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Abstract

Epoxidation ofcis-1-propenylphosphonic acid (CPPA) was carried out by usingN@y or NasMoO, as catalyst, 30%
hydrogen peroxide as an oxidant in®l. Kinetic study showed that the epoxidation was zero-order both@pldnd in CPPA
with perfect linearity. The reaction was first-order only in catalysts. IR spectra showed that the active peroxo group in the epoxi-
dation was a metal—dioxygen ring. The characteristic absorption peaks were 856 and 866 dto— and W-dioxygenrings,
respectively. A mechanism of the epoxidation was suggested and discussed. The pH value of reaction solution and the negative
charge on the carbon atoms of double bonds play an important role because they could influence the concentration of active
complexes and the rate of insertion reaction. The research indicated that not only in non-protic solvents but@sthe H
active peroxo groups were the metal—dioxygen rings for the epoxidation of olefins catalyzed by W(VI) or Mo(VI) complexes.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction olution of the racemic products. We have carried on
many epoxidation experiments of CPPA in®with-
Many «,B-unsaturated acids, such as maleic acid, out any catalyst present but no epoxide was obtained.
fumaric acid, citraconic acid ands-1-propenylpho- ~ However, when NaWO,4 or NaMoO4 was used as
sphonic acid (CPPA) can easily dissolve in water catalysts, the epoxidation could be completed easily.
because they have strong hydrophilic groups, such The mechanism study of the epoxidation of olefins
as carboxyl, phosphonic group in the molecules. was mainly aimed at non-protic solvents bef{ggt].
For this reason, their epoxidation can carry out in Therefore, the mechanism of CCPA epoxidation in
water [1]. (-)(1R,29-1,2-epoxypropyl phospho- H20 is an interesting problem.
nates (Fosfomycin) is a broad-spectrum antibiotic ~ Mimoun has summarized as two paths concerning
[2], which can be obtained by the epoxidation of the mechanism of W(VI) or Mo(VI) complexes cat-
cis-1-propenylphosphonic acid (CPPA) and the res- alyzed epoxidation of olefins in non-protic solvents
[5]. The mechanisms were shown 8cheme 1(a)
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Scheme 1. Mechanism of W(VI) or Mo(VI) catalyzed epoxidation of olefins in non-protic solution.

intermediate was the metal—olefin—dioxacycle com-
plex 4. The olefin in 4 inserted into the metal—oxygen
bond and formed a closed five-membered dioxamet-
acycle adduct 6.

In path (b), the complexation of metal center with
ROOH and olefin formed an acyclic metal—olefin—
peroxo complex 5. Theinsertion of the olefinsinto the
M-O bond via intra-molecular nucleophilic attack of
the —OOH or —OOR group at the coordinated olefin
would lead to the formation of an acyclic adduct and
leave a vacant coordination site on the metal 7. A
quasi-opened, five-membered dioxyethylmetal adduct
8 was formed from electron donation of peroxo oxy-
gen. Mimoun [5], and Chong and Sharpless [6] con-
sidered that M—OOR was the active peroxo group in
the path while Mimoun aso pointed out that the ac-
tive intermediates in the path have not yet been fully
characterized.

Our objective of the research is to make clear the
epoxidation mechanism of CPPA in H,O catalyzed by
tungstate(V1) or molybdate(V1).

2. Results and discussion
CPPA is a strong acid, it must be neutralized to

pH 5.0-6.0 by an organic or inorganic base (such
as NaOH) before epoxidation. Among organic bases,

racemic a-phenylethylamine was used often, while it
was also used as resolution reagent producing Fos-
fomycin [7]. The epoxidation is shown in Scheme 2.

The kinetic study showed that the epoxidation was
zero-order both in Ho,O», and in CPPA with perfect lin-
earity (Figs. 1 and 2). It was first-order only in cata
lysts (Fig. 3). The rate constants are shown in Table 1.

Asshown in Table 1, the reaction rate was indepen-
dent of the concentration of the two reactants and was
only dependent on the concentration of the catalyst. It
was indicated the process involved arapid irreversible
metal—ol efin—peroxo complex formation from the cat-
alysts, CPPA and H2O, in H2O. The concentration
of the complex was precisely equal to that of cata
lyst. M—OOH should be first formed in the reaction
of tungstate(V1) or molybdate(V1) with H,O5. There-
fore, if M—OOH were redlly the active peroxo group,
the epoxidation of CPPA would be carried out through
path (b) in Scheme 1 to form metal—olefin—peroxo
complex 5 rapidly.

However, IR spectra showed that the metal—dioxy-
gen ring complexes (2 in Scheme 1) were formed in
H>0 and displayed strong activity of epoxidation.

The solution of NaMoO4; (2.05moll~1) and
NapWO, (2.05mol I-1) were neutralized to pH 5.5
by adding equal molar hydrochloric acid (az, by in
Fig. 4). When equal moles 30% of H,O, was added,
the solution immediately turned into yellow that was
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Scheme 2. Epoxidation of CPPA catalyzed by NapWO,; or NapMoQOy in H»O.
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Fig. 1. Zero-order plot in hydrogen peroxide for the epoxidation catalyzed by NapWO,4 and NagM0oOy in HO at different temperatures:
(@ NapWOy; (b) NapMoO4. Molar concentrations (mol I=1): CPPA, 1.36; H,0», 0.087; NapWO;, 0.61 x 1073; NapM00Oy, 1.62 x 1073.
Reaction temperatures (£0.1°C): (a) (H) 30, (@) 35, (A) 40; (b) (H) 30, (@) 40, (A) 50.
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Fig. 2. Zero-order plot in CPPA for the epoxidation catalyzed by Na,WO, and NagMoOy in H,O at different temperatures: (a) Nap;WQg;
(b) NaxM0oOy4. Molar concentrations (mol I=1): CPPA, 0.174; hydrogen peroxide,1.131; sodium tungstate, 0.78 x 10~3; sodium molybdate,
2.06 x 103, Reaction temperatures (+0.1°C): (a) (H) 30, (@) 35, (A) 40; (b) (H) 30, (®) 40, (A) 50.

the characteristic color of metal (Mo or W)—dioxygen
ring. The characteristic absorption peaks were 856
and 866cm~1 for Mo— and W—dioxygen rings, re-
spectively (az, bz in Fig. 4). The temperature of the
above solution was dropped to 10°C and then equal
moles of CPPA solution (neutralized to pH 5.0 by
equal moles of NaOH) was added. The epoxidation

occurred immediately and the temperature of the mix-
ture goes up soon. *H NMR showed that the reaction
was completed in 10min. The absorption peaks at
856 and 866cm~1 in IR spectra disappeared (as, bs
in Fig. 4).

The IR spectra indicated that in the epoxidation of
CPPA the active peroxo group was the metal—dioxygen
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Fig. 3. First-order plot in catalyst for the epoxidation at 40°C catalyzed by: (a) (ll) NaoWO,; (b) (@) NapMoO4. Molar concentrations
(mol 1=1): CPPA, 1.36; Na;WOy, (6.10-3.57) x 10~%; NaM0Qy, (0.81-6.48) x 10~3; H,0,, 8.65 x 1072

ring 2, not M—OOR 3 and the active intermediate was
4, not 5 (see Scheme 1). Therefore, we suggested a
mechanism for the epoxidation of CPPA catalyzed by
Na,WO4 or NaoMo0QOg4 in H>O as shown in Scheme 3.

The mechanism was actually the combination of
Scheme 1(a) and (b) because 12 in Scheme 3 (5 in
Scheme 1) was formed first though it was not a active
peroxo complex and then it could be transformed into
the active peroxo complex 13 (4 in Scheme 1).

Table 1

(1) The solution was akaline (pH 7.5-8.0) when
NaWO,; or NayMoO4 was dissolved in H»O.
Equal moles of hydrochloric acid was added to
neutralize the solution to pH 5.5, so tungstate
and molybdate mainly existed in the form of
MO4H~ at pH 5.0-6.0 (10 in Scheme 3). CPPA
could be neutralized to pH 5.0 by adding equal
moles of a-phenylethylamine or NaOH to the
solution. Therefore, CPPA mainly existed in the

Rate constants for the epoxidation of CPPA catalyzed by Na;WO,4 or NapM0O4

Temperature (°C) k x 10* (mol (I min)~1)2

k x 10* (mol (I min)~1)°

K x 10* (min—1)°

NapWO4 NapMoOy4 NapWO4 NapMoOy4 NapWO4 NapMoOy4
30 19.50 + 0.10 6.20 + 0.08 18.80 + 0.09 7.20 £ 011 29.20 + 1.04
35 27.20 + 0.45 25.60 + 0.34
40 35.60 + 0.33 18.50 + 0.09 34.40 £+ 0.25 17.00 + 0.21 11.78 £+ 0.22
50 33.40 £+ 0.50 34.70 + 0.54

aZero-order rate constants in HoOp (molI=1): [CPPA] = 1.36; [Na;WOy] = 6.10 x 10~%; [NazMoO4] = 1.62 x 1073; [Ho0,] =

8.65 x 1072,

b Zero-order rate constants in CPPA (mol I1): [CPPA] = 0.17; [Na;WO4] = 7.77 x 10~%; [NazM00O3] = 2.06 x 10~3; [H20,] = 1.13.
C First-order rate constants in catalyst (mol I~1): [CPPA] = 1.36; [NapWOy] = (6.10-3.57) x 10~%; [NapM0Oy] = (0.81-6.48) x 10~3;

[H202] = 8.65 x 1072
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Fig. 4. IR spectra of NapWO4 and NapMoO4 in H2O (measured
with Spectrum GX, FT-IR system, made by PE company. Hor-
izontal ATR a&ffix of ZnSe crystal was used, 32 times scanning
with resolution of 4cm=1). (a;) NapMoO; (2.05mol I-1, pH 5.5);
(a2) equal moles of H,O, was added; (ag) equal moles of CPPA
(pH 5.0) was added at 10°C and the reaction was completed. (b;)
NapWOy (2.05mol -1, pH 5.5); (b,) equal moles of HyO, was
added; (b3) equal moles of CPPA (pH 5.0) was added at 10°C

and the reaction was completed.

@)

3

mono-negative ionic form (CH3CH=CHPO3 H,
12-15 in Scheme 3) at pH 5.0-6.0.

The epoxidation was zero-order both in H,O, and
in CPPA. This indicates that the formation of 10
and 11 were rapid. The equilibrium was present
between non-active peroxo complex 12 and active
peroxo complex 13. It was obviously that the re-
action was first-order in catalyst.

K =[13]/[12]
r = k[13] = kK[12]
— K'[catalyst]

The concentration of catalyst was usually very
low, thus the concentration of 13 was much lower.
Although 13 was very active, the epoxidation was
slow below room temperature because of the very
low concentration of 13. The concentration of 13
would be increased when the reaction temperature
was raised. It means that K was increased. There-
fore, the epoxidation was usually carried out at
50-60°C. The epoxidation of CPPA in H>O has
excellent retention of configuration (cis-CPPA
can produce 100% cis-epoxide). According to the
mechanism shown in Schemes 1(a) and 3, the
retention of configuration could be realized be-
cause the active group was metal—dioxygen ring.
The ol€fin inserted into M—O bond through a
1,3-dipolar cycloaddition and the process should
be concerted. If 12 or 5 are active intermediates,
—O-O-R would fal off from the metal center
as a whole and then connected to a carbon of
the double bond. It was difficult to guarantee the
concertedness of the process and 100% reten-
tion of configuration, especialy at high reaction
temperature.

Sharpless et al. [8] proved that the oxygen atom
in epoxide could only come from M—O-O-R ac-
cording to the experiments of 180 |abeled epox-
idation of olefins. However, it could not yet be
made sure that the M—OOR is an active peroxo
complex. We speculated the M—OOR would be
transformed into the active metal—dioxygen ring
complex through the process shown in Scheme 4.

Our experiments showed when NayWO, or
NapMoO4 was used as catalyst (catalyst:CPPA =
1:50), H,O2 or AcOOH as oxidant, the epoxi-
dation of CPPA could be completed in 0.5h at
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Scheme 3. Mechanism of epoxidation of CPPA catalyzed by sodium tungstate or sodium molybdate in H2O.

50°C. However, if t-Bu—OOH was used as oxi-
dant, the epoxidation did not occur with in 24h
under 100°C. Scheme 4 indicated that the R—O
bond must be disconnected to form the active
metal—dioxygen ring peroxo complex. If R was H-
or acyl-, the disconnection was easy, and so the ac-
tive metal—dioxygen ring complex formed easily.
However, the disconnection of t-Bu—O bond was
difficult which lead the active metal—dioxygen
ring peroxo complex difficult to form. Therefore,
Chong and Sharpless's 80 labeled epoxidation
of olefins catalyzed by Mo(CO)g with t-Bu—OOH
cost 24h at 115°C [6]. While in the molybde-
num(V1) catalyzed epoxidation of propylene with
t-Bu—OOH (Halcon process) [9], the epoxidation
was carried out at 130°C for 2h! It indicated

P RrRooH MQO;IO M/<|3 10,
M —_—
:%_\—‘—R—b \O + R H
I
H
R=H, Acyl, Alkyl

Scheme 4. 180 labeled process of the epoxidation.

4

t-butyl hydroperoxide as an oxidant is unfavor-
able to form the active metal—dioxygen ring per-
oxo complex, and so reaction temperature must
be raised greatly. It means also that M—OOH was
not an active peroxo group in the epoxidation.

The previous workers have already considered the
orientation of the olefin molecule in the transition
metals catalyzed insertion reaction. They con-
cluded that for a polar double bond, the carbon
atom bearing larger negative charge would attach
to the metal center to form a new metal—carbon
bond. Such mode was defined as “Markownikoff
mode” of insertion [10]. We have also found
that when a carbon atom of the double bond has
high negative charge, the epoxidation could often
be carried out using Na,WO, and NapMoO, as
catalysts. CPPA is an olefin having high nega-
tive charge on a carbon of the double bond. The
calculation by semi-empirical quantum chemical
method PM3 showed that a carbon has high neg-
ative charge (Table 2, 17). Thus, the carbon can
combine easily with metal center that has pos-
itive charge and then the insertion reaction can
easily occur (transition state 14 in Scheme 3).
In Table 2, a carbon on double bonds of 18-20
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Table 2
Influence of the negative charges on the carbons of double bonds to the catalytic activity of Na,WO;4
Olefin® Solvent pH Temperature (°C) Reaction time (h) Yield (%)
H o4 H
17 > ) 52< H.O 55 50 0.5 100°
HsC > POH”
“00C, -0.07 COOH
18 = H,0 455 63-65 15 95¢
H 023N, 2
H_ -0.05 COOCH
19 >:< H20 455 63-65 3 86°
- 00C -0.25™
HC -o4 H
20 — H,0 455 63-65 1 80°

H 020 coon

apPM3 method in Hyperchem. 6.0 Demo software package was used for calculating the charges on the carbon atoms of the double bonds.
b The yield of 17 was determined by 'H NMR; Na,WO,:CPPA = 1:50.
¢ The yields of 18-20 were reported by Payne and Williams [1]; NapWO4:18 = 1:50; NapW04:19 = 1:10; NapW0O,4:20 = 1:10.

also has high negative charges, and so all of them
could be epoxidized by using NapWQ;, as catalyst
[1]. However, their epoxidation rate was much
slower than that of CPPA. The reason originated
probably from their lower negative charges on the
carbon of double bonds than CPPA. Therefore,
a carbon with double bond has high negative
charge is favorable to the tungstate or molybdate
catalyzed epoxidation.

(5) The pH of the solution was an important factor
influencing the reaction rate. The rate constants of
the epoxidation of CPPA catalyzed by NapWO4
or NapMoO4 at 40°C under different pH values
were shown in Table 3. The suitable pH range

Table 3
Rate constants for epoxidation of CPPA at different pH value at
40°C

pH k x 10* (mol (I min)~1)
NapoWO, NaxMoOy4

3.0 32.20 + 0.38 9.47 + 0.05
4.0 52.00 + 1.15 11.20 & 0.17
55 60.10 + 0.63 16.10 + 0.5
6.5 55.40 + 0.68 14.80 + 0.31
7.0 29.70 + 0.53 12.30 + 0.35
[CPPA] = 1.58moll~%; [Na;WO4] = 7.05 x 10~*mol |71,
[Na;MoO4] = 1.92 x 10~3mol I71; [HZOZ] = 1050 x

102 mol I-L.

of NaoWO,4 was 4.0-6.5. As for NaoMo0QOg, the
suitable pH range was 5.0-6.5. The pH value of
5.5 was proved to be most suitable for the reaction.
The epoxidation rates were decreased soon if the
pH was in excess above the ranges.

The HT concentration has mainly influenced
the equilibrium constant K between 12 and 13
(Scheme 5). The concentration of 13 should be
largest at pH 5.0-6.0 and then the epoxidation rate
was most rapid. Lower or higher pH values would
decrease the concentration and the reaction rate
was decreased.

In addition, CPPA, NaoWQO4 and NayMoQOy; in
H>0 have the following equilibriums (Scheme 6).
It was indicated that the active complex 13 has
many and varied ionic structures with different
activity under different pH value. For example,

H H
H_OI§|O|/O\O H\\at0[0>
-O/h:/l\OH H K HO I\:/I\c|>
H M Ho ! H
H'03P>—<CH3 H O3P>_<CH3
12 13

Scheme 5. The influence of H concentration.
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Z04P CHs HO3P CHs H,O5P CHs
+ +
2- H -
MOy, MO, H MO4H,
M=W, Mo

Scheme 6. The ionic equilibrium of CPPA, Na,WO,4 and NaxM0oO, in H,0.

when pH >6.0, more CPPA ions having two
negative charge (CH3CH=CHPOs?~) would be
formed and decreased the negative charge quan-
tity on the carbon atom with the double bond.
The calculation using PM3 method showed that
the negative charge was turned into —0.39 on the
carbon from —0.52 (17 in Table 2). It was un-
favorable to the insertion of double bond in the
epoxidation.

Phosphoric and phosphonic acids are known
to form complexes with tungstic and molybdic
anions in their peroxo- and non-peroxo forms.
Recent investigation [11] indicated that some
complexes are very efficient catalysts for the
epoxidation of alkenes, by far more efficient than
the uncomplexed Mo or W anions. Having alarge
number of P-O-W or P-O-Mo bonds is an im-
portant structural feature of the complexes. There-
fore, if the complexes were formed, 1P chemical
shifts must be changed greatly [11a]. However,
31p NMR spectra indicated that phosphonate
(—POs~H) of CPPA did not have complexes with
tungstate or molybdate because no other new 31P
chemical shift peak appeared except 3P peak of
epoxide in the course of the epoxidation. Fur-
thermore, the formation of P-O-W or P-O-Mo
bonds in our reaction system is difficult because
this situation requires dehydrate in HoO (it needs
to eliminate one molecule of H,O to form a
P-O-W or P-O-Mo).

(6)

Kinetic study also has been done in order to de-
termine the phosponate in CPPA molecule through
forming complex with catalysts to influence the reac-
tion. We added NaH,>PO3 (equal molar weight of cat-
ayst) to the reaction system. If the influence existed,
the reaction rate should change. However, no change
has been observed. It was indicated that phosponate

group did not participate in the epoxidation. There-
fore, NapWO,4 or NaxM 004 play independently catal -
ysis role in the epoxidation of CPPA in H>O.

3. Conclusion

It was the first time we specialized in the kinet-
ics and mechanism of the epoxidation of CPPA in
H,O catalyzed by NaoWO,4 or NapMoQO4. The re-
search indicated that not only in non-protic solvents
but aso in H2O, the active peroxo groups were
the metal-dioxygen rings formed by complexing of
W(VI) or Mo(VI) compounds with H2O,. Some re-
sults on kinetics and mechanism may have general
significance for the epoxidation of some olefins such
as «a,B-unsaturated acids by using W(VI) or Mo(V1)
compounds as catalysts in H2O.

4. Experiments

Unless otherwise specified, all reagents were pur-
chased from commercial suppliers and were used
without purification. CPPA was 83% in content in-
cluding impurities of propylphosphonic acid (CH3
CH2CH2PO3H, about 7%), phosphonic acid (HzPO4,
about 6%) and ethanol (about 2—3%). We did not
purify the crude CPPA because the impurities have
no obvious influence on the reaction. The temper-
ature was controlled by thermostat with variation
of £0.1°C. 'H NMR spectra were recorded on a
Bruker AC 300MHz NMR spectrometer using D>,O
as solvent and were referenced to MesSi. IR spectra
were measured with Spectrum GX, FT-IR system,
made by PE Company. Horizontal ATR affix of ZnSe
crystal was used, 32 times scanned with resolution of
4cm~L. The reproducibility of our experiments was
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very good and the data in the present work were the
average values of 2-3 runs.

4.1. Kineticsin hydrogen peroxide

CPPA (59, 0.04 mol) was dissolved in H2O (15ml)
at room temperature. (+)a-Phenylethylamine (5g,
0.04mol) was added to neutralize the solution to
pH 5.5. To the solution was added sodium tungstate
(0.005g, 1.52 x 10> mol, dissolved in 1ml H,0) or
sodium molybdate (0.01 g, 4.13 x 10~° moal, dissolved
in 1ml H20). The reaction flask loaded with the mix-
ture was then moved to thermostat. After stirring for
half an hour, the mixture was kept at a certain temper-
ature. Hydrogen peroxide (0.25ml, 30% in agueous,
2.43 x 103 mol) was then added to the solution.
The reactions were carried out at severa invariable
temperatures during which aliquots were taken out at
intervals for the iodometric titration analysis to de-
termine the concentration of hydrogen peroxide. The
analytical method was also used in experiments bel ow.

4.2. Kineticsin CPPA

CPPA (0.5g, 4.09x 10~3 mol) was dissolved in H,O
(15ml) at room temperature. (+)a-Phenylethylamine
(0.5g, 4.06 x 103 mol) was added to neutralize the
solution to pH 5.5 followed by addition of sodium
tungstate (0.005¢, 1.52 x 10~>mol, dissolved in 1 ml
H»0) or sodium molybdate (0.01g, 4.13 x 10~°moal,
dissolved in 1 ml H>0). The reaction flask loaded with
the mixture was then moved to thermostat. After stir-
ring for half an hour, the mixture was kept at a cer-
tain temperature. Hydrogen peroxide (2.5ml, 30% in
agueous, 2.43 x 10~2mol) was then added to the so-
[ution. The following steps were the same as above.

4.3. Kineticsin catalysts

CPPA (59, 0.04mol) was dissolved in H,O (15ml)
at room temperature. (+)a-Phenylethylamine (5g,
0.04mol) was added to neutralize the solution to
pH 5.5 followed by addition of sodium tungstate
(0.005-0.03g, (1.52-9.09) x 10~>mol =1, dissolved
in 1ml water) or sodium molybdate (0.005-0.04g,
(2.07-16.5) x 10~°mol, dissolved in 1ml H,0). The
reaction flask loaded with the mixture was then moved
to thermostat. After stirring for haf an hour, the

mixture was kept at a certain temperature. Hydrogen
peroxide (0.25ml, 30% in aqueous, 2.43 x 10~3 mol)
was then added to the solution. The following steps
were the same as above.

4.4, Kinetic studies at different pH value

CPPA (59, 0.04 mol) was dissolved in H,O (20ml)
at room temperature. Sodium hydroxide ((g): 1.00;
1.20; 1.50; 1.60; 2.50; 2.90) was added to neutralize
the solution to pH 2.5, 3.0, 4.0, 5.5, 6.5 and 7.0, re-
spectively, followed by addition of sodium tungstate
(0.005¢, 1.52 x 10~°>mol, dissolved in 1 ml H»O) or
sodium molybdate (0.01 g, 4.13 x 10~ mol, dissolved
in 1ml H20O). The reaction flask loaded with the mix-
ture was then moved to thermostat. After stirring for
half an hour, the mixture was kept at a certain tem-
perature. Hydrogen peroxide (0.5 ml, 30% in agueous,
2.43 x 10~3 mol) was then added to the solution. The
following steps were the same as above.

4.5. IR spectra

The solution of NapM0Oy (2.00g, 8.26 x 103 mol,
solved in 4ml HyO) and NaoWO, (2.739, 8.26 x
103 mol, solved in 4ml H>0) were neutralized to
pH 5.5 by adding equal moles of hydrochloric acid.
After that, H,O, (0.85ml, 30% in agueous, 8.26 x
10~3mol) was added. The temperature of the above
solution was dropped to 10 °C and then CPPA solution
(1.01g, 8.26 x 10~3mol, neutralized to pH 5.5 by
equal moles of NaOH) was added.
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