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Abstract

The epoxidation rate af, g-unsaturated acids catalyzed by,M&, or NaMoQ, in H,O has a close relationship with pH of the solution.
The epoxidation rate is the highest at pH 5.0-6.0. A quantum chemical ab initio method (MP2/64848 was used to calculate the
molecules and anions of somep-unsaturated acids. The results indicate that the orbital energy of MO which bondirngtal of double
bond in monoanion lies in is a determinant factor for the rate. If pH is low {B), «, B-unsaturated acid exits mainly in a molecule state
and the bondingr orbital of double bond usually lies in HOMO. The energy of HOMO is very low, in the rangel®to—12eV, so it is
difficult to be epoxidized. If pH is in the range of 4.0-6.5, the organic acids mainly exit in monoanion state, and the orbital energy of the MO
which bondingr orbital in the monoanion lies in is in the range-e#.5 to—6.5 eV. Increase of the energy is about 5 eV that is large enough
to increase reactivity of double bond to initiate the epoxidation. IfpH, though molecules can exist as a dianion for dicarboxylic acid or
dibasic acid, the epoxidation is almost impossible. Therefore, the epoxidatigp-oisaturated acid is to be carried out in their monoanionic
states. The results support the direct oxygen transfer mechanism suggested by Sharpless.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The above result is in agreement with our kinetic study
[4] on epoxidation o€is-1-propenylphosphonic acid (CPPA)

For the epoxidation of, B-unsaturated acids catalyzed by catalyzed by NgWO, and NaMoOjy in H,O. The rate con-

NapWO4 or NeoMoOg in H20, pH of the reaction solutionis  stants of the epoxidation of CCPA at 40 under differ-

an important factor influencing the epoxidation rate. Though ent pH are shown iffable 2 Table 2indicates that the pH

some researchers paid great attention to the question, ovep 0-6.0 are the most suitable also for the epoxidation of

a long period, it is still not clear why the pH would lead cppaA.

to such significant influence on epoxidation rate. The study  The influence of pH on the epoxidation rate has first been

hopes to give an unequivocal answer. attributed to behavior of the catalyg#. Reactive peroxo
Long time ago, a number of researchers found that the group in the epoxidation is metal-dioxygen ring in peroxo

epoxidation rate was pH-dependght3]. Table 1showsthe  complex2. The H concentration can influence the equi-

dependence of pH on the epoxidation rate for the epoxida- |iprium constantK betweenl and2 (Scheme 2 and thus

tions of crotonic acid and citraconic acid by usingzM&O, would change the concentration of reactive peroxocomplex
as a catalyst in kO according to Ahmad and B€g(b)]. 2. The concentration o2 is high when pH is in the range
The data indicate that the highest epoxidation rate appearechf 5.0-6.0. Lower pH or higher pH both would decrease
in the pH range of 5.0-6.0. the concentration a and then the epoxidation rate was re-
duced.
* Corresponding author. Tek:86-10-62783878; However, pH not only influences the react|V|ty_ (_)f cata-
fax: +86-10-62771149. lysts but also has a profound effect on the reactivityxpf
E-mail address: shihc@mail.tsinghua.edu.cn (H.-c. Shi). B-unsaturated acids. The following equilibriu@dheme 2
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Table 1 w-electrons on double bond in molecules or anions. The re-
Rate constants for epoxidation of crotonic and citraconic acid in different g\)lts are shown ifable 3and Fig. 1

pH at 40°C In Table 3 integern shows aa, B-unsaturated acid in

pH kobs (x10P) (mol I~ min1) molecule state and'~ shows monoanion of the acid
Crotonic acid Citraconic acid  Shows the number of a molecular orbital starting from

20 529 128 HOMO and accordin_g to energy ordeN,o?c HQMO is as-

40 499 508 signed to zero. If orbital energy of a MO is higher than that

5.0 1021 5.38 of HOMO, N is a negative integer, for example, theof

6.0 8.28 4.97 LUMO is —1. If the energy of a MO is lower than that of

7.0 4.01 3.25 HOMO, N is a positive integer, for exampldl of occupied

[Crotonic acid]= [citraconic acid]= 5.33 x 1072 M; [Na;WO4] = 1.00 MO next to HOMO is 1.Eqomo shows the energy of the

x 1074M; 1 = 3.00 x 1074 M [H20,] = 3.00 x 103 M. highest occupied molecular orbit&lye., shows the number

of the MO which bondingr orbital of double bond lies in
Table 2 andEwmo- is the orbital energy of the MO. In the study, we
Rate constants for epoxidation of CPPA in different pH at@0 are paying a good deal of attention to Ngo- andEwox-
1 If the acid exits in the molecular state (suchlag, 3 in

PH K (L0°) (mol I min”") Scheme P then the bondingr orbital of double bond lies
Na; WO, N&;MoO4 in HOMO. ThusNyox = —1, Emo= = EHomo. The orbital

3.0 32.20+ 0.38 9.47+ 0.05 energy of HOMO is very low—10 to —12 eV usually (see

4.0 52.00+ 1.15 11.20+ 0.17 Table 3. Therefore, the two electrons in HOMO are very

5.5 60.10+ 0.63 16.10+ 0.5 stable and have no ability to complete oxygen transfer from

6.5 55.40+ 0.68 14.80+ 0.31 -

20 26,704 0.53 1230+ 0.35 peroxo complex. However, when the molecules are in the

monoanionic state (such 4%, 21~ and3'~ in Scheme },
[CPPA] = 1.58 mol I'; [Na;WO,] = 7.05 x 10-*moll~%; [Na;MoOy,] the Emo~ is much higher than thEyo- in molecular state,
= 1.92x 10-molI™%; [H20;] = 10.50x 10-2mol I, usually—4.5 to—6.5 eV (Table 3. By comparison, increase
of Emox is about 5eV that is large enough to increase the
reactivity of double bond in monoanion to initiate epoxida-
tion. However, in this case, the MO is not HOMRy o, of
d the MO is three usuallyNmo~ of CPPA’ monoanion alone
is still zero). Three MOs with higher energy in the monoan-
ions are mainly located in —COOor —PQ~H. Their en-
ergy is between-4.0 and—5.5eV. For moleculeg, 2, 3,
and monoaniond!~, 21~ and3!~, graphs ancEyo. of
the MOs which bondingr orbital of double bond lies in are
shown inFig. 1
Some acids can exit in dianionic forms (suchlaand
2 in Scheme P The dianions have very strong alkalinity
because the following equilibrium would appear in@

would be established in3D for «, B-unsaturated acids (such
as CPPA, fumaric acid, and crotonic acid).

When pH increases, equilibrium moves toward left, an
vice versa, thus the content of those molecules and ions in
solution would be changed. Quantum chemical calculation
indicates that energy and electron population of some MOs
would have a great difference between anion and molecule
of aa, B-unsaturated acid that changed epoxidation reactiv-
ity of the acids. Therefore, the dependence of epoxidation
rate on pH should be also attributed to the behaviow of
B-unsaturated acids.

‘0ooc—Cc=c--Cco0 "00C—-C==C--COOH
‘H3 2- +  H,0 — “Hs } + OH
d PO% ; PO H
H H Hoh

Emor of dianions normally is—1.0 to —2.0 eV, much
higher than that of monoanions. The MO is not HOMO
either; Nmo of the MO is usually six. The six MOs with

2. Results and discussion higher energy than the MO mainly appear in two —CO@
one —PQ?~ groups of the dianion. Their energies are often

A quantum chemical ab initio method (MP2/6-3t¥G  higher than—1 eV, even positive. It shows that the dianionic
level) was used to calculate the molecules or anions of vari- states are very unstable and very few in the aqueous solution
ousa, B-unsaturated acids. The calculation results indicated unless pH changes into very high through adding a large
that the two Pz orbital (AO) on carbon atoms of double amount of NaOH.
bond generally is the main composition of a MO and still  More importantly, when pH is high (>7.0), 2@, would
display a localized bonding orbital in the MO. Therefore, = be decomposed by the catalyst to releageand the higher
energy of the MO can reflect or represent the reactivity of pH is, the faster release of,Qvould become
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Table 3
Quantum chemical ab initio (MP2/6-31Glevel) calculation results for the molecules and monoanions of senfeunsaturated acids
n a, B-Unsaturated acid Enomo (eV) Bonding  orbital located MO Difference of partial Relative rate
Nuom Ewor (eV) charges on double bond

O;H,
1 0.09N=="-0.53 ~10.52 0 ~10.52 0.44

PO; H
11 -0.10 =.042 _5.56 0 _5.56 0.32

/_/COOH
-0.20 ~-0.20

2 HOOC —-11.35 0 —-11.35 0.00 <0.05

__ _£00°
-0.26 20,19
21 HOO —5.25 3 —6.33 0.07
/—fOOH
N
3 4 ~10.33 0 ~10.33 0.15 1.00
Cco0
-0.22/—/‘_ 5
31 0.1 —459 3 —5.13 0.07

__ _LOOCH,
-0.21 20.20
4 HOOC' —11.20 0 —11.20 0.01 <0.05
____C00CH:
0.19/~~426
41 00C ~5.19 3 —6.22 0.07
5 0.10—"-023 —10.30 0 —10.30 0.13 1.65
Ccoo
51 -0416¥_-/0,20 —4.63 3 —5.14 0.04
OOH
025 =—=Cc"0.15
6 \—coon —-10.54 0 -10.54 0.10 2.13
(e[0]0)
0.32=c%.13
671 \—coon —5.00 3 —553 0.19
COOH
7 -0.08==CJ0.14 -10.63 0 -10.63 0.06 2.45
COO
-022 =C70.14
71 N\ —4.17 3 -5.73 0.08
HOOC\_/OOH
8 -0.19.0.19 1127 0 1127 0.00 2.48
HOOQ\ ___ 00
gt -0.2M4 —462 3 ~6.35 0.12
/_(COOH
9 V=013 -9.88 0 -9.88 0.01 4.10
CO0O~
o1 018= 12 -4.62 [0(~40%) -4.62 0.06
2(~60%) —4.94

>_/COOH

10 0.03 -0.25 ~10.22 0 ~10.22 0.28 19.3
COO0

10-1 -O-MB —4.14 2 —4.88 0.20

COOH
O
0.07
11 COOH -10.17 0 —10.17 0.01
O

111

>20

~5.12 [ 1(~30%) -5.15 0.11
3 (~70%) -6.04
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1 EM(),; :EHOM0= -10.52eV
(Nmor=-1)

3 EMoﬂ :EHOMO= -10.33eV
(Nmoxz=-1)

~ ==

21 Eyor =-6.33eV
(Nmor=-3)

H202 NeeMos 02+ +H2,0 M = MoorWwW
pH>7.0
Therefore, the epoxidation by using NEO, or

NapxMoQ, as a catalyst and 4D, as an oxidant should not
operated under pH 7. The kinetic studies of epoxidation

+

H 4+
~ O H H
o~
H—Cl)‘l | -0-0 K H\(lj\y i gB
My AN = |
o om H "0~/ 0
HO
1 2

Scheme 1. Changing H concentration would lead to change of the
concentration o. M = Mo or W.

2 Emor =Euomo=-11.35eV
(Nmor = -1)

(Nmor=-1)

3! Epor =-5.13eV
(Nmor = -3)

Fig. 1. Graphs (orbital contour value: 0.06) and eneffble 3 of MOs which bondingr orbital of double bond lies in fot, 2, 3, 171, 2-1, and3-1.

of a, B-unsaturated acids in referende-4] were conducted
always under pH 3-7. It is unnecessary to consider the in-
fluence of the dianions on epoxidation, and thus, the data
of quantum chemical calculation of dianions have not been
listed.

Kirshenbaum and Sharplds§] investigated relative epox-
idation rates of varioua, B-unsaturated acids. They set pH
of reaction mixture at 5.5, supposed that the epoxidation rate
of crotonic acid3 was 1.0, and then determined the relative
epoxidation rates o&, B-unsaturated acidd-11 (Table 3.

At pH 5.5, 2-11 would mainly be in monoanionic states.
For thosex, B-unsaturated acids similar in molecular struc-
ture, Emor is closely related to the relative ratéable 3
shows theEyo. is higher, the relative rate higher. For ex-
ample, theEpo- of 9-1and10-1 is —4.81 (average value)
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Scheme 2. lonic equilibriums af, B-unsaturated acids in 0.

and—4.88 eV, respectively, and their relative rate is 4.10 and

33

fastest £20), an important cause is that is acis-olefin.
However, the reason why the reactivity of this-form is
always faster than thigans-form remains unknown.

High Emo~ of monoanion is a determinant factor for the
epoxidation rate ofx, B-unsaturated acids, which may be
confirmed by epoxidation of other olefins under the same
conditions. For example, moleculet is «, B-unsaturated
methyl vinyl sulfone Fig. 2). It is freely soluble in water,
but the epoxidation has not occurred by usingW&, or
NapMoO4 as a catalyst and #D, as an oxidant at 100C
for 2h. This can be accounted for by the fact that the
molecule has only a molecular state and no monoanionic
state.Emor = Enomo Of the molecular state is very low,
—11.48 eV, according to calculation by the ab initio method
(MP2/6—-31G*). Therefore, it is impossible to cause a suc-

19.3, respectively. Because the both MO’ energies are highercessful nucleophilic attack af-electron of the olefin toward

than—5.13 eV of3~1, the epoxidation rate &1 and10~1
faster thar8~2. For acids2-'and4~1, the Emo., is —6.33
and —6.22 eV, respectively, and their relative rates are both
<0.05. The first cause is that thé&igo, is much lower than
—5.13eV of3~1. For acids6~tand 71, the orbital energy

is —5.53 and—5.73 eV, respectively. Their relative rate is

the =* orbital of the peroxo bond.

Over the last 30 years, two different descriptions have
been suggested about the mechanism of olefin epoxida-
tion by using Mimoun type diperoxo complexes, such as
MoO(O2)2(OPRs). One is the Mimoun’ mechanisfd]. He
suggested that the epoxidation follows a stepwise pathway

2.13 and 2.45. It seems that the epoxidation proceeds easilyScheme 3top). Key steps of the mechanism aweco-

if Emo~ Of monoanion is >6.0eV.
Although Emo~- is a determinant factor affecting the

ordination of double bond to metal center and subsequent
cycloinsertion yielding a metalladioxolane. Actually, the

epoxidation rate, the molecular steric structure, substituted mechanism is perfectly consistent with thew rearrange-

groups, molecular size, and especidallg-trans-isomersism
of olefins, also have important influence on the epoxidation
rate. It seems that theés-form always reacts faster than the
trans-form. For thecis-trans-isomers of molecule8 and5,
Emor Of their monoanion is almost the same&.13 and
—5.14 eV), but the epoxidation rate bfis faster 65% than
that of 3. For 8 and2 cis-trans-isomers,Epo~- of monoan-
ion 81 is —6.35¢eV, slightly lower thar2~1 (—6.33eV).
However, the relative rate d is 2.45, much faster than
2 («0.05) becaus8 is acis-isomer. For molecule8 and
10, Emo, of 1071 is —4.88 eV and lower than-4.81eV
of 971, but the relative rate (19.3) df0 is much faster
than that (4.10) obB becauselO is a cis-isomer and9 is

a trans-isomer. Among?2-11, the relative rate of 11 is the

ment Cis-insertion), which occurs in most transition-metal
catalyzed transformation of olefiri6]. The other was sug-
gested by Sharpless et §I]. He insisted that the oxygen
atom is directly transferred from metal peroxide to the
olefin through a transition state TS(8cheme 3bottom).

The previous researchers have already considered the ori-
entation of the olefin molecules in the insertion reaction
catalyzed by transition metals. They concluded that for a
polar double bond, the carbon atom bearing larger nega-
tive charge would attach to the metal center to form a new
metal—carbon bond. Such a mode was called “Markownikoff
mode” of insertion8]. If the epoxidation occurs according
to the mechanism suggested by Mimoun, the polarity of dou-
ble bonds would result in a big influence on the epoxidation

Fig. 2. a, B-Unsaturated sulfone methar&vor = EHomo = —11.48eV (orbital contour value: 0.06).
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o\(||)/o O\Cﬁ 0 The mechanism is also unable to answer why the epoxida-
(lj/l\:/l\ (I) — (I) M~ o tion reactivity ofcis-a, B-unsaturated acid is always faster
’7/4/ >== 93—% than its trans-isomer. Therefore, for the epoxidatiorupf
o\ﬂ/o 2 = B-unsaturated acids catalyzed by W40, or NggMoOQy in
(')/M\(') \ H>0, it is in need of a mechanism specific and consistent
1 )\T ' O o\Nf/O with the direct oxygen transfer mechanism. Further studies
\ O\W/O >A<+ 5 o are in progress to probe into the specific mechanism.
S
) 3. Conclusion
TS 4

Scheme 3. Two pathways of the epoxidation of olefins suggested by ThI.S study mdlcates that the Ol'bl_tal G_“n?rgy of MO WhICh
Mimoun (top) and by Sharpless (bottom). bonding orbital of double bond lies in is a determinant
factor for the epoxidation rate af, B-unsaturated acids.

In the pH range of 4-6, the organic acids mainly exit in
a monoanion states, and the orbital energy is in the range
of —4.5 to 6.5eV usually. Thus, the reactivity of double
bond is greatly enhanced and epoxidation can be initiated.
Therefore, the epoxidation of, 3- unsaturated acid is to be
conducted in their monoanion state. The results support the
direct oxygen transfer mechanism suggested by Sharpless
because the monoanionic state has highetectron energy
than the molecular state, being favorable to the nucleophilic
attack ofw-bonding electron toward the* orbital of peroxo

rate. The double bonds with higher polarity form easily the
new metal-carbon bond and thus have faster epoxidation
rate than that with lower polarity. The partial charge differ-
ence between two carbon atoms of double bond is a direct
measurement of the polarity. Howevégble 3indicates the
polarity of double bond does not relate to the relative rate.
For example, polarity of double bond in monoanisnt,
771,871,971 and111is very low (charge difference is
0.04, 0.08, 0.12, 0.06, and 0.11, respectively), but their rela-

tive rate is high (relative rate is 1.65, 2.45, 2.48, 4,320, bond.
respectively). Therefore, Mimoun’s mechanism is difficult
to understand the influence of pH on epoxidation rate. eferences
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