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Abstract

Relative rates were measured for the heterogeneous epoxidation of olefins with urea—hydrogen peroxide (UHP) cat&@lpgsad by
MeReG on Nk,Os. The rates are more selective than those in homogeneous MX@-ddlutions. The reactivity orders among the alkenes
arecis > transand electron-rich > electron-poor. A molecular structure has been proposed for the active rhenium species which allows the rate
differences to be explained in terms of energy gap between the alkene oca(@ied) and unoccupiea*(O-O) of the peroxorhenium moiety.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction The present study was designed to evaluate the kinet-
ics of epoxidation reactions with the insoluble compound
Methyltrioxorhenium(VIl) (CHReG;, abbreviated as  yrea—hydrogen peroxide (UHP). Vegetable oils and fats are
MTO), following the Herrmann group’s discovery of its important renewable raw materials for the chemical industry
remarkable catalytic properti¢s], has emerged as a useful and their epoxidations provide versatile intermediates for
catalyst for a number of organic transformations, especially industrial application§19]. Thus, the rates of epoxidation
epoxidationg2—-5]. Owing to undesirable epoxide-opening of unsaturated fatty acids and esters were also determined.
and rearrangement reactions in ligand-free MTO-catalyzed The rates measurements referred do not, of course, give
epoxidations, attention has been given to the developmentyise to absolute rate constants. Data for a single olefin would
of alternative procedurg§-10]. Sharpless and co-workers pe nearly meaningless, because from one substrate to the
[7] discovered that addition of pyridines within a certain next the control of key reaction variables would be impos-
window of concentratioj11] protected the epoxide prod-  sible. Even something as simple as the rate of stirring could
ucts and enhanced catalyst activity. affect the rate. Consequently, dual substrates were used in
There has been growing interest in the study of niobium- every experiment; by the equations presented a rate constant
based materials as catalysts in various catalytic transforma-ratio could be determined. This procedure, repeated for other

tions[12-15] Niobium(V) oxide can be used as a support, pairs of substrates, allowing the relative rate constants for
as a promoter, and also as a unique solid acid. Bouh andihe entire series to be evaluated.

Espensor{10] have reported that there are several advan-
tages of this heterogeneous catalyst for epoxidations, includ-
ing easy workup and isolation of products, the avoidance
of ring-opened products, and the recoverability and reuse of
the catalyst. 2.1, Materials
Despite the importance of MTO—-N®s in organic chem-
istry [10,16-18] kinetic studies have not been reported. @ CH3zReQ; (MTO) was prepared according to the litera-
ture procedurg20]. A standard pretreatment procedure of
* Corresponding author. Telt1-515-294-5730; MTO—Nk_)zos has been described in the IiteratQﬂé),Zl].
fax: +1-515-294-5233. The olefins and UHP were purchased from Aldrich and used
E-mail address: espenson@iastate.edu (J.H. Espenson). as received.

2. Experimental
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2.2. Kinetic measurements -15 : : : :
Concurrent reactions of two alkenes with UHP and Lo )

MTO-Nb,Os were conducted, aliquots being removed peri- 1.7 - .

odically. The concentrations of each the alkenes was calcu- ~ 18 1

lated by integrating théH NMR resonances of the alkenes ?‘

and epoxides. The two substrates for a given experiment = -19 - 7

were chosen so as to give well separated resonances for the s Ll i

alkenes and epoxides. The general experimental procedure

is described for the pair 2-pentene and cyclohexene. A small 2.1 r ]

vial was charged with MTO-NID5 (337 mg, 23.wmol 2.2 ! ! ! !

Re) in CDC} (3.5ml), 2-pentene (0.100ml, 0.927 mmol), 18 -16 -14 -12 -1 -08

cyclohexene (0.100 ml, 0.987 mmol), and then with UHP In ([A,])

(132 mg, 1.4 mmol). The mixture was stirred at room tem-
erature. Aliquots were withdrawn at intervals suitable for
Fhe reactionqtime and then analvzed Hyl NMR spec- of 2-methyl-1-pentene (8 and cyclohexene (A by MTO/Nb,Os—UHP
. ! .y p at room temperature. The relative rate is given by the slope of this
troscopy (Varian VXR300). Typically 11 samples were gouble-logarithmic plot. Reaction conditions: {}3 = 0.23mollL,

taken during an experiment. [A2]o = 0.42mollL; the amounts of UHP and Re are 1.4mmol and
23pmol, respectively, in 3.5ml CDgI

Fig. 1. Plot of In[A]; vs. In[Az], during the competitive epoxidations

3. Results Integration yields an equation
A mixture of substrates\; andA»,, each of which reacts  In[A1]; = IE In[A2]; — ﬁ In[A2]o + In[A1]o (6)
separately witlB in the presence of cataly§}, gives rise to k2 k2
two reactions that lead to independent products According to this result a plot of In[fi; versus In[A],
c should define a straight line with a slopg/ k.
A1+B=E ) To test the method, data for the pair of substrates
c 2-methyl-1-pentene and cyclohexene is presented in a dou-
A +B—=Ep (2) ble logarithmic plot inFig. 1 Table 1llists the relative rate

constants under the different reaction conditions. When the
The assumption can be made, and subsequently verifiedconcentration ratio is varied from 1:6 to 8:1, the values of
that each reaction rate is first-order with respect to alkene x, /k, change by 8.2%; likewise they differ by 13% with the
concentration. The form of the dependences on UHP andamount of Re and 8% with UHP. These small changes show
MTO-Nb,Os are not specified, except that the claim is made the acceptable precision of the method used; of course,

that the functional form, designated Bswill be the same  the precision of the fit within one experiment exceeds the
for both alkenes. Thus, the rate law for each reaction takesrealistic precision of the entire set of determinations taken

the form together.

Cd[A] ki[A1]F 3) A second method can be used to further prove the above
de et method. Ifka/ky andky/ke or ke/ky, are known ka/ke can be

d[A] obtained by a simple calculation,

— = ko[A2] F 4
dr 2[ 2] ( ) ]E 8 ]& _ ]El (7)

The quotient of the rates is thus independent of faEtor kp ke ke

d[A1]/dr  k1[A1] For example, the relative rate constants of each pairs

d[A - (%) among 2-methyl-1-pentene (a), 1-hexene (b) and cyclohex-
2]/dt  ko[A2] g yl-1-p : y

Table 1

Relative rates of epoxidations under different reaction conditiBns

Re = 23umol, UHP= 1.4 mmol Re= 23umol, A;:A, = 1:2 A1:A> = 1:2, UHP= 1.4 mmol

A1:An ka/ko UHP (mmol) ki/ko Re (umol) k1/ko

1:6 0.674(3) 0.85 0.738(9) 10 0.674(4)

1:2 0.729(5) 1.4 0.729(5) 23 0.729(5)

8:1 0.699(9) 2.8 0.65(1) 41 0.713(8)

a A1, 2-methyl-1-pentene; A cyclohexene; catalyst, MTO—MOs; oxidant, UHP, in CD{J at ca. 23C.
® The number in parentheses is 1S.D. of the fit.
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Table 2 The same holds true in di-substituted olefins, such as these,
Relative rates of epoxidation of various olefins with MTOAIR—UHPP
Olefin Ki/Keet
© n-C3H CaHs
2,3-Dimethyl-2-butene 127(2) N\ \ /
1-Methylcyclohexene 16.1(10) < N—
2-Methyl-2-pentene 14.3(7) pd < /
cis-Cyclooctene 2.23(2)
cis-2-Pentene 1.02(2)
Cyclohexene 1 (ref) 0.568 0.70 1.02
cis-2-Hexene 0.904(2) . . .
2-Methyl-1-pentene 0.70(2) However, the relative rates ofs- andtrans-olefins are sig-
2,3-Dimethyl-1-butene 0.568(3) nificant different,
trans-2-Hexene 0.409(7)
1-Hexene 0.0380(4)
1-Octene 0.0359(8) N n-CaHg CaHs
3,3-Dimethyl-1-butene 0.0239(4) < y ~ —
2 In CDCl; at ca. 23C. n-CaHy
b The number in parentheses is 1S.D. of the fit.
0.409 0.904 1.02

ene (c) were measured, givirkg/k; = 0.70(2), kp/kc =
0.0380(4), sO ka/kp = 184(3), as compared with the
experimental valué,/ kp, = 15.8(4).

Table 2 gives the rate constants relative to cyclohex-
ene. The values increase regularly with the number of
(electron-donating) alkyl substituents on double bond, from
mono- to tetra-substituted compounds. A plot /Qf ke
versus the substituent numbe)(is shown inFig. 2, il-
lustrating an apparent linear relation that spans over three
orders of magnitude in reactivity, reflecting that the more
electron-rich an olefin, the faster it is epoxidized.

Steric factors have a mild effect on the rates. In a se-
ries of mono-substituted olefins, thert-butyl group in
3,3-dimethyl-1-butene is much more bulky tharbutyl
group in 1-hexene and-hexyl group in 1-octene, but their
relative rates are very comparable, 4. Discussion

Overall, the above results clearly show that there are very
similar epoxidation behaviofd 8] in the heterogeneous and
homogeneous catalytic systems (MTOAIB—-UHP versus
MTO-H20, in solution), namely, electronic factors are dom-
inant, whereas the rates are relatively insensitive to steric
factors.

The rates of unsaturated fatty acids and esters were mea-
sured relative to that of cyclohexene, as showfTable 3
There are several features to note. First, the rates are not in-
fluenced by the change of the molecule from acids to esters;
second, the rate of thes-olefin is faster than itgans coun-
terpart; third, the rates become slower with the increase of
the number of double bonds in the olefins.

The data clearly establish that electron-rich groups on the

olefin increase the reaction rate. The reaction is insensitive
4Hg LCeH13 to steric effects butis > trans. The epoxidation mechanism
. 4 L = with homogeneous MTO—+4D, has been extensively stud-
- ied experimentallyj22,23] and computationally24-27] It
has been shown that peroxorhenium spegies B are the
0.0239 0.038 0.0359 catalytically active intermediates. The peroxide group, so

activated, is attacked by the olefin via a spiro-structure to

3 T T T T form the epoxide.
2r ’ o
ch:) L | o Me o o ” o
x N - /NI
;‘ 0 - Re\\ O7Re\0
= VRN me” |
o -1r N o H0
= 2 . A B
-3 : : : . It is instructive to compare the heterogeneous and ho-

mogeneous rate constanfBable 4, which are expressed
relative to that of cyclohexene. Epoxidation shows more
Fig. 2. Correlation of the relative rate constarkgkef, with the sub- selectivity with MTO/NOs—UHP than with MTO-HO.
stituents ) on the double bond. For instance, in MTO/N#Os—UHP, the epoxidation rate of
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Table 3
Rates of various fatty acids and esters relative to that of cyclohexene in MTBONDHPP

Unsaturated fatty acid and ester ki/Kret

AN ANAA

X = COOH, oleic acid 0.97(2)
X = COOCH;, methyl oleate 1.04(2)
AASASAAAANAAS X
X = COOH, elaidic acid 0.35(2)
/\/\/—__\/:—\/\/\/\/X
X = COOH, linoleic acid 0.76(2)
X = COOCH;, methyl linolenate 0.71(2)
— — — X

X = COOH, linolenic acid 0.51(1)

X = COOCH;, methyl linolenate 0.51(1)

2 In CDCl; at ca. 23C.

b The number in parentheses is 1S.D. of the fit.
Table 4 raised why the epoxidation reactivity exhibits these differ-
Comparison of rates in heterogeneous and homogeneous reactions relativences in different reaction media.
to cyclohexene Supported MTO on niobia has been characterized previ-
Olefin Kilkeor® Kilkeor® ously by13C MAS-NMR and FT-IR[17]. Surface acidity

measurements showed that the surface ofMnH,0 is

2,3-Dimethyl-2-butene 128 12.3 t Iv Brénsted idi treat t at high
1-Methylcyclohexene 161 30 strongly Bronsted acidic, even upon pretreatment at hig
2-Methyl-2-pentene 14.3 24 temperature28-30] Therefore, we propose that the surface
Cyclohexene 1 1 contains Nb—OH groups that, as in the reaction MTO with
2-Methyl-1-pentene 070 56 1,2-diols[31], can be condense with two R® groups of
1-Hexene 0.038 0.11 MTO to form specie€ as illustrated irScheme 1Note that
1-Octene 0.036 0.12 th K . te b fast Brénsted acid beh
3.3-Dimethyl-1-butene 0.024 0.08 e weak conjugate base of a strong Bronsted acid behaves as

a “weakly coordinating” aniof32—34] Further evidence for
this model comes from®C NMR spectra. The weak coordi-
nation of anions leads to the rhenium center with more pos-
itive charge which is balanced by lessening of the electron
2,3-dimethyl-2-butene is 128 times faster than cyclohexene density of the methyl group. Consequently, the methyl group
with UHP. Also, cyclohexene reacts 42 times faster than resonance of MTO supported on niobia is down-shifted by
does 3,3-dimethyl-1-butene, whereas in MTQ&H, their 25 ppm with respect to that of MTO (in CDglat 19 ppm
corresponding values are both 12. An interesting question is[35].

2 In CDClz at ca. 23C for the MTO/NBOs—UHP system.
b From[18], in MeCN-H0 for MTO—H;O,.

I
O
NN \
\Re/—o
/2+
(l) (o}
Me |
o o Nb——O——Nb
\RL/ ™
/2+\ o Me o
OH e} UHP
MeReO, | O——Re-0
Nb——O—Nb — % Nb——O——Nb /2+
PRI L T T o |
¢ > Nb——O0—Nb
[T T AR TN IR TR NA NI
E

Scheme 1. Formation of heterogeneous peroxorhenium complexes.
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tions with peroxyformic acid39,40] The calculated acti-
vation energies lie in the order ethylene > 1,3-butadiene >
2-methyl-1-propene.
” In conclusion, the relative rates measured for UHP epox-
idation in CDC} in the presence of MTO-NIDs for vari-
I ous olefins increase with the number of electron-rich groups

Peroxo Group Olefin

o}
7\
M—O0

A 6{0-0) I,HE) on the double bon_d; als&jsolgfins show fastgr reactiqn
M e rates tharrans-olefins. New active peroxorhenium species
\ are proposed on the basis of weak coordination of anions
\ to the rhenium center due to a strong Bronsted acid on the

|l I surface of NbOs. The reactivity difference is qualitatively
M n[(%)fla) 4 n(C-C) explained according to frontier orbital interactions.

Fig. 3. Schematic representation of the frontier orbital interactions between
a transition metal peroxo complex and an olefin. Acknowledgements
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