 1 2 3 4
23 RYIEZE ‘ i3t e (N
(0.5 mmol ), FREF Ma~1d (0.5 mmol) TEFFC 4% Fig. 5 Cycle performance of catalyst
x4 RYIIRE
Table 4 Scope of substrates
F5RE
(0] (6] (@)
SScB "o RERag s IS Ve g g ol
PN N a
[Maa >99% IMba 66% MMca 90% lMda 77% Mea>99%
(6]
O 0 (6]
o cl PR N \Ig e )J\O/L©
I AT § 90 L0
M fa >99% I ga 85% MMha >99% Mia 98% Mja 88%
(0] (6]
)J\o )I\O
ey
Mka 88% [['1a 90% Mma 82%
L T 0 OCH
*s&@ )ks/\©\ )J\S/\©\ (6] /@/ 3
OCH, a ~As
I na 80% Moa 87% lqa 91% IVpb 85%
g (6]
h%ﬁ@ﬁ \ji \)L
Yoo Yo o Yol Sle
Vab 98% Vcb 89% IVdb 80% Veb 96% IV1b 88%
O (0] (6] O
g Mo o oL, T
T OO
IVnb 84% Vac 96% Vee 86% Vec 97% Vlc 89%
(0]
O
/\)J\ oot~ s ~~Ho
/\© /\©\OCH3 /\)J\ /©/ /\©\Cl O O
Vne 82% Voc 87% Ve 84% Vqc 90% VIid 87%

HE: RPN EECON R,
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& 4 A[Hl, 7 HBeta BUMEAL T, & FIGMER
7 BT 5 i P 2 1R T I 1z 350 T UM 2 A Tl o R 3R
AW R DY RE , YR A T R
JFBE s R R SEE 1 3 [) A7 BEL A HL 2800 X s
ISR, ghm R (ja) k-
FH O pdE (Mka), H=PIR) ™RGN 88%; 73
Gb, M A EEE 5 R E R A, 778 (1l ba,
Ml da ) #9728 /NTF A R 04 5 BE 5 2R I A2 W 1 7
Y (Maa, Mca) M=38; XTARIFFERE, G0 2-
M RE B B, BB LA 85% 1y R A il T ga; B3 [
PR R A I (an R R EE | 4- R )
S 5RE VL R AP 7 2 R (Ma, MTma); FF
BT B R EE , EIE 5 4R (OMe ) A1
M3 (CL) 05 ea i, #8nT DL 5 08 i ik
B ( BRI NIREF . THRAEF. JRIRAEF ), LI>80%
i F= A AR R P EE ( Mna~TMga. Vab M IVpb.
Vne~Vqc ),
24 RMHEFHR

H A LA S 6 38 SR SCHR[ 10,2718 , w120 42
T BRYE HBeta A0 i1k 09 55 BERR A6 S HLER
LA 6

WY e
= )
| ?

HO”
JOR ’1ﬁfg%r?\‘\\\<:/”“°
e QL

P50 503,05 o o
o A A
HOJ!\
tHHO (II)\
R o
S Ve
% xdy
Py /
A0, 5,
PSS

Kl 6 ®i5 Bronsted BRMENL AR EAEHMLEE (a); HBeta
AT R L S AL (b)

Fig. 6 Mechanism of interaction between phosphorus and
Bronsted acidic sites (a); Reaction mechanism of
esterification catalyzed by HBeta zeolite (b)

M & 6a P AT, SIAMBES SBAS tHEAEH, &
. Al—O—P #Fl, $3 SBAS W/, Wi, 5
PHBeta-x #H [t , &1 HBeta b A 1 5 o7 15 Tk B 4,
ZEHA TR ME HBeta ¥ 47 1 SBAS 2 BE Ak 52 17 A4 3 1 vh
Lo I 6b AT, 4-H FE R B P S I B 3 e 1
HBeta A1 19 SBAS I, £ HWERIERA T &4
WA BN, A AR TS - Fe U A B IE B A
FEX AN oL A H , SBAS [ it B 5% F1 5% i) 4- LR
B K RN o BEJE , £ FREFAE b o5 Bk ) i 1
RIEE+, R EHW ™Y, [FE R — AN e
B MG, 4-H R B 04 K RN Bk 3 IE B
FRA BN, RO ; B H
HBeta {1k 57 I iy SBAS, fii HBeta fi: {k 7 i) SBAS
HLLEA

3 4ig

VIHEH SBAS ) HBeta Wi A 1ENMEALH], 7EiE
W OB RN AR T I (B B/ (B B
55 6 05 R R IF B VLA Wl o 558 T AR F s # 1)
e A 6 & SR 4-H LR ER I RZ M, 15 Y
P N Z5 4724« 10 mg iR HBeta 41 . 0.5 mmol 4-
FFEAEHE . 0.5 mmol ZMREF,. 1.0 mL ki, &
SRR ERN 1 h, FP3R>99%, T 23 fig5
s (Bp) BEFN O FhOS A (W) Be. Lk, sl
ANRFB A BB BEE AT H 050 0.2%.0.4%
0.6%. 0.8%. 1.0% ) ¥ HBeta ¥ A 1Y SBAS, %
LR # B4 AT f A B 3G I, PR Ak SN 1 7 38 A
99%Z Wi 2 57%, VLIAEE L SO 3 22 & A FE AL
I SBAS o %5 AT G A8 I A9 R 1 HBeta
b AR, AEIRAN RN AR T O S EE (B ) Mg
FREE (M) BRA & BER AL T —F T fr iy 5k, Jf
k1 Bromsted FRAE Ak 7 £k 19 g 10 52 ATLEE PR 2R 41t
T ) S o
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