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Abstract: Pd catalysts supported on various supports have been studied for the oxidant-free dehydrogenation of alcohols. The Pd catalyst
loaded on hydrotalcite (HT), which is an acid-base bifunctional support, demonstrates superior benzyl alcohol conversion and benzaldehyde
selectivity. Detailed studies using the Pd/HT catalyst reveal that the best performance can be obtained over the catalyst with w(Pd) =
0.32%-0.55%. The Pd/HT can be used repeatedly without significant deactivation and can efficiently catalyze the dehydrogenation of vari-
ous alcohols including the substituted benzylic alcohols, 2-thiophenemethanol, «,5-unsaturated alcohols, and cyclic aliphatic alcohols. The
characterization results show that the Pd(Il) species over the HT are transformed into Pd nanoparticles or nanoclusters with mean size of
2.0-2.5 nm during the reaction. The highly dispersed Pd(ll) species in the catalyst precursors can lead to the formation of smaller Pd
nanoparticles, favoring the catalytic performance. We speculate that the basicity of the catalyst may promote the activation of the O-H bond
of alcohol to form a Pd-benzyl alcoholate intermediate, which undergoes $-H abstraction by Pd nanoparticles, and the Bronsted acid sites on
the catalyst surface may facilitate the release of H, by the interaction with the formed hydride species on Pd nanoparticles.
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Table 1 Gibbs free energy changes (AG) and equilibrium constants (K) of the two main reactions for the transformation of benzyl alcohol under
oxidant-free conditions

. AG/(kJ/mol) K
Reaction
25°C 70 °C 120 °C 25°C 70 °C 120 °C
Dehydrogenation 33.4 27.3 20.6 1.4x107° 6.9x107° 1.8x1072
Disproportionation —-41.2 -33.0 -36.9 1.7x10" 1.1x10° 8.1x10*

22 AEFAKRGBPIdEACT ELFFELERER 2. PA/TiO,, Pd/ZrO, 1 Pd/ZSM-5 |- 2 F i i $%
I B9t e P 80%, {H H R IE B ATI 2 20%. BT ML, 7F IX 244
CATWF TR W, 14 Ru, Ag, Cu B Au g Kk K5 b [m) I 2 A 25 FF R ) T 3 ot 2 S 12 R A
I T S 2 S I P LA B F i A R S8, N, SR, BECPE # K gk Pd i fk I, 0 Pd/MQO,
U, AR SO e 28T R R B0 T A 1 LR Ak Pd/CaO Hl PA/HT HLA7 AH S 48 i ¥ 28 FE B G B 0 (O
2 P A0 R 7E 2R FRE G AU AU S N R AR R, (R 90%). ZE A LR, PA/HT (¥ 4b Ve B8 e £, 2K
LEWT T35 2. W PE 5 AQ/HT M CulHT 1 AHYS (3525 11, 12), H.
i % A7 W, PA/CNT(CNT 2 % 44 K %) Fi =T AgIALO; [ T (SE56 14). R, AR SO PA/HT
Pd/SBA-15 K IR (3 M, (H =) K 2 AR RAFITT R 73— 2 iR,
F AT S, AR R, PA/ALOs LTI 2.3 Pd A EX PA/HT L IERERI R NG
FIL B i (RO R R AN, R R £ WG B v Ay A Tk 5 A ) pH B R A A K i
F2 JLEBRGE P RLTERPELERS R TR

Table 2 Catalytic properties of the palladium catalysts supported on several supports for the oxidant-free dehydrogenation of benzyl alcohol

Selectivity (%)

Entry Catalyst PhCH,OH conversion (%)

PhCHO PhCH; CeHs
1 0.3%Pd/SBA-15 9 3 1 0.2
2 0.3%Pd/Al,0; 80 60 36 4.0
3 0.3%Pd/TiO, 58 80 19 1.0
4 0.3%Pd/Zr0, 65 77 22 1.0
5 0.3%Pd/NZSM-5 (Si/Al = 38) 41 80 19 1.0
6 0.3%Pd/CeO, 53 89 10 1.0
7 0.3%Pd/MgO 47 98 1 1.0
8 0.3%Pd/Ca0 12 95 4 1.0
9 0.3%Pd/HT 99 90 5 5.0
10 0.3%Pd/CNT 100 2 1 0.2
1° Ag/HT 99 90 — —
12° Cu/HT 60 92 — —
13° AUHT 24 99 — —
14° Ag/ALO; 100 82 — —

Reaction conditions: catalyst 0.20 g, PhCHO 1 mmol, p-CsH4(CHj3), 5 ml, Ar 3 ml/min, 120 °C, 6 h. HT—hydrotalcite.
*From Ref. [15], 130 °C, 10 h. "From Ref. [16], 130 °C, 9 h. °From Ref. [18], 120 °C, 6 h. “From Ref. [17], 100 °C, 24 h.
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I, A7 Pd R F B RO ) B Ak %L (TON) 7
138~216h [l 484k, 24 Pd fi 4 i L 0.55% I, 4%
FH T 2 A0, 2% . TON ELRT R R OB PR 12 9%, 1y FH R
EEMNEE LT, W, BE Pd A EA
0.32%~0.55%.

F 3 Pd AFEX PA/HT 4L F EFPE R SR 5 M 88 R #20
Table 3 Effect of Pd content on catalytic properties of the Pd/HT catalyst for the oxidant-free dehydrogenation of benzyl alcohol

PhCH,OH

Selectivity (%)

Entry Pd content (%) . TON (h'h)
conversion (%) PhCHO PhCH;3 CeHg
1 0.04 1 93 5 3 138
2 0.08 32 91 7 2 216
3 0.17 45 90 6 4 138
4 0.32 99 91 5 4 162
5 0.55 96 92 4 4 96
6 1.40 71 77 15 8 30

Reaction conditions: catalyst 0.20 g, PhCH,OH 1 mmol, p-C¢Hs(CHs), 5 ml, Ar 3 ml/min, 120 °C, 6 h.
TON—Turnover number calculated from the molecules of benzyl alcohol converted over one Pd in the sample per hour.
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Fig. 1. Effect of Pd content on the catalytic properties of Pd/Al,O;
(1), Pd/MgO (2), and Pd/HT (3) catalysts. Reaction conditions: cata-
lyst 0.20 g, PhCH,OH 1 mmol, p-CsH4(CHs), 5 ml, Ar 3 ml/min, 120
°C, 6 h.
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Fig. 2. Catalytic performance of 0.55%Pd/HT catalyst for the oxi-
dant-free dehydrogenation of benzyl alcohol. (1) PhCH,OH conver-
sion; (2) PhCHO selectivity; (3) PhCHO yield. Reaction conditions:
catalyst 0.20 g, PhCH,OH 1 mmol, p-CsHs(CHz), 5 ml, Ar 3 ml/min,
120 °C.

b AT SR R A N = I RN G A T K ]
AL FH P RE (R 0] A RS e ), A DEAD 8 10 0 1k
RER— N HE S br. G, A SCHE T 0.32%Pd/HT
AR TR ) B A I R RO, 4 RS R A TR £
O, SEEVEGAN TG - T8 — IR L. i PR

3 0.32%PdHT EUFEXRELERERNPRE
SRt

Fig. 3. Reusability of the 0.32%Pd/HT catalyst for the oxidant-free
dehydrogenation of benzyl alcohol. Reaction conditions: catalyst 0.20
g, PhCH,OH 1 mmol, p-CsH4(CH3), 5 ml, Ar 3 ml/min, 120 °C, 6 h.

FH 5 WK B N 45 s T 3. mT LA B, R4k P BE
A7 W BTG, M OG22 A8 E AR 95% i Aa. W]
W, PA/HT {4k 77 7 25 G 40 e &0 e B o AT R
U (AR e o, AT ORI A

2.6 Pd/HT f& 467 33 H th B Jo & it & Bz B 1k

TE&E

%4 0.32% Pd/HT L7 £ S Fh 2 B9 T | Bt SR 2
Table 4 Oxidant-free dehydrogenation of various alcohols over the 0.32%Pd/HT catalyst

Entry Alcohol Time (h) Conversion (%) Selectivity to carbonyl compounds (%)
CH,0H
1 /©/ 24 >99 100
CH,0
CH,OH
2 /©/ 48 >99 100
CH,0OH
3 7(©/ 48 >99 100
CH,0H
4 /©/ 48 69 100
Cl
CH,OH
5 /©/ 48 64 100
O,N
S\_-CH,0H
6 \ / 48 93 100
)\/\/\A
7 oH 24 97 100
OH
8 O/ 48 75 100
9 /\/\/Y 48 12 100
OH
10 NN oH 48 7 100

Reaction conditions: catalyst 0.20 g, Ar 3 ml/min, substrate 1 mmol, p-xylene 5 ml.
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Fig. 4. NH;-TPD (a) and CO,-TPD (b) profiles of several supports.
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Fig. 5. Diffuse reflectance UV-Vis spectra of Pd/HT catalysts with
different Pd loading.
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6 4 AN [F] PA/HT i 44 FFF i B Y i )5 1) TEM
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2 nm [ Pd KL T o5 8K HLB; T2 Pd Gk R T
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6 AR PA/HT EEFIFmEEATER TEM B
Fig. 6. TEM micrographs of different Pd/HT catalyst samples before and after reaction. (a) 0.55%Pd/HT, before reaction; (b) 0.17%Pd/HT, after
reaction; (c) 0.34%Pd/HT, after reaction; (d) 0.55%Pd/HT, after reaction; (e) 1.40%Pd/HT, after reaction.
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1.40%Pd/HT.

Pd particle size distribution of different Pd/HT catalyst samples after the reaction. (a) 0.17%Pd/HT; (b) 0.34%Pd/HT; (c) 0.55%Pd/HT; (d)
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(b) after reaction.
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Scheme 1. Possible reaction mechanism for the dehydrogenation of
benzyl alcohol over Pd/HT catalyst.

'O/AI\

S E PR A N, 3 B YR 3 BRI, TP R0
FEEETT

3 4

TR ST T G038 Pd A0 701 Ak I T 1 B A
AL RE, I PAHT A HIAE LA . To A AR AE
AT AL T B o, B- AN VRTIEE LL R IR AR 7 A
S5 20 TP I (10 Al 2 S N, 2 A R PR B R A ).
FLPA/HT HLAT R4 (M AsE P, #6272 5 I v
AT 5 U0, AR LW S SR A (1 TR BB B ey
Pk e 55 < e G KR 1 [ £ B[R] A S I L 4 o 2
S IO PR DR B A TR Tl XX B FiE 3 A il A2 48—l
PR B A AR 1, A7 R k20 o I A S I )
fEALPERE.

2 % X WM

1 Mallat T, Baiker A. Chem Rev, 2004, 104: 3037

2 Mori K, Hara T, Mizugaki T, Ebitani K, Kaneda K. J Am
Chem Soc, 2004, 126: 10657

3 Enache D |, Edwards J K, Landon P, Solsona-Espriu B,
Carley A F, Herzing A A, Watanabe M, Kiely C J, Knight D
W, Hutchings G J. Science, 2006, 311: 362

4 Matsumoto T, Ueno M, Wang N, Kobayashi S. Chem Asian
J, 2008, 3: 196

5 faak, fii+, #hE, B, MR (He L, NiJ, Sun H,
Cao Y, Chin J Catal), 2009, 30: 958

6 Wang T, Shou H, Kou Y, Liu H C. Green Chem, 2009, 11:
562

7 Hayashi M, Yamada K, Nakayama S, Hayashi H, Yamazaki
S. Green Chem, 2000, 2: 257

8 Keresszegi C, Mallat T, Baiker A. New J Chem, 2001, 25:



1070 e 2 R Chin. J. Catal., 2010, 31: 1061-1070
1163 19 Wu H L, Zhang Q H, Wang Y. Adv Synth Catal, 2005, 347:
9 Zaccheria F, Ravasio N, Psaro R, Fusi A. Chem Commun, 1356
2001: 253 20 LiF, Zhang Q H, Wang Y. Appl Catal A, 2008, 334: 217
10 Karvembu R, Prabhakaran, Senthilkumar K, 21 Chen J, Zhang Q H, Wang Y, Wan H L. Adv Synth Catal,

11

12
13

14
15

16

17

18

Viswanathamurthi P, Natarajan K. React Kinet Catal Lett,
2005, 86: 211

K, WEGGE, IR Te, R, 25, RIS, i
7%, A4 (Song W, Shi R J, Liu J L, Zhan E Sh, Li Zh
Sh, Xu'Y D, Shen W J. Chin J Catal), 2007, 28: 106
Friedrich A, Schneider S. ChemCatChem, 2009, 1: 72

Choi J H, Kim N, Shin Y J, Park J H, Park J. Tetrahedron
Lett, 2004, 45: 4607

Kim W H, Park | S, Park J. Org Lett, 2006, 8: 2543
Mitsudome T, Mikami Y, Funai H, Mizugaki T, Jitsukawa
K, Kaneda K. Angew Chem, Int Ed, 2008, 47: 138
Mitsudome T, Mikami Y, Ebata K, Mizugaki T, Jitsukawa
K, Kaneda K. Chem Commun, 2008: 4804

Shimizu K, Sugino K, Sawabe K, Satsuma A. Chem Eur J,
2009, 15: 2341

Fang W H, Zhang Q H, Chen J, Deng W P, Wang Y. Chem
Commun, 2010, 46: 1547

22

23

24

25

26

27

28

29

2008, 350: 453

Ebitani K, Motokura K, Mori K, Mizugaki T, Kaneda K. J
Org Chem, 2006, 71: 5440

Rakai A, Tessier D, Bozon-Verduraz F. New J Chem, 1992,
16: 869

Boily J F, Seward T M. Geochim Cosmochim Acta, 2005,
69: 3773

Grunwaldt J D, Caravati M, Baiker A. J Phys Chem B,
2006, 110: 25586

Kovtun G, Kameneva T, Hladyi S, Starchevsky M, Pazder-
sky Y, Stolarov I, Vargaftik M, Moiseev |. Adv Synth Catal,
2002, 344: 957

Ebitani K, Fujie Y, Kaneda K. Langmuir, 1999, 15: 3557
Choi K M, Akita T, Mizugaki T, Ebitani K, Kaneda K. New
J Chem, 2003, 27: 324

Kakiuchi N, Maeda Y, Nishimura T, Uemura S. J Org
Chem, 2001, 66: 6620



