10.

11

REFERENCES

Hsu, B. Y.; Cheng. S. Pinacol rearrangement over metal-substituted
aluminophosphate molecular sieves. Microporous and Mesoporous
Mater. 21 (1998): 5005-5015.

Hsien, M.; Sheu, H.-T.; Lee, T.; Cheng, S.; Lee, J.-F. Fe-substituted molecular

sieves as catalysts in liquid Wase pinacol rearrangement. J. Mol. Catal.

Nakamura, K.; a, " 'Z@of the reaction mechanism

de of"[he , arrangement., J. Am. Chem.

over perﬂuorinated‘ es
oy
(1994): 8 A

Campelo, J. M.; ,

'5 nero, A. A. Gas-phase
and Si@ catalysts. Catal. Lett. 54

(1998): 91-93¢ o Y,

T : A B PHE AN 3 rstriono

diolsilin the presence, of heteropoly acids under homogeneous

¢

=Y s
ti ; /. ): 305-311.
Ranjla ﬁ:)mﬂ ‘]:jclgg‘e dﬂsﬁgﬂﬂmﬂﬁﬁ by AICl; in

the solid state. Molecules 6 (2001): 442-447.

Loeser, E.; Chen, G-P.; He, T.; Prasad, K.; Repic, O. Mechanism of the
pinacol-pinacolone rearrangement of 2,3-di-(3-pyridyl)-2,3-butanediol
in sulfuric acid. Tetrahedron Lett. 43 (2002): 2161-2165.

Chatterjee, A.; Chandra, A. K. Fe and B substitution in ZSM-5 zeolites: a
quantum mechanical study. J. Mol. Catal. A 119 (1997): 51-56.



12

13.
14.

15.

16.

17,

18.

19,

20.

21.

22,

23.

24.

23,

88

Szostak, R. Molecular sieves: principles of sythesis and identification. New
York: Van Nostand Reinhold, (1989).

Weitkamp, J. Zeolites and catalysis. Solid State Ionics 131 (2000): 175-188.

Corma, A. Inorganic solid acids and their use in acid-catalyzed hydrocarbon
reactions. Chem. Rev. 95 (1995): 559-614.

van Santen, R. A.; Kramer, G. J. Reactivity theory of zeolitic Brensted acidic
sites. Chem. Rev. 95 (1995) 637-660.

Ghobarbar, H.; Schif, O.; Gu 1, | - yom kitchen to space. Prog. Solid St.

ﬂ :ﬁtransformatmns using zeolite

9 9) 12657-12698.
ity functional hybrid of

Sen, S. E.; Smith, S. Ms
and zeo
Kindler, J.; Geide
zeolites
825-832. ;
Dyer, A. An introducgion oli e J sieves, New York: John Wiley &
Sons, (1988). <Ciadhd 7
Blaszkowski, R. S.; v antert A R uantum chemical studies of zeolite
: Catalyszs 4 (1997): 145-156.

in-acidic zeolite clusters. 1.

\ e lonics 101-103 (1997):

Fermann, T. J.; BSICO’ & ﬁﬁé’w ?-:

Conver, gﬁo quantum chemistry.

Sillar, K.; Burk, P. }'bend quantum chemlcal and density functional theory

maﬁoﬁm TWﬁm] i R
ARSI A

cluster models of zeolites. J. Mol. Struct. (Theochem ) 430 (1998):
9-16.
Farcagiu, D.; Lukinskas, P. Mechanism and reactivity of alkane C-H bond

dissociation on coordinatively unsaturated aluminum ions, determined
by theoretical calculations. J. Phys. Chem. A 106 (2002): 1619-1626.
Bezouhanova, P. C.; Jabur, A. F. Zeolite catalysts for pinacol rearrangement.

J. Mol. Catal. 87, (1994): 39-46.



26.

27,

28.

29,

30.

31.

32.

S5

34.

33,

89

Solans-Monfort, X.; Bertran, J.; Branchadell, V.; Sodupe, M. Keto-enol
isomerization of acetaldehyde in HZSMS. A theoretical study using
the ONIOM2 method. J. Phys. Chem. B 106 (2002): 10220-10226.

Bordiga, S.; Coluccia, S.; Lamberti, C.; Marchese, L.; Zecchina,A.; Boscherini,
F.; Buffa, F.; Genoni, F.; Leofanti, G.; Vlaic, G. XAFS study of Ti-
silicalite: structure of framework Ti(IV) in the presence and absence of
reactive molecules (H,O, NHj3) and comparison with ultraviolet-visible
and IR results. J. Phys, €

| ” 8.(1994): 4125-4132.
hke, G.; | )1 Incorporation of gallium into
mﬁc application. Chem. Rev.

ormation of an Iron-oxo
species ' Sition, o _' pgenoxide on a model of Fe-
ZSMS5 zeolité, hei.Sac. Jpris 73 (2000): 29-36.

Sy ‘-‘n' f zineosilicate mordenite using citric
acid as compl gent: pOro ‘~ esoporous Mater. 43 (2001):

£7¢ Broensted acidity of isomorphously
and Fe. Density functional
7 _;-‘ 67-8172.

Yoshizawa, K.; Shi ?

and benzerie-phenol conversions on Fe-ZSM-5 zeolite: theoretical

?gc}z;ﬂﬁBimcﬂrW%’w ﬂi.eT(ﬁqss J. Phys. Chem. B
L AR FE IO ek Tt

oxidation by N,O on FeZSM-5 zeolites. Catal. Lett. 86 (2003): 25-31.
Yoshizawa, K.; Shiota, Y.; Kamachi, T. Mechanistic proposals for direct

, T Direct methane-methanol

benzene hydroxylation over Fe-ZSM-5 zeolite. J. Phys. Chem. B 107
(2003): 11404-11410.

Kachurovskaya, N. A.; Zhidomirov, G. M.; van Santen R. A. Computational
study of benzene-to-phenol oxidation catalyzed by N,O on iron-
exchanged ferrierite. J. Phys. Chem. B 108 (2004): 5944-5950.



36.

31

38.

a9

40.

4].

42.

43.

44.

90

Kumar, M. S.; Schwidder, M.; Griinert, W.; Briickner, A. On the nature of
different iron sites and their catalytic role in Fe-ZSM-5 deNOy
catalysts: new insights by a combined EPR and UV/VIS spectroscopic
approach. J. Catal. 227 (2004): 384-397.

Yakoviev, A. L.; Zhidomirov, G. M.; van Santen R. A. DFT calculations on
N,O decomposition by binuclear Fe complexes in Fe/ZSM-5. J. Phys.
Chem. B 105 (2001): 12297-12302.

Yuan, S. P.; Wanga,, J. G.; Li ! , H. Density functional investigations
into the siting_of". ic properties of isomorphously
substituted ) e. J. Mol. Struct. (Theochem )

.
\\ d"Fe-ZSM-5 as catalysts for
N

842005): 233-240.

’ %% pared by chemical transport:

31 \\~ dity and of excess Copper in
of \NO by propene. J. Catal. 172

674 (2004?
Villa, A.L.; Caro, -

phenol h
Liese, T.; Griinert,

T

Gl

de Carvalho, M. C. N. A

5 in the oxide and

M al, M. The behavior of Cu/ZSM-
e presence of NO and methanol.
Appl. Céla 00): 265-27¢ -2
P Y
Sierraalta, A.; Bermwudez »- functional study of the

interaction” of Cu” ion-exchanged zeolites with H,O and SO,

m ‘Aﬁ gl ﬁ{
Kanougi, Tﬁmﬂ . fﬂﬂ ﬂifgiﬂﬁml, A.; Kubo, M.;
Miyamoto, A. Densi ;ﬁmctional éalculation on tHe adsorption of
Q ﬂaaogdaﬁi &Mﬂ&ﬂﬂﬁ@ﬂpp Surf. Sci.
i 130-132 (1998): 561-565.
Liang, W.; Bell, A. T.; Head-Gordon, M.; Chakraborty, A. K. Density functional

theory investigations of the direct oxidation of methane on an Fe-
exchanged zeolite. J. Phys. Chem. B 108 (2004): 4362-4368.



45.

46.

47.

48.

49.

50.

5L

2.

53,

91

Kita, Y.; Yoshida, Y.; Mihara, S.; Furukawa, A.; Higuchi, K.; Fang, D-F.;
Fujioka, H. Non-dehydrative pinacol rearrangement using a Lewis
acid-trialkyl orthoester combined system. Tetrahedron 54 (1998):
14689-14704.

Smith, B. W. Ethylene glycol to acetaldehyde-dehydration or a concerted
mechanism. Tetrahedron 58 (2002): 2091-2094.

Dai, Z.; Hatano, B.; Tagaya, H. Catalytic dehydration of propylene glycol with

Pachuau, Z.; Lyngdoh, D. R Mol ital studies on the Wagner-
ﬁcyclic pinacol—pinacolone

rearrange )
Simons, J. An intré ). Cambridge: Cambridge
Universit
Jensen, F. Introduc hichester: John Wiley &
Sons, (1999
Hammond, S.G. A Co
334-338.

Donahue, M. N. Rev1smng \ -=

. Am. Chem. Soc. 77 (1955):

yostulate: the role of reactant and

product _ioni Htes- in regulat arrier .eights, locations, and

transitions FPhys=Chem=A2105 (2001): 1489-1497.
Adam, W.; Bach, R.B : R A computational study

of the hydrox -group directivity in the peroxyformic scid epoxidation

mdgﬂjmsﬂﬂm
W‘fé”i‘rﬁﬁfmﬁﬁ‘mmaﬂ

en-2-ol: control of




=

i . — —
- 3 ]
p ¥
pr 4 f
{ .
= " i
- f
s _— ¥
_— * f
/f - F |
. r Fj I‘ \
- # i 1

:

-
Nﬁh&ﬂh A B
<€

!

:I
DEDR N
'grg |

F
4

S

Hr e
¥ iy v

- |

1"}{ g
T

—
LT T

s

Vi R

AULINENINeINg
AN TUAM TN



300.00 1

250.00 1

200.00 4

— 150.00 -

AE_

100.00 -

50.00 -

0.00 4

-50.00 4

93

APPENDIX A
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Figure A2 Relative energetic profiles of propylene glycol in pinacol rearrangement

in acid-catalyst system of model 1.
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Figure A4 Relative energetic profiles of pinacol rearrangement in acid-catalyst

system.
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APPENDIX B

11

o p 780
| \\\\

Bond Value I ‘\ 5 Value
ihedral

Length (Angstroms ? &‘& (Degrees)
R(1,2) 1.0989 ' 3) s V 2,1,3,4) 172.2819
R(1,3) 1.4284 2 )7l 5 D(5,1,3,4) 54.0951
R(1,5) 1.5259 % <108 D(9,1,3,4) -71.9019

R(1,9) 1.5367 A@3,1 ‘e | D(2,1,5,6) 64.496
R(3,4) 0.9711 3, (934 |- I 4 Y D2,1,5,7) -176.6713
R(5,6) 1.0943 A(5,1.9 == D(2,1,5,8) -56.7723
R(5,7) 1.0994 A(#:3 g‘.@ 107:2492,.| D(3,1,5,6) 179.7746
R(5,8) 1.0945 N " A( X D(3,1,5,7) -61.3927
R(9,10) 1.09767 CALS 7y 1103953 | D(3.1.5.8) 58.5063
R(9,11) 1.1001 DO,5,6) -55.7873
R(9,12) 1.4232 A(6,5, 4858 | D(9,1,5,7) 63.0454
R(12,13) 0.9699 A(6,5,8) 109.2548 | D(9,1,5,8) -177.0555
¢ AC.5,8) 1082742 D(2,1,9,10) -179.4897

ﬂ uE ﬂl?’l(&] 1 ﬁgﬂz& gﬂﬁl) 63.2927

| 9, 108.7902 1,942) -61.9009

4 A(l 9,12) 113.2617 | D(3,1,9, 10) 67.1777

9 1 . -50.04
W’] a }ﬁ.s 1 ﬁﬂﬁﬁ EJ -175.2336

111.9663 1,9 -58.6489
D(5,1,9,11) -175.8665

D(5,1,9,12) 58.9399

D(1,9,12,13) 69.4236
D(10,9,12,13) | -170.7894

D(11,9,12,13) | -54.042
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H8 H4
Propanal Propanone
Table B2 Geometrical parameters of propanal
Bond Value Y c - Value
Angle , : Dihedral
Length (Angstroms) J J 7 s (Degrees)
R(1,2) 1.1161 NV e 114:403 D(2,1,7,3) 53.256
R(1,7) 1.5126 120 082*D(2,1,7,9) 177.1784
R(1,8) 1.2107 125.0874 D(2,1,7,10) | -66.5402
R(3.,4) 1.0953 7 D(8,1,7,3) -126.5227
R(3,5) 1.0944 D(8,1,7.9) -2.6003
R(3,6) 1.0965 8.1,7,10) 113.6811
R(3,7) 1:5375 D(4,3,7,1) 64.1548
R(7.,9) 1.0945 D@,3,7.,9) -57.8002
R(7,10) |  1.1009 D(4,3,7,10) -177.1378
(5.3,7,1) -175.9038
(5,3,7,9) 62.1412
11D(5,3,7,10) -57.1964
D(6,3,7,1) -56.1528
D(6,3,7,9) -178.1078
D(6,3,7,10) 62.5546
Table B3 Geometric ]
Baild ¥ Angle —-Qihedral Valie
Length | (Angstroms) - & (Dgees) (Degrees)
w2 | WA EVEINT S | T
R(1,3) 1.0 A(2,1 1 5 ,1,940) -0.1052
R(1,4) 1.09%4 A(2,1,9) P 109.8452 D(3,1,9,5) 58.8892
R(19) | 206 3,14 94 S 9,10 121.1379
R(5.6) qq ﬁﬁ%a\a &% ”%fglq ﬁéﬂg}ﬁ ’Ej-59.0952
R(5,7) q = 91% % 09 7% (% 110.4899 (4;1,9,10° 120.8777
R(5,8) 1.0974 A(6,5,7) 109.557 D(6,5,9,1) 59.0952
R(5,9) 1.5206 A(6,5,8) 106.794 D(6,5,9,10) -120.8777
R(9,10) 1.2157 A(6,5,9) 110.4899 D(7,5,9,1) -179.9219
A(7,5,8) 109.5799 D(7,5,9,10) 0.1052
A(7,5,9) 109.8452 D(8,5,9,1) -58.8892
A(8,5,9) 110.5228 D(8,5,9,10) 121.1379
A(1,9,5) 116.5008
A(1,9,10) 121.7496
A(5,9,10) 121.7496




Table B4 Geometrical parameters of pinacol.

Bond Value Value ; Value
Length (Angstroms) Anglg Deg ees) Dihedsal (Degrees)
R(1,2) 15375 D(6,1,2,3) -178.1109
R(1,6) 1.5663 D(6,1,2,4) -58.2306
R(1,9) 1.4378 L.D(6,1,2,5) 63.0694
R(1,18) 1.5393 D(9,1,2,3) -62.3452
R(2,3) 1.0986 D(9,1,2,4) 57.5351
R(2,4) 1.0908 9(9,1,2,5) 178.8351
R(2,5) 1.0949 ~ ; 18,1 ,2,3) 56.5475
R(6,7) 1.4378 | D@8,1,2,4) 176.4278
R(6,10) 1.5393 H; 18,1,2,5) -62.2722
R(6,14) 1.5375 2,1,6,7) 45.882
R(7,8) 0.9699 (2,],6,10) -72.0284
R(9,22) 0.9699 (2,1,6,14) 163.8408
R(10,11) 1.0941 1.D(9,1,6,7) -72.0767
R(10,12) 1.0972 D(9,1,6,10) 170.0129
R(10,13) 1.0947 D(9,1,6,14) 45.882
R(14,15) 1.0986 D(18,1,6,7) 170.0129
R(14,16) 1.0908 A(7m,j_ D(18,1,6,10) 52.1025
R(14,17) 1.0949. A(lo‘é fzrj 1 ( ,1,6,14) -72.0284
R(18,19) 1.094%2 | = 075—9(271.9,22) 50.8448
R(18,20) 1.09407 ' ~£ ,9,22) 170.6187
R(18,21) 1.0972 = 8,1,9,22) -69.0024
D A(6,10,12) | 109.0833 ,1,18,19) 57.7397
A(6,10,13) | 112.44 D(2,1,18,20) -179.7531
, (251,18,21) -61.1595
ﬂ u E 1%&% 108. EJ a(ﬁ%w) -67.2256
a A(12,10,T 07.2 ,1,18,20) 55.2817
A(6,14,15) | 109.441 o | D(6,1,18,21), 173.8753
: ( 176.8326
R AIRI IR AR
] A(15,14,16) | 109.0454 | D(9,1,18,21) 57.9335
A(15,14,17) | 107.126 D(1,6,7,8) 170.6187
A(16,14,17) | 108.7035 | D(10,6,7,8) -69.0024
A(1,18,19) | 112.44 D(14,6,7,8) 50.8448
A(1,18,20) | 111.5146 | D(1,6,10,11) 55.2817
A(1,18,21) | 109.0833 | D(1,6,10,12) 173.8753
A(19,18,20) | 108.7909 | D(1,6,10,13) -67.2256
A(19,18,21) |107.2973 | D(7,6,10,11) -60.6601
A(20,18,21) | 107.5103 | D(7,6,10,12) 57.9335
D(7.6,10,13) 176.8326
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Table BS Geometrical parameters of pinacolone.

H9 “

H11

98

Angle

RN

Bond Value
Length (Angstroms)
R(1,2) 1.5487
R(1,6) 1.5449
R(1,8) 1.5432
R(1,12) 1.5369
R(2,3) 1.0964
R(2,4) 1.0957
R(2,5) 1.0957
R(6,7) 1217
R(6,16) 15237
R(8,9) 1.0967
R(8,10) 1.0963
R(8,11) 1.0953
R(12,13) 1.0929
R(12,14) 1.0962
R(12,15) 1.0952
R(16,17) 1.0919
R(16,18) 1.0974
R(16,19)

1 .09??::

AUt

T,
i

Lo is o

A( \"-{\N

| A ‘..-- ) .J

A(l, 811y 4y

A(1,12

7
£ -]

4 ACL12,14)

L
(13,12,15)

A(14,12,18)

A(6,16,19)
A(17,16,18)
A(17,16,19)
A(18,16,19)

Value . Value
egrees) Drifiedral (Degrees)
024 ;’ 1 | D(6,1,2,3) 2178353
D(6,1,2,4) -59.0854
1093432 D(6,1,2,5) 62.1357
1| L0 aD(8,1,2,3) 61.0302
109 D(8,1,2,4) -179.7022
D(8,1,2,5) -58.4811
LD(12,1,2,3) -59.6412
D(12,1,.2,4) 59.6264
(D(12,1,2,5) -179.1525
| DE2,1,6,7) 104.0075
\D(2,1.6,16) -75.5275
8,1,6,7) -136.2209
D(8,1,6,16) 44.2441
D(12,1,6,7) -14.7646
D(12,1,6,16) 165.7004
D(2,1,8,9) 178.2687
D(2,1,8,10) -62.6782
D(2;1,8,11) 56.816
——=DI6.1,8,9) 59.6821
,8,10) 178.7352
(6,1,8,11) -61.7705
12,1,8,9) -61.3948
D(12,1,8,10) 57.6583
(12,1s8,11) 177.1526
@%ﬁ ,ﬁ,lB) -60.554
,1,12,14) 59.9749
108 268 D(2,1,12,1§) 1799355
57.053
B TBH‘W B irmsms
112.7066 D(6,1,12,15) -62.4575
108.4882 D(8,1,12,13) 179.0459
109.9334 | D(8,1,12,14) -60.4253
107.0432 D(8,1,12,15) 59.5354
D(1,6,16,17) 164.2334
D(1,6,16,18) -77.1846
D(1,6,16,19) 41.9538
D(7,6,16,17) -15.3073
D(7,6,16,18) 103.2746
D(7,6,16,19) -137.587




99

APPENDIX C

Table C1 Cartesian coordinates of C1H transition state of propylene glycol in

pinacol rearrangement over 3T cluster model.

Atomic Type

Coordinate (Angstroms)

>
(- I > |

-1.16236500

-4.90957300 ¢

ASE

31:0439 00

TR LR

Y

Z

715500
25900
00
0092800

\ 01- 0

91580000
7880900

20.54700601
-2.39779600

0. 2%46600

-0.06196100
0.72131500
-0.10844800
2.39658600
0.25845600
0.80687400
2.98737300
-0.79807000
-2.09512600
0.05649000
-1.09985000
-0.96355000
-2.13232600
-1.48975700
-0.12136400
-0.97485100
0.60559600
0.40637200
-0.16150400
-1.59028400
-1.40472200
-1.22434500
0.22574700
0.27497800
-0.24457200
0.23227800
0 41322200
2637700
.16566300

T O
‘5_-5: IZIOIIIOIOONOIIILITITILITZOOO® O
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Table C2 Cartesian coordinates of C1Me transition state of propylene glycol in

pinacol rearrangement over 3T cluster model.

Coordinate (Angstroms)
Atomic Type
X Y z
0 131747100 -1.03648000 -0.13236400
Al 1.25542600 0.61167200 0.59225200
0 -0.36498000 1.26465800 0.09109800
o) 1.3706 0.36080300 2.31019000
0 34900 y 67750200 -0.22870600
H ML / 17560200 0.12396000
H 238800 2.89485100
Si 41 =i63710300 -1.10091500
H -1707610800 -2.48070400
H - =1.43872200 -0.55208800
< \S;;\. 600 -1.22556600
Si AAD g&’zo -0.73491600
H ¢ u\ 00 -2.09570500
H 85686 -0.91016200
H 0.00284400
& -0.43267400
o) 1.17570000
H 0.83521600
C 0.45272800
H 45837300 -0.87410400
H .02912000 -0.78968400
o) 310700 0.85024300
H 0.66687800
H 0.50377500
H 0.86871300
C Iﬂ-s. : -1.20588100
H -2.76195300 -2.05515000
H #4.20657300 au-1.15745500 -1.46225500
H 3 : ok -0.86277200
ﬂ#mﬁﬁw WEEN
4
¢ o o/
ARIANNIUNRTIINYIQ Y
| :
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Table C3 Cartesian coordinates of C2H transition state of propylene glycol in

pinacol rearrangement over 3T cluster model.

Coordinate (Angstroms)

i

ARIAIN T,

Atomic T
i3 X Y zZ
0 -0.48936200 1.43925700 0.01415600
Al -1.45137300 0.01388900 0.55131000
0 -0.48371800 -1.41118800 -0.02931600
0 -1.50502000 0.12455400 2.28717600
0 11331600 -0.37454900
H 9264700 -0.02291900
H 0400 2.78110100
Si 200 -0.84977200
H 244290300 -2.28864400
H 333462500 -0.30366000
H %‘%T‘ 0 -0.79769400
Si || 2159724000 -1.04368800
H | +2:06387 -2.37374900
H 1900 -1.26791300
H 3674980C -0.45821100
C 00912000 -0.42686800
0 1188347700 1.01452600
H 1.69880300 0.70286500
C -1.15194500 0.34175900
H 30793000 0.65950700
C 9.78802700 -1.11728200
H 50979400 -0.77065900
H -2.20413100
H 45. -0.90499700
H ( -0.88763600
H 047 3690 -0.70942600
0 1.47387400 1.22981300
H 0.92566300 1.56692900 0.96736900
H : L 1.30010600

RINYIAY
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Table C4 Cartesian coordinates of CI1H transition state of propylene glycol in

pinacol rearrangement over ST cluster model.

— Coordinate (Angstroms)
Atomic Type n - =

6] 0.64391400 1.62827800 -0.77765500
Al 0.73025100 -0.01688100 -0.10649600
o) -0.18302000 0.01678900 1.44850500
0 -1.01070200 -1.17823100
0 .57519100 0.16252600
Si éo.s 444900 -1.01375400
H ﬁom 0.24858400
H - 600 -2.02637800
H 04635000 -1.50736300
Si | 010108600 3.00630500
H ;?’Q 600 3.14234000
H 0.46584900 3.89266900
H 3.47464800
€ 0.01920800
0 1.13094200
H 1.25950800
C 0.48747900
H 1.21206500
H M 69 0.43920400
0 194000 |+ ) -1.86926900
H .60854700 -1.69806200
H 10.20571300 -1.83836600
Si j pir 00", 0.09262100
H 0+ -2 458073 -0.67138300
H -0.57052300
H B A, 1.46013100
Si ' -0.36178600 -2.59936300 -1.60766800
H 171538700 o 2-86688900 -2.17820200
H ., 064 , , i -2.64481500
d A YRR )T RIS
C qQ -4.6596 -0.34420 -0.03607600
H -5.30109100 0,47540000 2. -0.36850300
. e W%J ,-] a 88692100
% ) 60 Fh7gobes [V D5 N\ Co7sazrs00
H -3.40960600 2.06731600 -0.49028200
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Table C5 Cartesian coordinates of Cl1Me transition state of propylene glycol in

pinacol rearrangement over 5T cluster model.

Atomic Type

Coordinate (Angstroms)

X

X

Z

AN CNONOION T NI YNNI L200020

-0.37166200
-0.70764100
0.44408800

-0.16532600 § |

-1.33499700
0.02110100
-0.15675200
1.47676200
.04134200

0 £

0.82868300

¥ — e o o o QY

3.39981000

-1.19952200
-0.09930800
1.28204100
-0.94447200
0.50726100
-1.64469300
-0.46864400
-2.44933600
-2.48356100
2.81723400
2.80506700
3.42868700
3.68278900
-0.70469500
0.88503300
1.05866700
0.02031600
-0.39806700
-2.41366100
-2.32189100
-2.06505200
0.71573000
0.46442400
-0.20397500
2.11117900
-0.92676500
-1.61389500
-1.64073400
0.46082600
-1.50291000

‘:1 7927000 o .
il e
4.2063 1.1124850 -0.35859400

4.15906100 -0.94108800 o 0.86647500

NN Blsdibons NIV g | BN Elsosaseoo

4.88306700 -0.25188200 J 1.34824100

A
A

EﬂOIZII:
=2
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Table C6 Cartesian coordinates of C2H transition state of propylene glycol in

pinacol rearrangement over 5T cluster model.

Coordinate (Angstroms)

Atomic Type

X

Y

Z

0.11597100
0.70460500

-0. 22336700

1.58733300
0.01523500
-0 33228400

-0.69025400
-0.10615500

1.40686100
-1.26494600

0.24878900
-0.88113100
0.38816400
-1.92281500
-1.30588800
2.98582900
3.22839300
3.84973600
3.39028900
0.23001000
1.01309300
1.13944800
0.60921500
0.33013200
-0.29925100
-0.33050700
0.29277200
-1.31970400
1.48879000
0.53844200
-1.80694900
-1.63877200
-1.84020700
0.22444100
-0.52675100
-0.41933100
1.60882400
.88466800
.65381000
-2.81388000
-0.81849400

18967500
0471700

EB-1403a. p— 0583521
¢ S1rH00 042365500

p e

4.57009200,¢ %OO]OO
Wq q ?}?QOO -2 45247400

1.06179800 -3.58279400

:_;_p_)?:::sﬂ.::::o:r:::m:::oz:o:coom::n:zz:::::@.ooozo
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Table C7 Cartesian coordinates of transition state of pinacol rearrangement over

3T cluster model.

Atomic Type

Coordinate (Angstroms)

X

i 4

Y

A
Y

:qﬁgﬁ::o:::o::o:::oomoom::@:m:mz:oooko

1.61002700
1.77756900
0.75757800
1.07974000
3.39115200

y__

33.64 :

-4.30888400
75862300

-1 .49720600‘

-3.27064900
-4.04784300

AR A

-1.30722300
0.20966500
1.45268200

-0.18747800

0.86656700

0.37363700

612200

00
12./.0.53393500

1) hERER) 9 5 S8 5

-0.93040100

1.16087400

-0.23685600
0.70389200
-0.11736300
2.28072700
0.66256500
1.09721500
2.96828700
-0.99194700
-2.18102700
-0.09106000
-1.47731300
-0.83432200
-1.84230100
-1.55276300
0.14840300
-0.67115200
0.52652600
0.20445200
0.31963700
-0.69038000
-0.12977600
-1.71387600
-0.19120500
1.25169000
0.67472700
1.93561100
1.56053900
2.04769100
1.36484900
2.23142400
-1.68852500
-1.29357000
-2.63261400

A 1 85700400
]a 196492400

2581900
-1.89473000

1.71738100

-0.40190700
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Table C8 Cartesian coordinates of transition state of pinacol rearrangement over

5T cluster model.
i o T Coordinate (Angstroms)
tomic Type % v 7

0 0.78804200 1.72262000 -0.53874900
Al 1.28679900 0.06206100 -0.12955600
0 0.31752100 -0.42171400 1.30985500
(6} 0.78181500 -0.97063600 -1.46953800
(6} 2.96417500. 2591200 0.28870800
Si g\ \ | @oc -0.61361500
H 3700 0.70416300
H 00 -1.61301100
H . -1.02046700
Si 2.81457200
H 3.41399300
H 3.69781000
H 2.81071400
C 0.19531800
(6} 0.75413500
H 0.94401200
C 0.14790700
C -0.69862900
H -1.21281200
H -0.15049600
H -1.46682600
0 -2.03824900
H -1.70142800
H -2.14740300
c -0.99309000
H .64 -0.70925000
H 164878300 156 470ﬂ -1.25751200
H £2.99014500 -1.3430380 -1.86698100
C 201749900 a.1.52740800 1.11165200
DA e TRTAN G e
H , -2.6641 m 2] 0 1.43453200
H 9 -1.84957300 0.95010900 1.97621900
C -4.32960100 -0,41 | 1 34644100
%W Samas] 4| Visla e N ol

: 074435600 © 0.1751070 41299753200
H -4.33614400 -1.46804600 1.62214100
Si 0.96858800 -2.52248200 -1.96816500
H 1.35523000 -3.44077200 -0.85704700
H -0.32122200 -3.02410500 -2.53445900
H 1.99657300 -2.64589800 -3.04084200
Si 4.55894300 -0.35011900 0.27036000
H 5.36355800 0.87229400 -0.02518200
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Table C9 Cartesian coordinates of transition state of pinacol rearrangement over

Fe-3T cluster model.

Coordinate (Angstroms)

Atomic Type

X

Y

Z

=0
_).g'_.sl

m:qﬁﬁh::o:::o:::o:oooogm::m:::@::oooao

0.81168800
1.97497500
1.84043900
3.43121700
114983308

-322408.’

22b9616000
1934833400

-4.22771800 ¢

AN e

-4.86897600
-4.04959000
-3.66511000

PJ"’.J#“ '7!

1.36524300
0.65064700
-0.95952500
1.54084700

e NI TFLOT ™

41.85060600

UHERANIHZ NG

1.27983500

-0.74146900
-1.26807900
-2.08990600

372900
-] a3 115400

-0.31845500
0.90296500
0.01873400
0.78158700
2.40684600
3.19291500
1.39459000

-1.00415400

-1.66024100
0.05658400

-2.02969200
0.49490300
1.03831800

-0.70309300
1.51878100

-1.01134000

-2.63352100

-1.00054000

1.16895000

-0.27176300

-3.07907300

-0.91554000

-0.46196600

-0.86520700

-1.96949600

1.80644700
2.12900200
2.70936900
1.11781700
2.08375000
2.62600600

58398500

576900
0.24888000
-1.25577000
0.26786800
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Table C10 Cartesian coordinates of transition state of pinacol rearrangement over

Cu-3T cluster model.

Coordinate (Angstroms)

Atomic Type

X

Y

Z

> ]
_).g'_.s).

Q::;ﬂ}:::o:::oz::o:oooo:::%:::mm:oooao

0.62980900
1.94207200
1.88850400
3.27794400

i) 1 O3IARV726200°

%: 10343000
14

-1.17593800

-3'93328800 ¢

ARSI IRy

-4.81006900
-3.89180800
-3.61754400

0.23185500

1.28520600
0.85788100
-0.83427200
1.84752800

7

—1 60744600

8877700

-0.74997500
-1.68681300
-2.02811500
-0.55491000

meﬂ‘ﬁ

-0.40026200
0.82334000
0.10630800
0.41638500
2.42047500
3.11988200
0.97637500
-1.32383100
-1.99510200
-0.42156500
-2.36103400
0.57915400
123590000
-0.63347800
1.50984800
-2.08636000
-0.91038800
1.12894500
-0.30499000
-2.65751200
-1.21644600
-0.73796300
-1.60912200
-2.06510200
1.96696600
2.28732900
2.87538100
142340000
1.88458200
2.31857300
1.27739100
.2.72511500

2653131500
]ao 388800
0.49045400
-0.74631100
0.97304600
-0.84065700
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ABSTRACT: The acid tlon mechanisms of pinacol
rearrangement of propyleae-gly - - opanal and propanone have
been investigated _usifip Uensi " onal~.method at 298.15 K.
Thermodynamic quay i dctiva N water-addition models
| : - with the transition states
of three concerted pathivz a _' fously. affe the product ratio. The
relative energetic profileg o #th: fsion reactions of all solvation models
have been comparative fsplay 4.~ Es imatil of percent ratio of product
composition computed m’mt . frees energies of each acid-catalyzed

reaction models were camegm 3 er¢entuatios of propanal and propanone

i - |l
Key words: density antlonal theory; acid- catalyzed odels; propylene glycol;

e TR "T’?TEJ NINYINT
'“"“"“‘Q”W’W ANNIUNAINYINY

The pinacdl rearrangement in the conversion of glycol to propanal was reviewed by
Wheland." The pinacol rearrangement has been described to proceed only with a
stepwise mechanism via carbocation intermediate which was first introduced by
Whitmore.> The reaction mechanism and migratory aptitude of the pinacol
rearrangement were theoretically examined for protonated 1,2-ethanediols using
RHF/6-31G method.> The rearrangements of many reactions were found where they

have involved not only the stepwise but also the concerted mechanism.>® Smith and
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RHF/6-31G method.” The rearrangements of many reactions were found where they
have involved not only the stepwise but also the concerted mechanism.*® Smith and
coworker’ applied the E2 process of dehydration mechanism in the elimination
reactions of 2-bromobutane in water. Two possible mechanisms of ethylene glycol
conversion to acetaldlehyde were proposed by Smith® using the theoretical
approaches. The dehydration mechanism were energetically compared to the pinacol
rearrangement of concerted mechanism and the latter process was shown proceed at a

jon mechanism by 69.8 kcal mol”.?

lower activation enthalpy than t

Recently, the dehydration o; @ . _}
chloride catalyst to obtai 1S md@l-}pentenal has been carried

oD inacol rearrangement does not

ear-critical water with the zinc

out.” Nevertheless, severs
proceed by the stepwise se the stepwise mechanism
being less favored tham en found. '*'* In present

work, the pinacol rearrg nversion to propanal and

propanone at various en therefore theoretically
investigated via the conc T ity functional method. The
concerted mechanism of tem” g cluding one-, two- and three-
waters clusters defined as modeg%;@L have been investigated in order to

. . - ey
observe their reaction :groducts.‘ -Tﬁd-'f;
models has been evaluated-i

added water on the reaclfjn’

“ a Q
Computational
Full t F}IT#J:EJ qfq{]t%ijgjjbflj ional th
ull geometry optimizations ot _entiti€s were_co te ens1 ctional theory
L PERBRGIDITal b TV

parameters hybrid density functional using the Lee, Yang and Parr correlation
functional (B3LYP).'>'® All geometry optimizations have been carried out using the
hybrid density functional B3LYP with the 6-31G(d) basis set. The energies of the
B3LYP/6-31G(d) optimized geometries have been calculated with the zero-point
energy corrections. The B3LYP/6-31G(d,p) and B3LYP/6-311G(d,p) levels of theory
were employed for the single point calculations of the B3LYP/6-31G(d) optimized

geometries of involved species. The transition states have been located using the
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frequency. The intrinsic reaction coordinate (IRC) method '8 was used to track
minimum energy paths from transition structures to the corresponding minimum. All
calculations were performed with the Gaussian 03 program.'” The MOLDEN 4.2
program®’ was utilized to display molecular structures and observe the geometry
convergence via the Gaussian output files. The molecular graphics of all species were
generated with the MOLEKEL 4.3 program.?!

The standard enthalpy AH° and Gibbs free energy changes AG® of conversion

reactions of this system have
B3LYP/6-31G(d) level of th

om the frequency calculations at

, {ff&kﬂ) derived from transition state

@iva& energy, A*G° by using

theory was compute

k(T) = k L —2—exp(- A‘GO/ ¢ of unity is used, kg is

Boltzmann’s constant, ute temperature and R is

gas constant.”> The a mpute the reaction rate

24
works. 2?2

25 was extended for the

scheme of this systeéf=is_therefore redu igure 1. According to
transition state theory, the ra ] vidual reaction i is given by
equation 1. ¥/ -
¢ o Q/
ﬂ UBIRENINYINT .
Where A'G’= —GO i is the rak of reactloiat i =1, 2%aihd 3) and (e
and G %ﬁl;l aﬁeﬂr;m Mjﬂon s ing reactant,

respectively. As transition states TS1 and TS2 step forward to protonated form of
propanal product (HPPNL") and TS3 to protonated form of propanone product
(HPPNE"), the product ratio of [HPPNL"] to [HPPNE"] is therefore equivalent to the
ratio of the sums of all ground-state population of reactants P, and its corresponding
rate constants forward to product [HPPNL'] to sums for [HPPNE']. Therefore, the
[HPPNL'] to [HPPNE'] ratio can be given by equation 2.
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[HPPNL' ]
——— _ Pk+Pk_ k+k
[HDPNE ' ] PE =

3

" exp(—AGP/RT - ‘.
;e"p CAGIRT) e b(—NGOIRT) + exp(—5GOIRT)

Tl 'vO (2)
exp(-AG; /RT) exp(—AG; /RT)

Where ki, k2 and k3 are forward, re ants of reaction pathways 1, 2 and 3,

respectively as shown in Fig four acid-catalyzed models with

respect to the increased numbeérs- ol ad¢d @ investigated for the effect of

added water to product { .

phase system which i

id-catalyzed model of a gas-
acid catalytic atom without
solvation water except ed from the reaction. Model

11 is an acid-catalyzed the. reacta nt is protonated by a single proton of

(d) level of theory. The

ivation steps were derived

All structures were op'

zero point energies an hermodynamm quantities of :

from the freque i of theory. Reaction
mechanisms of ﬁ, ﬁﬂmgﬁv MHﬁﬁPNL) and propanone
(PPNE) of various ac1d-catalyzed wafer-addition miodels of three Gohcerted pathways
were o, b Gefoh wabign b bech ibvbeligiled] Gihi he protonited
forms of plgopylene glycol (HPG"), propanal (HPPNL") and propanone (HPPNE"). A
representative scheme of a concerted reaction mechanism of propylene glycol
conversion to propanal and propanone via transition states TS1, TS2 and TS3 which
are the secondary and primary carbonium ions is shown in Figure 2. Total energies
and geometrical structures of species HPG', HPPNL® and HPPNE® and the

corresponding transition states of various acid-catalyzed models were determined at

the B3LYP/6-31G(d) level of theory with zero point energy corrections. The
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corresponding transition states of various acid-catalyzed models were determined at
the B3LYP/6-31G(d) level of theory with zero point energy corrections. The
activation thermodynamic quantities, forward and backward rate constants of acid-
catalyzed reaction models I, II, III and IV are shown in Table 1, 2, 3 and 4,
respectively. The three concerted pathways (1) C1H, (2) C1Me and (3) C2H via
transition states TS1 and TS2, and TS3 have afforded the products HPPNL® and
HPPNE", respectively. Figure 1 shows that the product HPPNL" was produced via

ia transition state TS3. The magnitude
els as tabulated in Table 1, 2, 3

transition states TS1 and TS2 and
orders of forward rate const

and 4 are concluded as

modelI:  k/ (C2H) 7\'—7 '

model II: k] (C2H)

model I1I:

model I'V:

The typical structures of tr S 3 are the secondary (C2H)
primary (Cl1Me) and pri ations, respectively. As the

species in gas-phase w «; 1S more stable th ans tion states TS2 and TS3

in gas-phase which is defi rbonium ions of transition

states TS2(C1Me) and TS3S,C1H) are stab111zed in aqueous-phase which is defined as
model IV, the tri table than its mono-
solvation in modm uhe st:glﬁ)ffc;lr of trmon statﬂ with respect to TS1
and TS2 i bly, ¢ mwﬁw "'f-'ﬂ model IV as
shown in aﬁﬂﬁﬁﬁeﬁ e s - mﬁ

TS2 —> TS2 ——> TS2 ——> TS2
Relative stability TS3 ——> TS3 ———> TS3 ><TSI

18] =3 "[T5 =181 TS3
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B3LYP/6-31G(d)//B3LYP/6-31G(d), B3LYP/6-31G(d,p)/B3LYP/6-31G(d) and
B3LYP/6-311G(d)//B3LYP/6-31G(d) levels of theory are tabulated in Table 5. Table
5 shows that the activation energies derived from the total energies of transition states
TS1, TS2 and TS3 using single point calculations are in the same order of magnitudes
with respect to the B3LYP/6-31G(d) energies of zero-point energy corrections. The
reactant HPG”, transition states TS1, TS2 and TS3 and products HPPNL" and
HPPNE" in model I, IL, III, IV and V are shown in Figures 4, 5, 6 and 7, respectively.
The O...H distance of hydrogen borid i
molecule(s) and involved species ments are shown in Figures 4, 5,
" and HPPNE" derived from
and III in Table 6 result that the

arelarger than 85 %. For the
46.59 to 53.41. However,

rmolecular interaction between water

6 and 7. The percent com
equation 2 are tabulated i
HPPNL" is the domin
product ratio of HPP
\ in acidic aqueous solution
have been not found but : & {3CCeH C(OH)CHZNHZ conversion
reaction, the distribution rati@ (i % _F > ts CsHsCH,CHOCH; (benzyl methyl
ketone) is 75 to 25.%8 ;

Conclusions

The zero point energie

obtained at B3LYP/6-3 l
glycol (PG) conv ﬁ j{% E) of various acid-
catalyzed water- jlkgf aﬂ gﬂ mzj re investigated using
the protonated forms of propylene glyéol (HPG’ﬁ: propanal (HPPIéUﬁ:S propanone

01ePE bR pirbhlZb, E1nd b

TS1 and ”FS2, and TS3 have produced the products HPPNL' and HPPNE",
respectively. The percent ratios of product HPPNL* to HPPNE" based on models 1,
I 111 and IV are [99.88]:[0.12], [99.81]:[0.19], [89.01]:[10.99] and [46.59]:[53.41],

respectively.

s of activation steps were

. (d) level of theory. Reactioff’ mechanisms of propylene

ition states
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Table 1. Activation Thermodynamic Quantities and Rate Constants of Acid-
Catalyzed Reaction Model 1.

Reactions A HO? AGo* "
C2H pathway

k/ -HPG* ——> TSI 20.19 16.37 6.21x10°
kl :HPPNL' —> TSI 36.45 35.87 3.16x 10
CIMe pathway

B HpG —==3 TS 2590 2317 6.40 x 10°*

k} :HPPNL' —» TS2 326x10"°
CIH pathway

PG =3 732x10°

k! ‘HPPNE' — > TS: 356 m 139 107

% in kcal mol™. ® forward

onstants, in s

Table 2. Activation Thermodynamic Q tiecs and Rate Constants of Acid-
Catalyzed Reaction Model II. T e |

Reactions ,'__.___:'_:_7_7" Vi k®

C2H pathway :

K -HPG'® —> 'lﬂ 27.58 426 101.01x10°

k' :HPPNL* —— TSlg . 3740 03785 112 107
CIMe pathway

k] - HPG —ﬂuﬁjq nﬂﬂjmzﬂq njlo”
k' . HPPNL' — % 43.604 43.70, 5.76x 17,
CIH pat

g.mﬁmmnm umgwma
k- PPNE —>  TS3 53.58 55.64 1.01x 107

® in kcal mol™. ® forward (k” ) and backward ( k* ) rate constants, in s™.
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Table 3. Activation Thermodynamic Quantities and Rate Constants of Acid-
Catalyzed Reaction Model III.

Reactions AHO® AGO® k®

C2H pathway

k/ :HPG* —> TSI 29.91 26.79 1.42x 107

k’ :HPPNL' —> TSI 46.21 46.93 2.45x 102

C1Me pathway

k :HPG' —s TS2 36.17 32.38 1L14x 10"

k; :HPPNL* —» TS2 \ 1.97 x 10%

CIH pathway

k/ :HPG* — TS3 175x 10
b

k; :HPPNE® —> 208 %107

Table 4. Activation Thermodynam a jes 'and Rate Constants of Acid-
Catalyzed Reaction Model IV.

Reactions AT S

C2H pathway -

K :HpG —> TSI g T 1| 223x10°
k/ :HPPNL' —> TSy . 4809 0.#9.06 6.71 x 102
C1Me pathway

¥ o ﬂuﬂq VLEJVI'?V!LEJ’] fhd. o
K mpeL — % 54.01¢ 5525 1.96 x 197
CIH pat

g.mﬂmmnw ll'iﬂ'l? Vlﬂ']ﬁil
ks HPPNE' — > TS 56.87 59.47 1.58 x 107!

® in kcal mol™. ® forward (%’ ) and backward (k”) rate constants, in s™.
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Table 5. Activation Energies of the Conversion Reaction of Various Acid-Catalyzed

Models Computed at Various DFT Methods.

g AE®
Transition
structures B3LYP/6-3IG(d)/l/’ BSLYP/6-3]G(d)/‘/: %;;LYYP;’/?:; ]GG(?d);/ B?;ISIPY/:/-; ;(]}((;‘l(,g))ll 381:?(‘_;{-]”6);/
B3LYP/6-31G(d) B3LYP/6-31G(d) B3LYP/ 6_5"1 G(d)
Model 1
TSI 18.65 18.28 2420 23.14 19.76
TS2 24.73 2425 28.53 28.20 25.68
TS3 21.44 21.0 25.78 24.90 22.51
Model 11 AN | 1
TSI 26.25 ) \ 0.84 30.20 26.93
TS2 32.51 36.32 33.67
TS3 29.13 32.86 30.36
Model 111
TSI 28.80 32.54 28.99
T 34.89 ! 38.48 35.31
TS3 29.28 L4y \ 33 32.59 29.76
Model IV \
TSI 24.4 26.29 21.94
TS2 30.51 31.59 27.85
TS3 24.71 2512 21.59
% in kcal mol™. ® with ZPEfon ons, scaled by 0.9804.%

Table 6. Percent of Produc " and HPPNE" and Its Ratio

based upon the B3L “';': e o e :f‘
Moadal [H% HPPNL']:[HPPNE"]®
L. 0 12 848.13
1. 516.65

2 ﬂuﬂﬂjﬂ}ﬂlﬁﬂﬂ’m L
ﬁ'f“‘“’&ﬁ%iﬁﬂmqwma g
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Captions for the illustrations

Figure 1. Tri-transition-state reaction for the formation of the two products of
HPPNL" and HPPNE".

Figure 2. A representative scheme of reaction mechanism and the secondary and
primary carbonium ions of transition states TSI(C2H) and TS2(C1Me) and
TS3(C1H), respectively.

Figure 3. Relative energetic profiles conversion reactions of (a) model I, (b)

model II, (c) model I1I and (d) \\ [',
total energies with respect to'reacta P vt ;d at B3LYP/6-31G(d) level of

theory with zero-point energy €orrec ion§ ———
Figure 4. The B3LYP/6- {. nized geometr es of conversion reaction model 1

Hydrogen bond distances are in

sergies (in kcal mol™) are based upon

of transition states, reacta
angstroms. The imaginary fi€quenci psitiori states are in parentheses.
Figure 5. The B3LYP ’

1T of transition states, reagta
Figure 6. The B3LYP/6-3
I11 of transition states, reactants
Figure 7. The B3LYP/6- 31G(d)

IV of transition states,

conversion reaction model
.of conversion reaction model

ymetries of conversion reaction model

vfg“ ;“

B 9
ﬂUEJ’J‘V]EJWﬁﬁWEJ’]ﬂ‘i
ammmm UA1INYAY
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transition states
kl
k 182 products
reactant \ +
HPPNL
HPG
HPPNE

AULINENINYINT
ARIAATAUNINGIAY



HPPNL" —» PPNL + H'

HPPNE'—» PPNE + H'
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Reaction coordinate Reaction coordinate

(a) , (b)

Model IV 23

Reaction coordinate

(d)

Reaction ¢

(c)
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