IMPROVED CATALYST PERFORMANCE IN PROPYLENE EPOXIDATION

CROSS-REFERENCE TO RELATED APPLICATIONS

0001} This application is filed under the Patent Corporation Treaty, which claims the benefit
of priority to U.S. Provisional Application No. 62/145,313, filed on Apnl 9, 2015, which is

mcorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

I3 Techmcal Field

[0002] The present disclosure relates to the production of epoxidation products form alkenes.
Specifically, the present disclosure relates to the use of buffers and large molecule solvents to
improve the catalvtic efficacy of a titantum silica catalvst in the epoxidations of alkene and

aralkenes.
H. Descuption of Related Ant

3003} Many methods for the preparation of epoxides have been developed including the
epoxidation of an olefin with an oxidizing agent 1o the presence of a catalyvst and the direct
cpoxidation of an olefin with oxygen in the presence of a catalyst. Some oxidizing agents which
are useful in the epoxidation of an olefin include organic hvdroperoxide including 1-phenylethyi
hydroperoxide and tert-butvl hyvdroperoxide. Use of these and similar oxidizing agents in
commercial epoxidation process are described m US. Pat. Nos. 3,351,635 and 4,367,342,
Hydrogen peroxide can also be used as an oxidizing agent for the cpoxidation of olefins with a
titanium catalyst as described m U.S. Pat. No. 4,833 260, Furthermore, titanivm silica catalysts
are used in comjunction with a noble metal catalyst such as a Group VI metal, e g palladium, to

iead to direct epoxidation of an olefin with oxygen as described in JP Pat. Doc. 4-352771.

[0004] Titamum silicate catalysts, Ts-1, which are used commercially by Dow and BASF {o
produce propylenc oxide, can be efficient catalysts for the epoxidation reaction, but they require
methanol {o be effective. Since methanol 1s a small molecule, 1t can react with propviene oxide
to vield ondesirable ring opening byproducts such as l-methoxy-2-propanol or 2-methoxy-1-
propanol. In addition, water, which is also used as a co-solvent in most cases, will react with
propviene oxide to yield propviene glycol as a byproduct. In both situations, propyviene oxide
yield will be reduced because of the ring opeming side reactions taken place. The addition of

buffers helps reduce the amount of ring opened products formed but also significantly reduces
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the catalvtic performance. As such, the identification of a catalviic systemn which allows for the
use of buffer and/or a wider range of solvents while maintaining high catalyvtic efficacy and low

amounis of ring opened byproducts is of commercial interest.

SUMMARY OF THE INVENTION

[0005] In one aspect of the present disclosure, there are provided improved methods for the
epoxidation of alkenes and aralkencs. Additionallv, the present disclosure provides methods of
using a titanium sihica catalyst in the present of a buffer and a large molecule solvent to produce

a highly active catalvtic complex to produce epoxides.

[3006] In some aspects, the present disclosure provides a method of epoxidizing an olefin to
form an epoxide, the method comprising contacting an alkeneo<n, or aralkenec<i»y nn a reaction
nuxture comprising a titanium silica catalyst. a peroxide. a buffer, and one or more organic
solvents, wherein the one or more organic solvents compnise a first organic solvent sclected

from:
R;-OH (D), Ro-CN (11, R:-C{O»-R, (11}, or Rs-0-Rs (1Y)

wherein Ry is alkykcany, arylicar,. aralkvliecs, or a sabstituted version of any of these groups;
R, is alkvlcan, arylecn, aralkyleqn), or a substituted version of any of these groups; R is
hydrogen, alkyvlcw, or substituted alkylicw); and Ry, Rs, and R¢ are each independently selected
from alkylicain, arvlean), araltkvlican, or a substituted version of any of these groups, or are
taken together are alkoxydiviec<n), alkanedivie<n, substituted alkoxydivlic<r or substituted
alkanedivkc<ny. In certain embodiments, the first organic solvents further comprise from about
0.1 % to about 50 % water by weight based upon the total weight of the first organic solvent. In
further embodiments, the first organic solvent comprises from about 0.1 % to about 40 % water
by weight based upon the total weight of the first organic solvent. In certain embodiments, the
first organic solvent comprises from about 0.1% to 30 % water by weight based upon the total
weight of the first organic solvent. In some embodiments, the first organic solvent is selected
from acetophenone, 1-phenylethyl alcohol, acetonitrile, glyme, dimethyvl cthvlene glyeol cther,

teri-butyl  aleohol, trioxane, dioxane, isopropyl alcohol, acetone, cyelohexanone and

acetophenone.  In some cmbodiments, the one or more organic solvents further comprise a

second organic solvent selected from:

R;-OH (), R»-CN (D), Rs-C(0)-R, (111}, or Rs-0-Rg (IV)

wherein Ry 15 alkykec, arvlicar, aralkylie<s, or a sebstituted version of any of these groups:

R, 1s alkvlicany, arylesn, aralkylean), or a substituted version of any of these groups; R; is

o



hydrogen, alkyl(c<s), or substituted alkylc<s); and Ra, Rs, and R are each independently selected
from alkylc<i12), arylc<i2), aralkylc<i2), or a substituted version of any of these groups, or are
taken together are alkoxydiyl(c<i2), alkanediylc<iz), substituted alkoxydiylcsi2) or substituted
alkanediyl(c<12). In certain embodiments, R is alkyl(cs-6). In some embodiments, R; is tert-butyl.
In further embodiments, R is aralkylc<i2). In some embodiments, R; 1-phenylethyl. In certain
embodiments, R is alkylc<s). In further embodiments, R> is methyl. In some embodiments, R3
is alkylic<). In additional embodiments, R; is methyl. In certain embodiments, R4 is arylicss).
In some embodiments, R4 is phenyl. In further embodiments, the first organic solvent is 1-
phenylethyl alcohol and the second organic solvent is acetophenone. In additional embodiments,
the reaction mixture comprises a weight ratio of acetophenone to 1-phenylethyl alcohol of 1 part
acetophenone to 99 parts 1-phenylethyl alcohol to 50 parts acetophenone to 50 parts 1-
phenylethyl alcohol. In some embodiments, the weight ratio of acetophenone to 1-phenylethyl
alcohol is 8 to 92. In certain embodiments, the first organic solvent is acetonitrile. In additional
embodiments, the first organic solvent is tert-butyl alcohol. In some embodiments, the first
organic solvent is l-phenylethyl alcohol. In some embodiments, the peroxide is hydrogen
peroxide, tert-butyl hydroperoxide, 1-phenylethyl hydroperoxide or cumyl hydroperoxide. In
some embodiments, the peroxide is hydrogen peroxide. In further embodiments, the reaction
mixture comprises a ratio of alkene(c<i2) or aralkene(c<i2) to the peroxide of greater than 1 to 5.
In certain embodiments, the ratio of alkenec<i2) or aralkene(c<i2) to the peroxide is greater than 3
to 1. In some embodiments, the ratio of alkene(c<i2) or aralkene(c<iz) to the peroxide is greater
than 10 to 1. In additional embodiments, the titanium silica catalyst comprises a silica zeolite
catalyst which comprises a silica framework in which silicon atoms in the silica framework have
been replaced with titanium atoms. In further embodiments, the zeolite is an aluminosilicate
MWW zeolite. In some embodiments, the ratio of titanium to silica in the titanium silica catalyst
comprises a ratio of 0.5 to 14 titanium atoms for every 100 silicon atoms. In further
embodiments, the method further comprises washing the titanium silica catalyst with a
templating agent. In additional embodiments, the templating agent is a base. In some
embodiments, the templating agent is piperidine, hexamethyleneimine, adamantyl ammonium
hydroxide, octyltrimethylammonium hydroxide, heptyltrimethylammonium  hydroxide,
hexyltrimethylammonium hydroxide, or trimethyladamantylammonium hydroxide. In further
embodiments, the method further comprises washing the catalyst with an acid after washing with
a templating agent. In additional embodiments, the acid is nitric acid, hydrochloric acid, sulfuric
acid, sulfurous acid, phosphoric acid or ammonium chloride. In some embodiments, the titanium

silica catalyst is calcined at a



terperature from about 400 °C to about 800 °C. T further crubodiments, the buffer is selected

from a buffer of the formula;

X1+Xg— (‘V)
wherein X" is selected from a Group 1 cation, Group 2 cation, ammoniam,

tetraatkylammoniomews, tetraarylammoniumean

<245, »  tetraaralkviammoniumeas), substituted
tetraalkylammoniumcog, substituted tetraarviammoniumc«y), substituted
tetraaralkylammoniumicas,  of  heteroaremiumyceqs, and;  Xo 15 selected  from
alkyicarboxviate oz, alkenylcarboxylatecqiny, alkynylcarboxvlatec<n, arylicarboxylatec<n,
aratkylcarboxyiateic<izy, beteroaryicarboxylate«iny, heterocycloatkylcarboxylatec<izy, phosphate,
hydroxide, silicate, aluminosilicate or sulfate. In some cmbodiments, X" is sclected from a
ammonium, tetraalkylammoniumcas, tetraarylammoniumeas, tetraaralkylammoniumecs,
substituted  tetraalkyvlammoniimcos, substituted  tetraarviammoniumic<sy,  substituted
tetraaratkylammontumc o o heteroariunyccrsy. In further embodiments, X " is ammonium or
tetraalkvlammoniumcasy.  In additional embodiments, X, is ammonium.  In some
embodiments, X, s alkylearboxylatecwy. In certain embodiments, X, is acetate. In further
embodiments, X, is phosphate. In additional embodiments, X5 1s dihydrogen phosphate. In
some embodiments, the buffer i1s ammonium acetate or ammonium dihydrogen phosphate. In
certain embodunents, the alkene<p) 1s propvlene or l-octene. In further embodiments, the
alkene<ny 1s propylene. In additional embodiments, the method comprises heating the reaction
mixture to a temperature 1s from about 20 °C to about 230 °C, such as from about 20 to about
150 °C. In some cmbodiments, the method comprises a pressure from about 10 psig {about 170
kPa) to about 1000 psig (about 7000 kPa}. In some embodiments, the method comprises a
pressure from about 50 psig {about 446 kPa) to about 1000 psig (about 7000 kPa}. In some
embodiments, the pressure is from about 100 psig {about 790 kPa) to about 500 psig (about 3500
kPa). In some embodiments, the pressure 1s about 300 psig {about 2,170 kPa). In some
embodiments, the titanium silica catalyst comprises titanium tmpregnated on the MWW zeolite

and the buffer is a buffer of the formula:

XX (V)

wherein:  X;  is sclected from a Group | cation, Group 2 cation, anumonium,
tetraalkvlammoniumcog, tetraarviammoniomesy,  tetraaralkylammonionycas,  substituted
tetraalkviammoniumc<n, substituted tetraarylammoniumc<sy, or substituted
tetraaralkylammoniuncse, pyridinum and; X, s selected from alkyicarboxylatec<in.

alkenylcarboxylatec<y. alkynylcarboxylatecqry, arvicarboxylatec<n, aralkvicarboxvlatecqz,.



heteroarvlcarboxylatec<n), heterocyveloalkylcarboxylatec<in), phosphate, hydroxide, silicate,
aluminosilicate or sulfate. In certain embodiments, the titanium silica catalvst is treated with a
templating agent.  In farther embodiments, the templating agent is pipenidine. In some
embodiments, the titanium silica catalyst is washed with an acid. In additional embodiments, the
acid is nitric acid, hydrochloric acid, sulfuric acid, sulfurous acid, phosphoric acid or ammonium
chlonide. In some embodiments, the organic solvent further comprises from about 1% to about
40% water, such as from about 1% to about 10% water and about 8§ % water. In other
embodiments, the organic solvent comprises from about 25 % to about 35 % water, such as about
30 % water. In some embodiments, the organic solvent 1s t-butyl alcohol. In other embodiments,
the organic solvent is T-phenylethyl alcohol. In further embodiments, the organic solvent is 1-
phenylethyl alcohol and acetophenone. In addidional cmbodiments, the reaction mixture
comprises a ratio of 1-phenvicthyl alcohol to acctophenone to hvdrogen peroxide to water from
about 96:1:2.9:0.1 to 44:44:11.7:0.3. In some embodiments, the ratio of §-phenviethyl alcohol to
acetophenone to hydrogen peroxide to water 15 76:18.9:5:0.1 to about 54:36:9.7:0.3. In further
embodiments, the ratio of 1-phenylethyl alecho! to acetophenone to hydrogen peroxide to water
is about 64:29:6.3:07. In additional embodiments, the titantum silica catalyst comprises
titanium impregnated on the MWW zeolite and the organic solvent is i-phenviethy! alcohol and
acetophenons. In some embodiments, the titanium silica catalyst is treated with a templating
agent. In further embodiments, the teraplating agent is piperidine. In some embodiments, the
titanium silica catalyst is washed with a templating agent and then washed with an acid. In
additional embodiments, the acid 1s nitric acid, hvdrochlonc acid, sulfuric acid, sulfurous acid,
phosphonic acid or ammonivm chioride. fo further embodiments. the method further comprises
reacting the alkenec<iy or aralkeneccs, with the titanium silica catalyst for a time period
between about | muute and about 6 hours, such as about 30 minutes. In some embodiments, the
method has a peroxide conversion percentage of greater than 10%, such as greater than 40% and
greater than 90%. In certain embodiments, the method has a peroxide selectivity to the gpoxide
of greater than 40%, including greater than 50% and greater than 90%. In additional
embodiments, the method has ring opeming byproducts of the epoxidation that are less than 5%
by weight of the epoxide produced by the methed, such as less than 1% by weight of the epoxide

produced by the method.

00G7] In vet ancther aspect, the present disclosure provides a method of epoxidizing an

olefin to form an epoxide comprising:

a} adding an alkene o<y, or aralkenec<i», to a reaction vessel;
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by admixing a titanium silica catalyst, peroxide, buffer, and one or more organic solvents

1o the reaction vessel; and
¢ contacting the alkene <o or aralkenec<in, with a catalyst m a reaction vessel.

In some embodiments, step a) and step b} are performed in any order. In further embodiments,
the organic solvent further comprises from about 1% to about 40% water, including from about 1%
to about 109 water and about 8% water. In additional embodiments, the organic solvent
comprises from about 25% to about 35% water, including about 30% water. In some

embodinments, the organic solvent further comprises one or more organic solvents sclected from:

R;-OH (D). R,-ON (11, R3-C(O)-Ry (IID), or Rs-O-Rg (IV)

wherein: Ry 1s alkvlcan, arvlecn, aralkyle<n) or a substituted version of any of these groups;
R, 15 alkvke<n, arvlecn), aralkvliecn, or a substituted version of any of these groups: R is
hydrogen, alkyliess, or substituted alkylecs): and Ry, Rs and Ry are each independently selected
from atkylc<ioy, atvle<n, aratkylic<n, or a substituted version of any of these groups, or as taken
together are  alkoxydivle<in, alkanedivicc), substituted alkoxydivicaz, or substituted
alkanedivie<n. In further embodiments, Ry 13 alkvlcasy. In some embodiments, R; s tert-butyl.
In other embodiments, K, is aralkylc<iz. In additional embodiments, R, 15 [-phenyiethyl. In
some emboduments, Ry 15 alkylew, In certain embodiments, Ry 15 methyl,  In further
embodiments, Rs 1s alkvlics). In some embodiments, Rs 1s methyl In certain embodiments, Ry
1s arvlessy. In additional embodiments, Ry 1s phenyl. In some embodiments, the organic solvent
is sclected from acetophenone, 1-phenviethyl alcohol, acctonttrile or tert-butyvl alcohol. In
certain embodiments, a first organic solvent 1s I-phenviethyi alcohol and a second orgamic
solvent is acetophenone. In additional embodiments, the ong or more grgamic solvent comprises
a ratio of acctophenone and 1-phenylethy] aleohol of 8 10 92, In some embodiments, the organic
solvent comprises acetonitrile. In other embodiments, the organic solvent comprises tert-butyl
alcohol.  In additional embodiments, the organic solvent compuscs 1-phenviethyi alcohol. In
further embodiments, the peroxide is hydrogen peroxide, tert-butyl hydroperoxide, 1-phenylehiyl
hyvdroperoxide or cumyl! hydroperoxide. fn some cmbodiments, the peroxide 5 hvdrogen
peroxide. In certain embodiments, the reaction vessel comprises a ratio of alkenew<py or
aralkenec< to the peroxide is greater than 1 to 3, such as greater than 3 to 1. In additional
embodiments, the ratio of alkenec<in) or aralkene <y, to the peroxide is greater than 10t0 1. In
some cmbodiments, the titanium silica catalvst comprises a silica zeolite catalvst which
comprises a silica framework in which silicon atoms in the silica framework have been replaced

with titanium atoms.  In certain embodiments, the siica zeolite 15 an aluminosilicate MWW



zeolite. In further embodiments, the titanium silica catalyst comprises a ratio of 0.5 to 14
titanium atoms for every 100 silicon atoms. In some embodiments, the method further comprises
washing the titanium silica catalyst with a templating agent. In some embodiments, the
templating agent is a base. In some embodiments, the templating agent is piperidine,
hexamethyleneimine, adamantyl ammonium hydroxide, octyltrimethylammonium hydroxide,
heptyltrimethylammonium  hydroxide,  hexyltrimethylammonium  hydroxide, or
trimethyladamantylammonium hydroxide. In certain embodiments, the method further
comprises washing the catalyst with an acid after washing with a templating agent. In additional
embodiments, the acid is nitric acid, hydrochloric acid, sulfuric acid, sulfurous acid, phosphoric
acid, or ammonium chloride. In further embodiments, the titanium silica catalyst is calcined at a
temperature from about 400 °C to about 800 °C. In some embodiments, the buffer is selected

from a buffer of the formula:

X" Xo” (IV)

wherein  Xi" is selected from a Group 1 «cation, Group 2 cation, ammonium,
tetraalkylammonium(c<4), tetraarylammoniumcc<sz), tetraaralkylammoniumc<is), substituted
tetraalkylammoniumc<o), substituted tetraarylammoniumcs<32), substituted
tetraaralkylammonium(c<isy or  heteroareniumec<isy; and Xo~ is  selected from
alkylcarboxylatec<12), alkenylcarboxylate(c<12), alkynylcarboxylatec<iz), arylcarboxylatec<iz),
aralkylcarboxylate(c<i2), heteroarylcarboxylatec<iz), heterocycloalkylcarboxylatec<i2), phosphate
or sulfate. In further embodiments, X" is ammonium or tetraalkylammoniumcsis). In
additional embodiments, X;" is ammonium. In some embodiments, X>~ is alkylcarboxylate(c<s).
In certain embodiments, X»~ is acetate. In further embodiments, X~ is phosphate. In additional
embodiments, X,  is dihydrogen phosphate. In some embodiments, the buffer is ammonium
acetate or ammonium dihydrogen phosphate. In certain embodiments, the alkenec<iz) is
propylene or 1l-octene. In additional embodiments, the alkenec<iz) is propylene. In further
embodiments, the method comprises heating the reaction vessel to a temperature between about
20 °C to about 250 °C, such as from about 20 °C to about 150 °C and about 70 °C. In certain
embodiments, the method comprises a pressure from about 10 psig (about 170 kPa) to about
1000 psig (about 7000 kPa). In some embodiments, the method comprises a pressure from about
50 psig (about 446 kPa) to about 1000 psig (about 7000 kPa), including from about 100 psig
(about 790 kPa) to about 500 psig (about 3500 kPa) and about 300 psig (about 2,170 kPa). In
certain embodiments, the method further comprises reacting the alkene(c<i2) or aralkene(c<i2) with
the titanium silica catalyst for a time period between about 1 minute to about 6 hours, such as

about 30 minutes. In some embodiments, the method has a peroxide conversion percentage



greater than 10%, inchuding greater than 40% and greater than 90%. In additional cmbodiments,
the method has a peroxide sclectivity to the epoxide of greater than 40%, including greater than
50% and greater than 90%. In some embodiments, the method has ring opening byproducts of
the ¢poxidation that are less than 3% by weight of the epoxide produced by the method,

mcluding less than 1% by weight of the epoxide produced by the method.

13008] Other objects, features and advantages of the present disclosure will become apparent
from the following detailed description. [t should be understood, bowever, that the detailed
description and the specific examples, while indicating specific embodiments of the disclosure,
are given by way of illustration only, since various changes and modifications within the spint
and scope of the appended claims will become apparent to those skilled in the art from this
detarled description.  Note that simply because a particular compound is ascribed to one

particular generic formula does not mean that it cannot also belong to another generie formula.

BRIEF DESCRIPTION OF THE DRAWING

{3005} The figure shows an XRD spectra of a TIMWW catalyst.

DETAILED DESCRIPTION OF THE INVENTION

L Alkene and Aralkene Hpoxidation Reaction

06010} Carbon-carbon double bonds can react with hydrogen peroxide 1n the presence of a
catalyst to form an epoxide. Such reactions can be used to generate an epoxide from a cis, trans,
or terminal double bond. In some embodiments, the present disclosure utilizes an alkene(cs.oy
for epoxidation.  Additionally, an alkene with two or more double bonds may be used i the
method described. In some embodiments, an alkenecaae is wtilized in the epoxadation reaction.
In another embodiment, the alkene undergoing epoxidation 1s selected from propylene, butene,
pentene, hexene, heptene, octene, nonene, decene, and their isomers. A broad number of
conditions have been developed which can lead to an epoxide through the general reaction

scheme shown below:

Ry

R4 O R catalvst
N N 2 e R, R,

R R
Ra RQ

wherein R' and R” are each independently hydrogen, alkvl, substituted alkyl, aralkyl, substituted

aratkyl, arvl or a substituted aryl  In some embodiments, R' and R” are cach independently



hvdrogen, aralkyl, substituted aralkvi, alkvl or substituted alkvl. In certain embodiments, R, Ry,
Rs, and Ry are hydrogen, substituted or unsubstituted alkvl or substituted or unsubstituted aryl,
In some embodiments, the alkyl group on Ry, Ry, Ry or Ry 15 a Cp-Csp alkyl. In some
embodiments, the alkyl group on Ry, By, Rs or Ry is (5-Cye alkyl. In other embodiments, the

alkyl group on Ry, Ry, R, or Ryis C5-Cyp alkyl

10011} In some embodiments, a peroxide is used to lead to the epoxidation of the alkene. In
certain cmbodiments, the peroxide 18 an organic peroxide wherein R and/or R” is an alkyl or
aralkyl group. In further embodiments, the alkyl or aralkyl groups have up to 50 carbong,
including between 3 and 20 carbons. In certain embodiments, the organic peroxides that are
used in the reaction of an alkenc to form an epoxide include alkvl, cycloalkyl, arvl and aralkyl
hvdroperoxades.  Examples mclude, but are not himited to, I-phenviethy] hyvdroperoxide, tert-
butyl hyvdroperoxide, tert-amyl hydroperoxide, coyclohexyl hyvdroperoxide and  cumyl
hydroperoxide.  In additional embodiments, hydrogen peroxide (HOOH) can be used n the
cpoxidation reactions presented herein. The hydrogen peroxide may be generated prior to use in
the epoxidation. In some embodiments, hvdrogen peroxide is denved from any suitable source,
mcluding oxidation of secondary alcohol(s) such as sopropanol, from the anthraguinone process
and from direct reaction of hydrogen and oxvgen. Pre-formed hydrogen peroxide concentration
ranges may be from 0.1 1o 90% by weight of hydrogen peroxide in water, such as | to 10% by
weight. The hydrogen peroxide may also be generated in sify by the reaction of hydrogen and
oxygen in the presence of a noble metal catalyst. Although any sources of oxygen and hydrogen
are suitable, in some embodiments, molecular oxygen and molecular hydrogen are utihized. In
one embodiment of the present disclosure, the epoxidation of alkene with oxygen and hvdrogen
is carried out in the presence of a noble catalyst and the epoxadation catalyst described herein. In
some embodiments, epoxidation is carried out in hgquid {or supercritical or subcritical) phase.
Suitable solvents include any chemical that 15 liguid under reaction conditions, including, but not
himuted to, oxygenated hvdrocarbons such as alcohols hike I-phenviethyl alcobol, cyclohexanol,
isopropanc! and t-butyl alcohol, ethers such as dimethyl glveol other; esters; ketones such ag
acetophenone, acctone and cvclohexanone; aromatic and aliphatic hydrocarbons such as toluene
and hexane; nitriles such as acetomitrile; liquud CO, (in the supercritical or subenitical state) and
water. In some embodiments, a fluorinated alcohol 1s used. In certain embodiments, solvents
atilized in the epoxidation may include nitrides, alcchols, ketones or water.  In some
embodiments, the epoxidation comprises a mixture of solvents mcluding mixtures of organic
solvents and water. In further embodiments, the organic solvent is one or a mixture of the

folowing: 1-phenylethyi alcohol, cyclohexanol, 1sopropyl alechol, t-butyl aleohol, acetonitirile,



glyme, dimcthyvl cthvienc glveol ecther, troxane, dioxane, acctophenone, acctone or

cyclohexanone.

[0012] In some aspects, a buffer may be useful for reducing the production of byproducts in
the epoxadation reaction and/or increasing catalviic activity. In certain embodiments, the buffer
may be any suitable salt{s) of the oxvacids, the nature and proportions of which in the mixtare
are such that the pH of their solution 1s 1n the range from about 3 {o about 12, including from
about 4 to about 10 and from about 5 to about 9. In some embodiments, suitable oxvacids
contain an anion and a cation, wherein the anion is a phosphate, carbonate, bicarbonate, borate,
hydroxide, siicate and aluminosilicate; and carboxvlates such acetate, phthalate, oxylate, citrate
or the like; the cation is an ammonitum, alkylammonium, and protonated or alkviated N-
heteroary! groups such as tetraalkylammonum, pyndintum, N-methvipyndinium, and the bike,
alkali metals (Group 1 metal) or alkaline earth metals (Group 2 metal) or the hke. Some non-

limiting examples of the cation include NH, ™, NBu, ", NMe,”, Li", Na™, K", Cs", Mgh and Ca”™"

HEO K] In some embodiments, buffers for use in the present technology contain more than
one acceptable salt. In further embodiments, the concentration of the buffer is 0.1 mM to about 1
M, such as 0.5 mM to about 300 mM. In additional embodiments, ammonia gas or ammonium
hyvdroxide mav be added to the reaction mixture, which may be used to balance the pH of the
reaction. Some non-limiting examples of boffers useful in the epoxidation reaction are alkah
metal phosphate, ammonium  dibhydrogen phosphate, anunonium  phosphate, ammonium
hyvdroxide, ammomum acetate, ammonium benzoate, sodium acetate, sodium benzoate, sodium
dibvdrogen phosphate, potassium acetate, potassium benzoate or potassium  dibydrogen

phosphate.

10014} In some embodiments, the catalyst contains a transition metal. The catalyst may be
used to react with the carbon-carbon double bond to activate it towards attack with the peroxide
or it may be used to facilitate the breakdown of the peroxide into a more reactive mtermediate.
The catalyst may also be used to increase the likelihood of the reaction of the formation of the
desired epoxide product. In some embodiments, the catalyst used in the epoxidation reaction is a
titantum catalyst. in further embodiments of the present disclosure, the titanium catalyst may
contain other metals which further enhance the reactivity of the catalyst. In additional
embodiments, the olefin to epoxidation catalyst is used at the minimum concentration of the
catalyst necessary to affect the desired transformation with an approprate vield and selectivity.

In certain embodiments, the catalytically active titantum is present m a ratio to the peroxide of

10



about 0.001 to about 100 nunoles of titanium per mole of peroxide, including about 0.01 to about

10 mmoles of titanium per mole of peroxide.

[0015] In some embodiments, the reaction of the oxidizing agent with the alkene is run with
a molar ratio of alkene to oxudizing agent from about 1:100 to about 100:1, mcluding from about
1:20 to about 20:1, about 1.5 to about 18:1, about 1:1 to about 15:1 and about 3:1 {o about 10:1.
Withowt being bound by theory, it is believed that at least one equivalent of oxidizing agent is
needed to oxidize the alkene. While at least one equivalent of the oxidizing agent is needed to
react with the alkene, in some embodiments, more than one equivalent of one of the materials s
used to enhance the vield of the reaction. Additionally, the reaction is run under a pressure from
about 20 to about 3000 pounds per square inch. In somc embodiments, the pressure of the
reaction is from about 50 to about 1000 pounds per square inch, from about 80 pounds per square
inch to about 800 pounds per square mch and from about 100 pounds per square inch to 500
pounds per square inch. Additicnally, i certain embodiments, the temperature of the reaction 1g
modulated to mmprove vield or selectivity. In some embodiments, the temperature is from about
ambient femperature o about 250 °C, such as from about 20 °C to about 130 “C, from about 20
°C to about 100 °C and from about 30 °C to about 80 °C. In certain embodimenis, the alcohol
and ketone are present in a ratio of from no alcohol and about 100% ketone to about 1006%
alcohol and no ketone. Conversely, the ratio of hyvdrogen peroxide to water 1s from 0.1:99.9 1o
90:10, including a ratic from 1:99 to 10:90. In some embodiments, the ratic of 1-phenylethyl
alcohol to acetophenone to hydrogen peroxide to water from the oxidation in A is from
96:1:2.9:0.1 10 44:44:11.7:0.3. In some embodiments of the present disclosure, the ratio 1s from

about 76:18.9:5:0.1 to about 54:36:9.7:0 3, such as about 64:29:63:0.7.

{0816} In some embodiments, a carrier gas 1s used. An appropriate carrier gas should be
inert to the reaction conditions.  Some non-limiting examples of carrier gases mclude helivm,
neon, argon, other noble gases, nitrogen, carbon dioxide or alkanes with between 1 and ¥ carbon
atoms. In certain embodiments, the carrier gases nclude nitrogen or an alkane with between |
and 4 carbon atoms. In additional embodiments, the carnier gas comprises a mixture of two,
three or more individual carrier gases. Furthermore, when the alkene is propylene and the carrier
gas is propang, in certain embodiments, the addition of the carner gas may be controlled and

added at specific time ponts.

{0017} In some embodiments, the catalvst is a solid and represents a heterogencous mixture
with the alkene, the peroxide, the resultant epoxide and any solvents used to facilitate the

reaction. In additional embodiments, the epoxadation reaction can be run on a commercial scale
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using a suitable reaction configuration including, but not limited to, continuous, batch, or semi-
continuous configurations. Once the reaction has reached the desired level of completion,
conventional methods of product recovery including, bat not limited to, fractional distilation,
selective extraction, filiration or other methods mav be used to obtain the desired product. In
some embodiments, recovered materials such as catalyst, reactor solvent, or unreacted olefin or

peroxide can be recycled and reused.

(3018} The reaction can be evaluated based upon the rate of peroxide conversion and the
extent of peroxide selectivity exhibited. In some embodiments, the peroxide conversion is from
about 10% to about 99% including from about 40% to about 99%., from about 90% to about
99%, from about 40% to greater than or about 99% and from about 50% to about 99%. In sonme
embodiments, the peroxide conversion 18 greater than about 10% and the peroxide selectivity is
greater than about 40%.

H. Transition Metal Epoxidation Catalysts

[0019] The epoxadation reaction may further comprise using a transition metal catalyst which
helps to facilitate the reaction and increase the vield of the desired products. In some
embodiments, such transttion metal catalysts contain a titanium metal or metal ion which forms
the reactive species with the alkene or aralkene. In further embodiments, the catalyst is a
titanium catalvst wherein the titantum is impregunated on a solid support. A catalyst may contain
between 0.01% and 20% by weight of titanium relative to the total weight of the catalyst. In
certain embodiments, the catalyst may contain between 0.1% and 10% by weight of titanium
relative to the total weight of the catalyst, including between 1% and 6% by weight and between

3% and 5% by weight of titanmium relative to the total weight of the catalyst.

[0628] In some embodiments, the inert solid support is a silica based zeolite wherein some of
the silica atoms in the crystal lattice have been replaced with titanium or another catalytically
active metal or metal ion. In further embodiments, the solid support which has been modified
with titanium 1s a zeolite. In additional embodiments, the solid support i1s a molecular sieve such
as a sibicalites. In certain embodiments, the solid support has the topology of the ZS5M-5
aluminosilicate, the Z8M-11 aluminosilicate, or the MWW aluminosilicate zeolites. Titanium
doped zeolttes of the MWW family and their syvnthesis are known, such as those described in
U.S. Pat. No. 6,739,540, which is incorporated herein by reference. In some embodiments, the
solid support comprses from approximately 80 to 99.99% by weight of the catalyst as a

percentage of the total weight of the catalyst, including from 90% to 99.9% by weight, trom 94%



1o 99% by weight and from 95% to 97% by weight of the catalyst as a percentage of the total

weight of the catalyst.

{00211 In some embodiments, the support is a porous material. Supports which can be used
with noble metal and titanium catalysts are known in the relevant art. It is contemplated that any
support may be used with the epoxadation catalyst described in the present disclosure. In some
non-limiting examples, the support is an inorganic oxide{s), inorganic chlornde(s). carbon and
organic polymer resin. In some embodiments, the sohid support includes oxides of Group 2, 3, 4,
3,6, 13 or 14 glements. In further embodiments, the solid support is sihica, alamina, titania,
zirconia, nichium oxides, tantalum oxides, molvbdenum oxades, tungsten oxides, amorphous
titania-silica, amorphous zirconia-silica, amorphous niobia-silica and simular oxides. In
additional embodiments, the organic polvmer supports mclude, but are not himited to,
polystyrene,  stvrene-divinvlbenzene  copolvmers, crosslinked  polyethyleneimmes  and
polvbenzimidiazole. In certain embodiments, the support also inclades combinations of organic
polvmers grafied onto inorganic oxide supported. In some embodiments, the combination
supports include polvethyleneimine-silica supports. In further embodiments, the support is
carbon. In still further embodiments, the support i3 a solid support selected from carbon, silica,

stlica aluminas, titania, zirconia, and niobia.

10622} In some aspects of the present disclosure, the mert solid support is siliceous solid,
alumina, inorganic oxides, carbon, or organic polymers. In cerfain embodiments, the solid
support 1s a siliceous sohd mcluding but not hmited to synthetic porous silicas, silica powders,
refractory oxides, mesoporous molecular sieves, essentially pure silica and other siliceous solids.
In further embodiments, the et solid support is comprised of silicon dioxide {8i03,), such as

amorphous forms of silicon dioxide.

(3023} In some embodiments, the solid support 1s synthetic porous silica such as a silica gel
or a precipitated silica. In further embodiments, the synthetic porous silica comprises particles of
amorphous silica that are flocculated or linked together such that the particles form a relatively
dense and close packed core which have numercus pores, voids or interstices that run throughout
the structure. In other cmbodiments, the solid support is a svnthetic silica powder. In some
embodiments, the synthetic silica powder includes but is not himited to fumed, pyrogenic sificas
from the reaction of a sihicon halide with hvdrogen and oxvgen. In further embodiments, the
synthetic silica powders comprise particles of amorphous silica into loose, open packed
aggregrates which are readily disintegrated. In still further embodiments, the solid support 1s a

refractory oxide including bot not imited to sibica-aluminas, silica-magnesias, silica-zirconias,

-
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sifica-alumina-borias, silica-alumina-magnesias and sunilar compounds.  In  additional
embodiments, these oxide compounds contain a significant weight percentage of silica. In other
embodiments, the solid support 1s a molecular steve meluding but not limited to such molecular
sieves as the MUCM-41, MCM-48, M41S§, Z8M-5, XSM-11 and MWW class of molecular sieves.
In some embodiments, the solid support 1s pure sdica wherein pure silica s defined as being at
least 93% silica by weight, including greater than 97% silica and greater than 99% silica.
Essentially pure silica can be obtained commercially. In some embodiments, saitable essentially
pure silicas include but are not limited to suitable silicas sold by Davisil® silicas such as Davisil”
643 and microspherical silica gels sold by PQ Corporation including MS-3050 silica. In other
cmbodiments, the sohid support comprises naturally occurring mineral silicas mclading but not
limited to hvdrous magnesium silicates and clay minerals such as hectorites, kaolins and

bentonites.

13624} In some embodiments, the mert solids have a surface area from about 10 to about
1500 m%g. In further cmbodiments, the incrt solid has a surface arca from about 30 m'’/g to
about 1000 m*/g, such as from about 100 m%/g to about 800 m’/g. Furthermore, in additional
cmbodiments, the inert solid have a pore volume in the range of 0.5 to 8.0 mL/g, such as from
about 0.1 mb/g to about 6.0 mL/g and from 0.5 mlb/g to about 5.0 ml/g. While the size of the
inert solid particles can vary depending on other reaction conditions, in certain embodiments, the
average particle size is from about 0.1 ym to about 1.5 om. Additionally, in some embodiments,
the pore diameter of the catalvtic material can vary but the average pore size of the inert solid i
from 1 to about 1000 A, In certain embodiments, the average pore size is from about 50 to 500

Al

{00251 In some aspects of the present disclosure, the schid support 15 a vanety of different
physical forms including but not hmited to powders, flakes, granules, spheres or pellets. In
additional embodiments, the solid support originates in one form and be used in that form or the
solid support is converted into a different through tochniques known to those of skill m the art.

Such conventional techniques include but are not limited to extrusion, pelletization and grinding,

[0026] In further embodiments, the titantum source for the deposition of the catalviically
active titamium atoms 1s g titanium halide, titanium alkoxide, or ttanium esters.  In certain
embodiments, the titanium source 1s a titanium halide, titanium alkoxide or a titanium ester in
which the titanium metal is in the 47 oxidation state. In further embodiments, the titanium source
for incorporation into the mert solid is a titanium tetrahabide and s preferably titanium

tetrachloride. In additional embodiments, the titanmum tetrachloride 1s used as a gas or as a part
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of a solution with an appropriate solvent. Appropnate solvents include hydrocarbon or aromatic
solvents. Furthermore, in some embodiments, commercially available solutions of titanium

tetrachlonde can be used as a source of titanium.

0027} In some aspects of the present disclosure, the inert solid 1s be calcined before, after or
during the incorporation of the titantum. In additional embodiments, the inert solid is calcined at
a temperature from about 400 °C to about 1000 °C, including from about 400 °C to about 800 °C
and from about 600 °C to about 800 °C. In certain embodiments, the calcination may take place
under an ingrt atmosphere, such as onder helivm, argon, neon or nitrogen. In further
embodiments, nitrogen comprises the inert atmosphere. In some embodiments, the calination is
performed for about 0.1 to about 24 hours, such as for about 1 to 18 hours or for about 1 to 4
hours. In some embodiments, the calcination changes the peroxide conversion percentage or the
peroxide selectivity of a given catalyst and in a given catalytic system. In some embodiments,

the calination increases the peroxide conversion and the peroxide selectivity of a given reaction.

[0628] In some embodiments, the transition metal catalyst comprises an additional metal

other than titaniam, mchiding but oot limited to palladium, platinum, gold or other noble metals.

13629} In some aspects of the present disclosure, the catalyst may be in the form of a powder
or as a large particle size solid and may be spray dried, pelletized or extruded prior to use in the
cpoxidation. If spray dned, pelletized or extruded, the catalyst may comprise a binder or the like
and may be molded, spray dried, shaped or extruded into any desired form prior to use in
gpoxidation. The catalyst might also be encapsulated in polymer as descnbed in U8, Pat. No.

7,030,253, the teachings of which are incorporated heremn by reference in their entivety.

[(3030] In some aspects of the present disclosure, the epoxidation reaction further comprises a
titanium catalyst wherein the titanium 1s impregnated on a solid support. In some embodiments,
the titanium catalyvst is TIMWW or a lavered TIMWW catalyst wherein the titanium s
tmpregnated in the aluminosilicate MWW zeolite. In some embodiments, the TIMWW catalyst
has an XR specira as is shown m the figure hercin. The method of preparation of a TIMWW
catalyst s known to one of skill in the art. In some aspects, the preparation has been taught in,
for example, m U.S, Pat. No. 6,759,540, Wu ef al. {2001), US. Pat. No. 8,124 555 and U.S. Pat,
Nao. 8,440,846, the contents of which are incorporated herein by reference in their entirety. The
titanium MWW zeolite catalyst principally comprises titanium, silicon and oxvgen but may also
comprise boron and/or small amounts of iron, aluminem, sodiom, potassium, copper or other
similar clements.  Post treatment of the TiIMWW catalyst with a template vields layered
TIMWW-NAW. Washing Ti-MWW-NAW with an acid vields layered TIMWW-AW.  The

is
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layered TIMWW-NAW can also be prepared via hydrothermal synthesis of silica, tetrabutyl
orthotitanate and a template in the presence of crystallization agent, like boric acid. The layered
TIMWW-AW can then be obtained by refluxing layered TIMWW-NAW with HNO3; or H2SO4
solution.  Since boron is detrimental to the catalyst activity, the post treatment method for the
synthesis of layered TIMWW catalyst is often used because this treatment of the catalyst

removes additional boron.

[0031] Such titanium MWW zeolite catalysts, referred to herein as “TIMWW catalysts,” are
known to have the following empirical formula: xTiO»'(1-x)SiO2, wherein x is a numeral from
about 0.0001 and about 0.5. In some embodiments, x is from about 0.01 to about 0.125. In
another context, the ratio of Si:Ti in the lattice framework may range from about 9.5:1 to about
99:1, such as from about 9.5:1 to about 60:1. In some applications, titanium rich MWW

catalysts are utilized in the present technology.

[0032] The epoxidation process described in the present disclosure may use a catalyst which
is either a powder or a large particle size solid. In some embodiments of the present process, the
zeolite catalyst may be used as a powder but it is also contemplated that the zeolite catalyst can
be used if spray dried, pelletized or extruded. Additionally, the zeolite catalyst may further
comprise a binder before the catalyst is shaped, spray dried, molded or extruded into a particular
desired form. Additionally, the catalyst in some embodiments is either in a suspension or a

fixed-bed form.

[0033] In another embodiment, a layered TIMWW catalyst is used to epoxide the alkene.
The layered TIMWW catalyst may be used with a template to prepare the catalyst. Some
templating agents that may be used are piperidine, hexamethyleneimine, adamantyl ammonium
hydroxide, octyltrimethylammonium hydroxide, heptyltrimethylammonium hydroxide,
hexyltrimethylammonium hydroxide, or trimethyladamantylammonium hydroxide. In some
embodiments, the templating agent is hexamethyleneimine or piperidine. In one embodiment,
the templating agent is piperidine. After reaction of the TIMWW catalyst with the templating
agent, in some embodiments, the catalyst is washed with an acid. In some aspects, the acids that
the catalyst can be washed with include nitric acid, hydrochloric acid, sulfuric acid, sulfurous
acid, phosphoric acid or ammonium chloride. In some embodiments, the TIMWW catalyst and

the layered TIMWW catalyst have the XRD spectra as is shown the Figure.

[0034] In some embodiments, the epoxidation catalyst further comprises adding a palladium

complex. In some embodiments, the palladium complex allows the reaction of molecular
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oxvgen with an alcohol and the alkene to form the appropriate epoxide.  Some non-limiting

palladium complexes include those taught by JP Pat. Doc. 2011-111431.
i,  Process Scale-Up

[0035] The above described methods can be further modified and optimized for preparative,
pilot- or large-scale production, either batch or continuous, using the principles and technigues of
process chemistry as applied by a person skilled in the art.  Such principles and techniques are
taught, for example, in Practical Process Research & Development (2012}, which 1s

mcorporated by reference herein.
1Y.  Befinitions

[00306] When used in the context of a chemical group, “hydrogen” means —H; “hyvdroxy”
means —~0OH, “oxo” means =0; “carbonyl” means —~C(=0)—; “carboxy” means —~C{=0YOH {(also
written as —~COOH or —CO,H}; “halo” means ndependently ~F, —CL —Br or ~I; and “aming”
means —~NH,. When used in the context of a chemical group, “carboxylate™ means a molecule
which contains the group —C{=0)0 {also written as C{O)Y0 or ~CO: ) and the overall charge of
the molecule is negative or “halide” means a halogen atom formulated as an amion bearing 3
single negative charge. Any undefined valency on an atom of a structure shown in this

apphication implicitly represents a hvdrogen atom bonded to that atom.

0037 In the context of chemucal formulas, the symbal “=7 means a single bond, “=" means
bl o &

a double bond, and “=" means tripie bond. The symbol “----" represents an optional bond,

which if present 1s either single or double. The symbol “z===” represents a single bond or a

- N
double bond. Thus, for example, the formula includes O, Oﬁ (; and

©‘ It is understood by the skilled artisan that no one such ring atom forms part of more than
one double bond. Furthermore, it 1s noted that the covalent bond symbol “=”, when connecting
one or two stereogenic atoms, does not indicate any preferred stereochemistry. Instead, it covers
all stereoisomers as well as mixtures thereof. The symbol “n 7 when drawn perpendicularly
across a bond (e‘g.,?’CHg for methyl) indicates a pomt of attachment of the group. It s noted
that the point of attachment 1s typically only identified in this manner for larger groups in order
to assist the reader in unambiguously identifving a point of attachment. The symbol = ==
means a single bond where the group attached to the thick end of the wedge is “out of the page”
The symbol “ ™ means a single bond where the group attached to the thick end of the wedge

is “mto the page”. The symbol “vWWh 7 means a single bond where the geometry around a
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double bond {e.g., cither & or £) is undefined. Both options, as well as combinations thereof, are
therefore miended. The bond orders described above are not limiting when one of the atoms
connected by the bond 15 a metal atom (M), In such cases, it is understood that the actual
bonding may comprise significant muitiple bonding and/or ionic character. Therefore, unless
mdicated otherwise, the formulas M—C, M=C, M~-~~(, and M====(, cach refers 1o a bond of

any tvpe and order between a metal atom and a carbon atom.

{038} For the groups and classes below, the following parenthetical subscripts further define
the group/class; “(Cn)” defines the exact number (n} of carbon atoms m the group/class. “(C<n)”
defines the maximum number (n) of carbon atoms that can be in the group/class, with the
minimum number as smalf as possible for the group m question, e.g., it is understood that the
minimuwm number of carbon atoms in the group “alkenvlce«,” or the class “alkeneces)” is two.
For example, “alkoxycaipy” designates those alkoxy groups having from | to 10 carbon atoms.
(Cn-n"} defines both the minimum (n) and maximum number {n') of carbon atoms in the group.

Similarly, “alkylc.10)” designates those alky! groups having from 2 to 10 carbon atoms.

{0039 The term “saturated” as used herein means the compound or group so modified has
no carbon-carbon double bonds and no carbon-carbon triple bonds, except as noted below. In
the case of substituted versions of saturated groups, one or more carbon oxygen double bonds or
a carbon mitrogen double bond may be present. When such a bond is present, carbon-carbon
double bonds that may occur as part of keto-enol tautomerism or iming/enaming tautomerism are

not precluded.

{03046} The term “aliphatic” when used without the “substituted” modifier signifies that the
compound/group so modified is an acyelic or cyclic, but non-aromatic hydrocarbon compound or
group. In aliphatic compounds/groups, the carbon atoms can be joined together in straight
chains, branched chains, or non-aromatic rings (alicyclicy. Aliphatic compounds/groups can be
saturated, that 1s joined by single bonds {alkanes/alkyl), or unsaturated, with one or more double

bonds {alkenes/alkenyl) or with one or more triple bonds {(alkynes/alkyunyl).

0041} The term “alkyl” when used without the “substituted” modifier refers to a monovalent
saturated aliphatic group with a carbon atom as the point of attachment, a lingar or branched,
cyclo, cyclic or acyclic structure, and no atoms other than carbon and hydrogen. As used herein,
“cycloalkyl” 1s a subset of alkvl, with the carbon atom that forms the point of attachment also
being a member of one or more non-aromatic ring structures, wherein the cvcloalkyl group

consists of no atoms other than carbon and hydrogen. As used hercin, cycloalkyl does not
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preclude the presence of one or more alkyl groups (carbon nwmuber lunitation permitting)
attached to the ring or ring system. The groups —CH; (Me), ~CH,CH: (Et), -CH,CHLCH; (n-Pr
or propyl), ~CH(CH:), (i-Pr, Pr or isopropyl), ~CH(CH,), {cyclopropyl), ~CHCH.CH,CH;
(n-Bu), ~CH{CH:}CH,CH; (sec-butyl), ~CH,CH{CH;), Gsobutyl), ~C{(CH:)s (fert-butyl, r-butyl,
~Bu or Bu), —CH,C(CH:): (neo-pentyl), cyclobutyl, cvclopentyl, cvclohexyl and
cyclohexylmethy! are non-limiting examples of alkyl groups. The termn “alkanediyl” when used
without the “substituted” modificr refers to a divalent saturated aliphatic group, with one or two
saturated carbon atom(s} as the point(s) of attachment, a lincar or branched, cyclo, cvelic or
acyclic structure, no carbon-carbon double or triple bonds, and no atoms other than carbon and
hydrogen. The groups, —~CH;~ (methylens), ~CH,CH,—, ~CHC(CH:,L,CH,~, ~CH,CHCH,—,
5~
and ¥ , are non-limiting examples of alkanediyl groups. It is noted that while the
alkenedivl group is aliphatic, once connecied at both ends, this group is not precluded from
forming an aromatic structure. The term “alkylidene” when used without the “substituted”
modifier refers to the divalent group =CRR’ in which R and R’ are independently hydrogen,
alkyl, or R and R’ are taken together to represent an alkanedivl having at least two carbon atoms,
Noun-himiting examples of alkvhidene groups include =CH,, =CH{CH,CH;), and =C({CH;);. An
“alkane” refers to the compound H-R, wherein R is alky! as this term is defined above. When
any of these terms is used with the “sobstituted” modificr one or more hydrogen atoms has been
mdependently replaced by —~OH, —F, ~Cl, ~Br, ~, ~NH,, NG, ~CO:;H, ~CO,CH;, ~CN, ~-8H,
—OCH:, —“OCH,CH,, —C{O)YCH,s, ~NHCH,, -NHCH,CH;, —N(CHs)o, —“C{O)NH,, —GC(OYCH-,
~S1CLCH: or -8(0)RNH,. The following groups are non-limiting examples of substituted alkyl
groups: ~CH,OH, ~CH L, ~CF;, ~CH,CN, ~CH,C{O)OH, ~CHC(OYOCH;, ~CHC{O)NH,,
—CH,C(OYCH,, —CH,OCH;, —CH,OC(0YCH;, —CHNH,, —CHLoN(CH;), and —CH,CHLCL The
term “haloalkyl” is a subset of substituted alkyl, in which one or more hyvdrogen atoms has been
substituted with a halo group and no other atoms aside from carbon, hydrogen and halogen are
present. The group —CH:Cl is a non-limiting cxample of a haloatkyl. The term “fluoroalkyl” is
a subset of substituted alkyl, nn which one or more hydrogens has been substituted with a fluoro
group and no other atoms aside from carbon, hyvdrogen and fluorine are present. The groups

~CH,F, —CFs, and —CH,CF; are non-limiting examples of fluoroalkyl groups.

0042} The term “alkenvl” when used without the “substituted” modifier refers to a
monovalent unsaturated aliphatic group with a carbon atom as the point of attachment, a linear or
branched, cvclo, cvelic or acvclic structure, at least one nonaromatic carbon-carbon double bond,
no carbon-carbon triple bonds and no atoms other than carbon and hydrogen. Non-limiting
examples of alkenyl groups mchide ~CH=CH, (vinvl), ~CH=CHCH;, -CH=CHCH,CH;,
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—CH,CH=CH, (allvl), ~CH,CH=CHCH; and —~CH=CHCH=CH,. The tcrm “alkenedivl” when
used without the “substituted”™ modifier refers to a divalent unsaturated aliphatic group, with two
carbon atoms as points of attachment, a lincar or branched, cvclo, cyclic or acvelic structure, at
least one nonaromatic carbon-carbon double bond, no carbon-carbon triple bonds, and no atoms

other than carbon and hydrogen. The groups, -CH=CH-, -CH=C(CH;CH,—, ~CH=CHCH,—,

, arc non-limiting examples of alkenediyl groups. The ferms “alkene” or
“oletin” arc synonymous and refer to a compound having the formula H-R, wherein R 1s alkenyl
ag this term is defined above. A “termnal alkene” refers to an alkenc having just one carbon-
carbon double bond, wherein that bond forms a vinyl group at one end of the molecule. When
any of these terms are used with the “substituted” modifier one or more hydrogen atoms has been
mdependently replaced by —OH, —F, —Cl, —Br, -1, -NH,, —-NG,, —CO;H, —-CO,CH;, —CN, —8SH,
~OCH;, ~OCHCH;, ~C{O)CH;, ~NHCHs, ~NHCH,CH;, ~N(CHi)o, ~C(O)NH,, ~OC(0)CH;,
=~SICHCH; or ~S(OpNH,.  The groups —~CH=CHF, ~CH=CH{! and ~CH=CHBr are non-

fimiting examples of substituted alkenyl groups.

{00431 The term “aryl” when used without the “substituted” modifier refers to a monovalent
unsaturated aromatic group with an aromatic carbon atom as the point of attachment, said carbon
atom forming part of a one or more six-membercd aromatic ring structure, wherein the ring
atoms are all carbon, and wherein the group cossists of no atoms other than carbon and
hyvdrogen. If more than onc ring is present, the rings may be fused or unfused. As used herein,
the term does not preciude the presence of one or more alkvl or aralkyl groups {carbon number
limitation permitting) attached to the first aromatic ring or any additional aromatic ring present,
Non-timiting examples of aryvl groups mclude pheayl (Ph), methviphenvl, (dimethvliphenyl
=CeH4CH,CH: (ethvipheny!), naphthyl and a monovalent group denived from biphenyl. The
term “arenedivl” when ased without the “substituted” modifier refors to a divalent aromatic
group with two aromatic carbon atoms as points of attachment, said carbon atoms forming part
of one or more six-membered aromatic ring structure(s), wherein the ring atoms arc all carbon,
and wherein the monovalent group consists of no atoms other than carbon and hydrogen. As
used herein, the term does not preclude the presence of one or more alkyl, arvl or aralkyl groups
{carbon number limitation permitting) attached to the first aromatic ring or any additional
aromatic rings present.  {f more than one ring is present, the rings may be fused or unfused.
Unfused rings may be connected via one or more of the following: a covalent bond, alkanedivl or
alkenediyl groups {carbon number limitation permitting). Noo-hmiting examples of arenediyl

groups include:



An “arene” refers to the compound H-R, wherein R is aryl as that term is defined above.
Benzene and toluene are non-lmuting examples of arenes. When any of these terms are used
with the “substituted” modifier one or more hydrogen atom has been independently replaced by
—0H, —F, —(1, —Br, -L —NH,, -NG,, —-CO,H, —C0O,CHy, —CN, —SH, —0OCH,, -OCH,CH-,
-C{O)CH;, —NHCH,;, -NHCHCH;, —N(CHi), —C(OINH;, —-OCO)CH;, —-SiCLCH; or
=S{O):NH;.

{3044 The term “aralkyl” when used without the “substituted” modifier refers to the
monovalent group —alkanedivi—aryl, in which the terms alkanedivi and aryl are cach used in a
manner consistent with the definitions provided above. Nom-himiting examples of aralkvls are
phenvimethyl (benzyvl, Bn) and 2-phenyl-cthyl. When the term aralkyl is used with the
“substituted” modifier one or more hydrogen atom from the alkanediv] and/or the arvl group has
been mdependently replaced by —~OH, —~F, (L, -Br, ~1, ~NH,, -NG,, -CO,H, ~CG,CH;, ~CN,
—SH, —0OCH,;, —0OCH,CH;, -C(O)(H; -NHCH; -NHCH;CH; -MN(CH;}),, —C{O)NH,,
—OC(OYCH;, —5iCLTCH; or —S{O)NH,. Non-limiting examples of substituted aralkyls are
(3-chlorophenyly-methyl and 2-chloro-2-phenyl-eth-1-v1.

004 5] The term “heteroarvl” when used without the “substituted” modifier refers to a
monovalent aromatic group with an aromatic carbon atom or nitrogen atom as the point of
attachment, said carbon atom or nitrogen atom forming part of onc or more aromatic ring
structures wherein at least one of the ring atoms 1s nitrogen, oxvgen or sulfur, and wherem the
hetercaryl group consists of no atoms other than carbon, hydrogen, aromatic nitrogen, aromatic
oxygen and aromatic sulfur. If more than one ring is present, the rings may be fused or unfused.
As used herein, the term does not preclude the presence of one or more alkyl, arvl, and/or aralkyl
groups {carbon number hmitation permitting) attached to the aromatic ring or aromatic ring
system.  Non-limiting examples of hetercaryl groups include furanyl, midazolyl, mdolyl,
indazolyl (Im}, isoxazolyl, methylpviidinyl, oxazolvl, phenvipyridinyl, pyridinyl, pyrrolyi,
pyrnmidinyl, pyrazimyl, qunolyl, quinazolyl, qumoxalinyl, triazinvl, tetrazolvl, thiazolyi, thieny!
and triazolyl. The term “N-heteroarvl” refers to a heteroaryl group with a nitrogen atom as the
point of attachment. The term “heteroarenedivl” when used without the “substituted” modifier
reters to an divalent aromatic group, with two aromatic carbon atoms, two aromatic nitrogen

21



atoms or onc aromatic carbon atom and one aromatic nitrogen atom as the two points of
attachment, said atoms forming part of one or more aromatic ring structure{s) wherem at least
one of the ring atoms is nitrogen, oxygen or sulfur, and wherein the divalent group consists of no
atoms other than carbon, hvdrogen, aromatic nifrogen, aromatic oxygen and aromatic sulfur. If
more than one ring is present, the rings mayv be fused or unfused. Unfused rings may be
connected via one or more of the following: a covalent bond, alkanediyl or alkenedivl groups
{carbon number limitation permitting). As used herein, the term does not preclude the presence
of one or more alkyl, arvl, and/or aralkyl groups {carbon number limitation permitting) attached

to the aromatic ring or aromatic ring svstem. Non-limiting cxamples of heteroarenediyl groups

I At -
WO WD e,

N
H and

include:

A “heteroarene” refers to the compound H-R, wherein R is heteroaryl. Pyridine and guinoling
are nop-timiting examples of heteroarenes. A “heteroarcnium” is a protonated or N-alkviaied
nitrogen containing heteroarene as that term is defined above, wherein the nitrogen atom has
been protonated or alkvlated to have a positive charge. When these terms are used with the
“substituted” modifier one or more hydrogen atoms has been mdependently replaced by —~OH,
—F, =Cli, —Br, -1, =NH;, -NO,, -CO;H, —CO,CH;, —CN, —SH, —OCH;, ~OCH,CH;, —C(0)CH;,
—NHCH;, —“NHCH,CH;, —N{CHa)z, ~C(OYNH,, —“OC(OYCH; or —S(O)LNH,.

3

[0046) The termm “heterocveloalkyl” when used without the “substituted” modifier refers to a
monovalent non-aromatic group with a carbon atom or nitrogen atom as the point of attachment,
said carbon atom or nitrogen atom forming part of one or more non-aromatic ring structures
wherein at least one of the ring atoms is npitrogen, oxygen or sulfur, and wherein the
heterocyeloalkyl group consists of no atoms other than carbon, hvdrogen, nitrogen, oxygen and
sulfur. If more than one ning 1s present, the rings may be fused or unfused. As used herein, the
term does not preclude the presence of one or more alkyl groups {(carbon number hmitation
permitting) attached to the ring or ring system. Also, the term does not preclude the presence of
one or more double bonds i the ning or ring system, provided that the resulting group remains
non-aromatic. Non-limiting examples of heterocyclealkyl groups include amridinyl, azetidingl,
pyrrolidinyl,  pipenidinyl,  piperazinyl, morpholinyl, thiomorpholinyl,  tetrahvdrofuranyl,
tetrabydrothiofuranyl, totrahyvdropyranyl, pyranyl, oxirany! and oxetanyl The term
“N-heterocycloalkyl” refers to a heterocyeloalkvl group with a nitrogen atom as the pomt of
attachment. The term “heterocycloalkanediyl” when used without the “substituted” modifier
reters to a divalent cyelic group, with two carbon atoms, two nitrogen atoms o1 one carbon aton
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and one nitrogen atom as the two points of attachment, said atoms forming part of one or more
ring structurc(s) wherein at least one of the ring atoms is nitrogen, oxvgen or sulfur, and wherein
the divalent group consists of no atoms other than carbon, hvdrogen, nitrogen, oxygen and subfur,
If more than one ring is present, the rings may be fused or unfused. Unfused rings may be
connected via one or more of the following: a covalent bond, alkanedivl or alkenedivl groups
(carbon number limitation permitting). As used herein, the term does not preclude the presence
of one or more alkyl groups {carbon nomber imitation permitting) attached to the ring or ring
system. Also, the term does not preclude the presence of one or more double bonds i the ring or
ring systom, provided that the resulting group remains non-aromatic. Non-limiting examples of

heterocyeloatkanediylt groups include:

HN-—y
qu ;a}/\/N ; ;ZLJ\\/'\!;\

When these terms are used with the “substituted” modifier one or more hydrogen atoms has been
mdependently replaced by ~OH, -F, ~C1, -Br, 1, -NH;, -NG,, ~CO;H, ~CG,CH;, —~CN, ~-S§H,
~OCH;, “OCH,CH;, ~C(O)YCHs, —NHCH;, -NHCH,CH:, —N{CHz),. “C(O)NH,, —0C(0)CH;,
=5(0)NH,, or ~C{OYOC{CH: ) (tert-butyloxyearbonyl, BOC).

(3047} The term “acyl” when used without the “substituted” modifier refers to the group
=C{O3R, in which R is a hydrogen, alkvl, arvl, aralkyl or heteroaryl, as those terms are defined
above. The groups, —CHO, —~C{O)CH; (acetyl, Ac), —C(OY HCH,;, —C(O)CH,CH,CHs,
~COWCH(CHz), ~COYCH{CHy), ~COCHs, ~C{OYCHLCH;, —COyCH.CgHs  and
~C(O¥(imidazolvh) are non-limiting cxamples of acy!l groups. The terms “alkylcarboxylate™
“alkenvicarboxylate”, “alkvnylcarboxylate”, “arylcarboxylate”, “aralkyicarboxylate”,
“heteroarvicarboxvlate” and “heterocyeloalkyicarboxylaie” when used without the “substituted”
modifier, refers to groups, defined as "OC(OHR, m which R s alkvl, alkenyi, alkynvl, aryvl,
aralkvi, heteroaryl and heterocveloalkvi, respectively. A “thicacyl” 1s defined m an analogous
manner, except that the oxygen atom of the group ~C{O)R has been replaced with a sulfur atom,
~{{5)R. The term “aldehyde”™ corresponds to an alkane, as defined above, wherein at least one
ot the hydrogen atoms has been replaced with a “CHO group. When any of these torms are used
with the “substituted” modifier one or more hydrogen atoms (including a hyvdrogen atom directly
attached the carbonyl or thiocarbonyvl group, if any} has been independently replaced by —~OH,
=¥, =Cl, —Br, —i, -NH,, —-NO,, -CO,H, —CO,CH;, —CN, —SH, —OCH;, ~OCH,(CH,;, —-C{0)CH-,
—NHCH:, -NHCH,CH,, —N(CH;),, —C(ONH,, —OC(O)YCH: or —S{O)NH,. The groups.
~C{OWCH,CF5, —COH (carboxyl), —~COCH: (methvlcarboxyl), ~CO,CH,CH;, ~C(ONH,

{carbamoyl} and ~CON{CH;},. arc non-limiting examples of substituted acy! groups.
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{3348} The term “alkvlamine” when used without the “substituted” modifier refers to the
group —NHR, m which R 1s an alkyl, as that term is defined above. Non-limiting examples of
alkylamino groups include ~NHCH; and ~NHCH;CH:. The term “dialkviamine” when used
without the “sobstituted” modifier refers to the group ~NRR', in which R and R’ can be the same
or different alkvl groups, or R and R’ can be taken together to represent an alkanedivl. Non-
bouting  examples of dialkviamino groups include: —N(CHi)p, —NCH;{CHLCH:) and
N-pyrrohidingl.  The terms “alkenvlamino”, “alkynviamino”™, “arylamino”, “aralkvlamino”,
“heteroarviaming” and “heterocycloalkylamino™ when used without the “substituted” modifier,
refers to groups, defined as —NHR, in which R is alkoxy, alkenyl, alkyanvi, aryl, aralkyl,
heteroaryl and heterocycloalkyl, respectively. The term “alkviammonium™ when used without
the “substituted” modifier refers to the group NH:R, in which R is an alkyl, as that term is
defined above. Non-limiting examples of alkylanmmoniom groups include "WH;CH; and
WH,CH,CHs. The term “tetraalkylammonium”™ when used without the “substituted” modifier
refers to the group ~NRR'R'R™, in which R, R, R” and R can be the same or different alkyl
groups, or two of R, R’ R" and R"' can be taken together to represent an alkanediyl, The terms
“alkenylammonium”, “atkynyiammonium”, “arylammoniuvm”, “aralkylanumoniun’,
“heteroarviammoniom” and “heterocycloalkylammonium”™ when used without the “substituted”
modifier, refers to groups, defined as ~NHR, m which R is alkenyl, alkyayl aryl, aralkyl,
heteroarvl and heterocvcloalkyl, respectively. A non-limiting example of an arviamino group is
—NHCsHs. The term “amido” (acylaming), when used without the “substituted” modifier, refers
to the group —~NHR, in which R is acyl, as that term 18 defined above. A non-limiting example of
an amido group is ~NHC(GYCH;. The term “alkvlimino™ when used without the “substituted”
modifier refers to the divalent group =NK, 10 which R s an alkyl, as that term is defined above.
The term  “alkylaminodivl”  refers to  the divalent  group  —NH-alkanedivi—,
~NH-alkanediyl-NH~ or —alkanediyl-NH-alkanediyl~. When any of these terms is used with
the “substituted” modifier ong or more hydrogen atoms has been independently replaced by
—0OH, —F, —Cl, -Br, -, —NH,, -NG,», —CO:H, —-CO.CH;, —CN, —SH, —OCH;, “OCH,CH;,
~C(OYCH, ~NHCH:, ~NHCH;CH:, ~N{CH;},, ~C(O)NH,, -OC(0)CH; or ~S(0O),NH,. The
groups ~NHC(OYOCH; and ~NHC{O)NHCH; are non-limiting examples of substituted amido

groups.

0049] The term “alkoxy™ when used without the “substituted” modifier refers to the group
~OR, in which R is an alkyl, as that term is defined above. Non-limiting examples of alkoxy
groups include —OCH; (methoxy), —OCH:CH: {(ethoxy), —OCH,CH,CH;, —-OCH(CHz)

(isopropoxy} and —OC(CHs)s (rerr-butoxy). The terms “alkenvioxy”, “arvioxy”, “aralkoxy”,



]

“heteroarvioxy”, “heterocycloalkoxy” and “acvloxy”, when used without the “substituted”
modifier, refers to groups, defined as —OR, in which R 18 alkenyl, arvl, aralkyl, hetercaryl,
heterocveloaltkyl and acyl, respectively.  The term “alkoxydivl” refers to the divalent group
~(—alkanedivl—, —O-—alkanedivi~0— or —alkanedivi—0U—alkanediyl-. The term “alcohol”
corresponds to an alkane, as defined above, wherein at least one of the hydrogen atoms has been
replaced with a hydroxy group. The term “ether” corresponds fo an alkane, as defined above,
wherein at least one of the hydrogen atoms has been replaced with an alkoxy group. When any
of these terms is used with the “substituted” modifier one or more hydrogen atom has been
mdependently replaced by —OH, —F, —=CL, —Br, —-f, -NH;, -NGO,, —-CO;H, —CO,CH;, —~CN, —8H,
~OCH:, ~OCH,CH;, ~C{(O)CH;, ~NHCH;, ~NHCHCH;, ~N{CH;}y, ~C(O)NH,, ~OC{0)CH;
or ~S(0)»NH,;.

[6050] The use of the word “a” or “an,” when used in conjunction with the term
“comprising” in the claims and/or the specification may mean “ong,” but it is also congistent with
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the meaning of “one or more,” “at least one” and “one or more than one.”

0051 Throughout this application, the term “about” is used to indicate that a value includes
the mwherent vanation of error for the device, the method being employed to determine the value

or the variation that exists among the study subjects.

<

[0052] The terms “comprise,” “have” and “include”™ are open-ended linking verbs. Any
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forms or tenses of one or more of these verbs, such as “comprises,” “comprising,” “has,
“having,” “includes” and “including.” are also open-ended. For ¢xample, any method that
“comprises,” “has” or “includes” one or more steps is not imited to possessing only those one or

more steps but also covers other anlisted steps.

[0033] The term “epoxide” 1s a structure with a three-membered ring containing an oxygen
atom and two carbon atoms joined by single bonds. An epoxide has the following general

formula:

Ry R,

wherein: Ry, R;, and R; are cach mdependently selected from hvdrogen, substituted or
unsebstituted alkvl and Ry is selected from hydrogen, substituted or unsubstituted alkyl, or

substituted or unsubstituted arvl.
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(3054} A Group 1 atom comprises an atom selected from lithium, sodium, potassium,
rubidivm, cesium or francium. A Group ? atom comprises an atom selected from bervihum,
magnesium, calcium, strontium, barfum or radinm. A cation of these atoms results in a
positively charged atom which bas a +1 charge for Group 1 atoms or a cation of the Group 2

atoms having a +2 charge.

13055] An “isomer” of a first compound 15 a separate compound in which gach molecule
containg the same constituent atoms as the first compound, but where the configuration of those

atoms in three dimensions differs.

[0056] A “method” 15 series of one or more steps undertaken that leads to a final product,
result or cutcome. As used herein, the word “method” 15 used interchangeably with the word

“process”.

[0057] A “peroxide” is a molecule containing a single covalent bond between two oxygen
atoms and cach oxygen is also bound to a hydrogen, alkyi, alkenyl, alkvovl, aryl, aralkvi,
heteroary! or heterocvcloalkyl group as those groups are defined above. In general, the peroxide
bond between the two oxygen atoms is labile and readily decomposes or reacts with other
molecules, particularty in the presence of a catalyst. Some non-himiting examples of peroxides

melude HO—OH (hydrogen peroxide) or {CH: ) CO—0H (tert-buty! hydroperoxide).

0058] The term “peroxide conversion” when used in the context of this apphication means
the percentage of the peroxide which has been converted mto the corresponding alcohol or water
byproduct. For example, the peroxide conversion of tert-butyl hvdroperoxide 1s represented by
the amount of the starting peroxide which has been converted into teri-butancl in a given

epoxidation reaction.

[0059] The term “peroxide selectivity” when used in the context of this apphication means

the percentage of the peroxide that has been mcorporated into the desired epoxide.

[0060] The term “1-phenviethyl alcohol” or “1-phenviethanol” s used interchangeably with

the term “o-methy] benzyl alcohol ”

{0061 The term “silicate” when used in the context of this application indicates an anionic
sthicon compound. In some embodiments, the silicon i3 bound to oxygen atoms or halide atoms
and the silicon atom has a tetrahedral orientation. In some embodiments, the silicon can adopt a
higher coordination number and adopt other orientations such as octahedral.  In some

embodiments, a silicate exists as a cyehic, straight single chain or sheet forming silicate. In some
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embodiments, the silicate is an orthosilicate such as “Si0;". The term “shuminosilicate™ 1s a
compound comprising aluminum, sithicon and oxygen with an appropriate counteraction{(s). One
non-limiting example of an aluminosilicate is kaolin, which has the molecalar formula

ALSHO{0OH):. In some embodiments, hvdrated aluminosilicates are zeohies.

0062} The anions “sulfate”, “carboxylates” or “phosphate” when used herein are intended to
represent the fully deprotonated as well as the partially and fully protonated forms of these

anions. In one non-limiting exaraple. the term sulfate is used to imply HaS0,, HSO4 ™ and 80,7

j0063] The above definitions supersede any conflicting definitions m any reference that is
mcorporated by reference herein.

\'2 Examples

[0064] The following examples are mcluded to demonstrate certain embodiments of the
subject matter of the appended claims. It should be appreciated by those of skill in the art that
the techniques disclosed in the examples which follow represent techniques intended to function
well in the practice of the subject matter of the appended claims. However, those of skill in the
art should, in light of the present disclosure, appreciate that many changes can be made in the
specific embodiments which are disclosed and still obtain a like or similar result without

departing from the spirit and scope of the appended claims.
Example 1. Use of Buffers and Large Molecule Solvents in the Epoxadation of Alkenes

Table 1: Peroxide Conversion and Selectivity of H,O5 Utilization

Feolite Temo H,0, Ring H,3,
Sample ((, ;Ev o Solvent Buffer Z(E conversion | Opening | selectivity
Ayt b (%) )| 10 PO (%)
1 1§y | methanol - 5001 48 : 78
water
) TS-1 methanol/ Amm(?nimm 50 15 ) 68
water acetate
t-butyl
3 T8-1 alcohol/ - 50 12 - 58
water
t-butyl Ammonium
4 T8-1 alcohol/ dihydrogen | 30 i1 - I5
water phosphate
5 TS-1 Acetonitriles ) 50 7 ) 9
water
L Ammontum
6 7. | Aeetonitrilel | trogen | 50 4 100
water
phosphate
7| Timww | thuel . 50 | 43 0.6 75
alcohol/




water
t-butyl Ammoniim
3 TiMWW alcohol/ dihydrogen | 30 69 0.3 &0
water phosphate
i-
o | Timww | Phenyiethyl - 70 20.9 172 93
alcohol/acet
ophenone
i-
10| rivwyy | Phenviethyl | Ammonium |-, 992 0.33 99
alcohol/acet acetate
ophenone
- .
henylethyl Ammonium
11| Timww | PREIYEEY L gvdorgen | 70 96.8 0331 97
alcohol/acet | ~ -
phosphate
ophenone

10065] As shown in Table 1, the cpoxidation catalvst, TS-1, with small molecule solvents
such as methanol leads to moderate hydrogen peroxide conversion as can be seen in Sample 1,
but that H,0, conversion was reduced when T5-1 is used with a buffer (Sample 2 vs. Sample 1),
Additionally. other solvents like large molecule solvents, e.g. acetonitrile and /~BuQOH, also lead
to a reduction of hydrogen peroxide conversion compared to methanol (Samples 3 and 5 vs.
Sample 1}, Finally, when both the large molecule solvents are used in conjunction with a buffer,
the amount of hydrogen peroxide conversion fevel was further reduced (Samples 4 and 6 vs,
Sample 1 and Samples 3 and 5). The epoxidation catalvst, TIMWW, gave a similar hydrogen
peroxade conversion to the TS-1 catalvst (Sample 7 vs. Sample 1), Additionally, the use of
TIMWW catalyst with I-phenviethyl alcohol and acetophenone leads to lowered hydrogen
peroxide conversion {Sample 9 vs. Sample 1), Moreover, the use of TIMWW catalyst m the
presence of a buffer with fbutyvl aleoho! and water or with I-phenyiethyl alcohol and
acetophenone leads to a greatly mnereased hydrogen peroxide conversion as well as hvdrogen
peroxide selectivity to propylene oxide and reduced ring opening by-products. {Samples §, 10,
and 11 vs. Samples 7 and 9).

Sample 11

{3066} A 100 mL Parr reactor is charged with a 70:23:7 wt.% solution of methanol/water/30
wt. % hydrogen peroxide (40 g) and TS-1 catalvst (6.03 g). The reactor is scaled and charged
with propylene (about 20-23 g). The magnetically stirred reaction mixture is heated at 50 °C for
30 minutes at a reactor pressure about 300 psig {about 2,17C kPa), then cooled to 10 °C. The

tiquid and gas phases are analyzed by gas chromatography. The results are shown m Table 1.



Sample 2:

[0067] A 100 mL Parr reactor is charged with a 70:23:7 wt. % solution of methanol/water/30
wt.% hydrogen peroxide (40 g), 0.5 g of 0.1 M ammonium acetate solotion and TS-1 catalyst
{0.03 g}, The reactor is sealed and charged with propylene {about 21 g). The magnetically stirred
reaction mixture 18 heated at 50 °C for 30 minutes at a reactor pressure about 300 psig (about
2,170 kPa), then cooled to 10 °C. The hguid and gas phases are analvzed by gas
chromatography. The results are shown in Tabie 1.

Sample 3:

[0068] A 100 ml Parr reactor is charged with a 70:23:7 wt.% solution of t-butyl
alcohol/water/30 wt.% bvdrogen peroxide (40 g) and TS-1 catalyst (0.03 g). The reactor s sealed
and charged with propylene (about 23 g). The magnetically stirred reaction nuxture is heated at
50 °C for 30 minutes at a reactor pressure about 300 psig (about 2,170 kPa), then cooled to 10
°C. The ligquid and gas phases are analvzed by gas chromatography.  The results are shown in
Table 1.

Sample 4

[(3063] A 100 mbl Parr reactor 15 charged with a 70:23:7 wt% solution of t-butyl
alcohol/water/30 wt.% hydrogen peroxide (40 gj, 0.5 g of 0.1 M ammonum dihvdrogen
phosphate solution and TS-1 catalyst {0.03 g). The reactor is sealed and charged with propviene
(about 22 g). The magnetically stirred reaction mixture is heated at 30 °C for 30 numutes at a
reactor pressurc about 300 psig (about 2,170 kPa), then cooled to 10 °C. The liguid and gas
phases are analyzed by gas chromatography. The resolts are shown in Table .

Sample 5:

[6076] A 100 mL Parr reactor is charged with a 70:23:7 wt% solation of
acetonitrile/water/30 wt.% hydrogen peroxide {40 gy and TS-1 catalyst (0.03 g). The reactor i
scaled and charged with propyiene (about 22 g). The magnetically stirred reaction mixture is
heated at 50 °C for 30 munutes at a reactor pressure about 300 psig (about 2,170 kPa), then
cooled to 10 °C. The hquid and gas phases are analvzed by gas chromatography.  The results are
shown in Table 1.

Sample 6:

0071 A 100 mb Parr reactor is charged with a 70:23.7 wt% solution of
acetontirie/water/30 wt.% hvdrogen peroxide (40 g), 0.5 g of 0.1 M ammonium dihivdrogen
phosphate solution and TS-1 catalyst (0.03 g}, The reactor is scaled and charged with propylene
{about 25 g). The magnetically stirred reaction mixture is heated at 50 °C for 30 minutes at a
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reactor pressure about 300 psig (about 2,170 kPa), then cooled to 10 °C. The hquid and gas

phases are analvzed by gas chromatography. The results are shown in Table 1.
Sample 7:

0672} A 100 mi. Parr reactor is charged with a 70:23:7 wt.% solution of t-butyl
alcohol/water/30 wi.9 hydrogen peroxide (40 g} and TiIMWW catalyst (0.03 g} The reactor s
scaled and charged with propylene {about 24 g} The magnetically stirred reaction mixture is
heated at 50 °C for 30 minutes at a reactor pressure about 300 psig (about 2,170 kPa), then
cooled to 10 °C. The liguid and gas phases are analyzed by gas chromatography. The results are

shown in Table 1.
Samplc §:

[06073] A 100 mL Parr reactor is charged with a 70:23:7 wt% sclution of t-butyl
alcohol/water/30 wt.% hydrogen peroxide {40 g), 05 g of 4.1 M ammonium dihvdrogen
phosphate solution and TIMWW catalyst {(0.03 g). The reactor is scaled and charged with
propviene (about 24 g). The magnetically stirred reaction mixture 18 heated at 70 °C for 30
mamites at a reactor pressure about 300 psig {(about 2,170 kPa}, then cooled to 10 °C. The hiquid

and gas phases are analyzed by gas chromatography. The results are shown in Table 1.
Sample 9:

[0074] A 100 mbL Parr reactor is charged with a 80:12:8 wt.% sohition of 1-phenylethyl
alcohol/acetophenone/30 wt.% hydrogen peroxide (50 g} and TIMWW catalyst (0.03 g). The
reactor 1s scaled and charged with propylene (about 15 g} The magnetically stirred reaction
mixture is heated at 70 °C for 30 mimutes at a reactor pressure about 300 psig (about 2,170 kPa),
then cooled to 10 °C. The liguid and gas phases arc analyzed by gas chromatography. The
results are shown in Table 1.

Sample 10:

[0675] A 100 mL Parr reactor is charged with a 80:12:8 wt.% solution of 1-phenyiethyl
alcoholacetophenone/30 wt.% hydrogen peroside (50 g), 0.2 g of 0.1 M ammoniam acctate
solution and TIMWW catalyst (0.03 g} The reactor is sealed and charged with propylene {about
15 g). The magnetically stirred reaction mixture 1s heated at 70 °C for 30 minutes at a reactor
pressure about 300 psig (about 2,170 kPa), then cooled to 10 °C. The liguid and gas phases are

analyzed by gas chromatography. The results are shown in Table 1.
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Sample 11:

[0076] A 100 mL Parr reactor s charged with a 80:12:8 wit.% solution of I-phenviethyi
alechol/acetophenone/3¢ wt.% hydrogen peroxade (50 gi, 0.2 g of 0.1 M ammonnmm acetate
solution and TiMWW catalyst {0.03 g). The reacior is scaled and charged with propylens (about
4.5 g). The magnetically stirred reaction mixture 1s heated at 70 °C for 30 nunutes at a reactor
pressure about 300 psig (about 2,170 kPa), then cosled to 10 °C. The hiquid and gas phases are

analyzed by gas chromatography. The results are shown in Table 1.

Example 2: Use of TIMWW catalyst and Layered TIMWW catalyst with Buffer and Solvent

Table 2: Effects of Catalvst and Buffer on Peroxade Conversion

] T , Peroxide
Samples Zeolite Catalyst Solvent Buffer Temp (°Cy | NN
conversion (o)

-butyvl
12 TiIMWW t-buly - 76 27
alcohol/water
13| Lavered TIMWW-NAW | ooyl ) 70 99
: alcohol/water
R AU A T t-butyl " ‘
14 Layered TIMWW-AW alcohol/water 70 99
t-butyl Ammonium
alcohol/water{  Acetate
1-
henylethyl
9 TIMWW phenylethy ] 70 207
alcohol/aceto
phenong
1-
16 | Layered TiMww-naw | Phonviethyl ; 70 99
alcohol/aceto
phenone
1-
17 Lavered TIMWW-Aw | Phonvetbyl . 70 99
alcohol/aceto

phenone

15 Lavered TIMWW-AW 70 99

Preparation of lavered TIMWW-NAW:

066771 A sealed 100 mL Parr reactor containing 6.1 g of TIMWW,_ 15 g of piperidine, and 35
¢ of deionized water is heated at 155 °C for 3 days. The reaction mixture 1s then cogled, filtered,
washed with de-ionized water (6 x 200 mL) and dried in a vacuum oven at 130 °C for 16 hrs to
vield an off~white solid (5.4 g}

Preparation of layered TiMWW-AW:

[3078] A mixture of the lavered TIMWW-NAW catalyst (1.5 g} above in 75 mL of 2 M

witric acid 18 refluxed at 110 *C. Aftter 3 hrs, the reaction nuxture 1s then cooled, filtered, washed
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with de-tonized water (6 x 200 mL}, and dred in a vacuum oven at 130 "C for 16 hrstovield a

white solid (1.2 g).
Sample 12:

[0679] A 100 mi. Parr reactor is charged with a 70:23:7 wt.% solution of r-butyl
alcohol/water/30 wi.%9 hydrogen peroxide (30 g} and TiMWW catalyst (0.03 ¢} The reactor s
scaled and charged with propylene {about 15 g} The magnetically stirred reaction mixture is
heated at 70 °C for 30 minutes at a reactor pressure about 300 psig (about 2,170 kPa), then
cooled to 10 °C. The hqwd and gas phases are analyzed by gas chromatography. The results are

shown in Table 3.
Sample 13-

{3080} A 100 mL Parr reactor is charged with a 70:23:7 wt% sclution of t-butyl
alcchol/iwater/30 wit.% hydrogen peroxide {50 g) and layered TIMWW-NAW catalyst (0.03 g},
The reactor is scaled and charged with propviene (about 15 g} The magnetically stirred reaction
mixture 15 heated at 70 °C for 30 munutes at a reactor pressure about 300 psig (about 2,170 kPa),
then cooled to 10 °C. The liguid and gas phases are analyzed by gas chromatography. The

results are shown i Table 3.
Sample 14:

0081] A 100 ml Parr reactor is charged with a 70:23:7 wt.% solution of t-butyl
alcohol/water/30 wt.% hvdrogen peroxide {50 g} and layered TIMWW-AW catalyst (0.03 g).
The reactor s sealed and charged with propylene (about 15 g}, The magnetically stirred reaction
mixture 1s heated at 70 °C for 30 minutes at a reactor pressure about 300 psig (about 2,170 kPa),
then cooled to 10 °C. The liguid and gas phases arc analyzed by gas chromatography. The
results are shown in Table 3.

Sample 13:

0082} A 100 mb Parr reactor is charged with a 70:23:7 wt.% solution of t-butyl
alecohol/water/30 wi.% hyvdrogen peroxide (50 g), 0.2 g of 0.1M ammonium acetate and layered
TIMWW-AW catalyst (0.03 g}, The reactor is s¢aled and charged with propyiene (about 15 g},
The magnetically stirred reaction mixture is beated at 70 °C for 30 minutes af a reacior pressure
about 300 psig (about 2,170 kPa), then cooled to 10 °C. The higwd and gas phases are analyzed

by gas chromatography. The results are shown e Table 3.



Sample 16

[0083] A 100 mL Parr reactor is charged with a 80:12:8 wt.% solution of I-phenyiethyl
alechol/acetophenone/30 wt.% hydrogen peroxide (530 g} and layered TIMWW-NAW catalyst
{0.03 g}, The reactor is sealed and charged with propylene {about 15 g). The magnetically stirred
reaction mixture 18 heated at 70 °C for 30 minutes at a reactor pressure about 300 psig (about
2,170 kPa), then cooled to 10 °C. The hguid and gas phases are analvzed by gas

chromatography. The results are shown in Table 3.
Sample 17

[0084] A 100-mL Parr reactor is charged with a 80:12:8 wt.% solution of 1-phenylethyl
alcohol/acetophenone/30 wt.% hydrogen peroxide (50 g} and layercd TiIMWW-AW catalyst
{0.03 g). The reactor is sealed and charged with propviene {about 15 g). The magnetically stirred
reaction mixture 1s heated at 70 °C for 30 minutes at a reactor pressure about 300 psig (about

2,170 kPa), then cooled to 10 °C. The lupud and gas phases are analyzed by gas

chromatography. The resulis are shown in Table 3.

[0002] The TIMWW catalyst has been shown to produce moderate peroxide conversion in #-
butyl alcohol and lower peroxide conversion in 1-phenviethvl alcobol (Samples 12 and Samples
9, reapectively).  The use of a lavered TiIMWW catalvst as described herein gave increased
peroxide conversion i /~butyl alcohol/water (Samples 13 and 14 versus Sample 12) or in 1-
phenviethyl alcohol/acetophenone (Samples 16 and 17 versus Sample 9). Sumlasrly, the lavered
TIMWW catalvst when used in conjunction with a buffer also leads to excellent peroxide

conversion (See Sample 15).

R IR I IR TR TR B R I N

[0085) All of the compounds, complexes, and methods disclosed and clatmed berein can be
made and executed without undue expernimentation 1n light of the present disclosure. While the
compounds, complexes, and methods, as provided herein, have been described in terms of
certain embodiments, it will be apparent to those of skill in the art that variations may be applied
to the compounds, complexes, and methods, as well as o the steps or in the sequence of steps of
the methods described herein without departing from the concept, spirit, and scope of the
appended claims. More specifically, it will be apparent that certain agents which are chemically
related may be substituted for the agents described herein while the same or sumilar resuits would
be achieved. All such similar substitutes and modifications apparent to those skilled in the art
are deemed to be within the spint, scope and concept of the technology as defined by the

appended claims,
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1.

CLAIMS

A method for producing propylene oxide comprising contacting propylene with atitanium
silica zeolite catalyst, hydrogen peroxide, an ammonium buffer selected from the group
consisting of ammonium acetate and ammonium dihydrogen phosphate, and an R1-OH
solvent in a reaction mixture, the reaction mixture further comprising acetophenone,
wherein the R1-OH solvent is 1-phenylethyl alcohol and wherein the reaction mixture
comprises a ratio of acetophenone to 1-phenylethyl acohol of 1:99 to 50:50, and the
peroxide selectivity rate is greater than about 40%.

The method of claim 1, wherein the R1-OH solvent further comprises from about 0.1-50%

by weight of water.

The method of clam 1, wherein the titanium silica catalyst comprises a silica zeolite
catalyst which comprises asilicaframework in which silicon atomsin the silicaframework

have been replaced with titanium atoms and the zeoliteis an d uminosilicate MWW zeolite.

The method of claim 1, wherein theratio of titanium to silicain the titanium silica catal yst

comprises aratio of 0.5 to 5 titanium atoms for every 100 silicon atoms.

The method of claim 3, further comprising washing the titanium silica catalyst with a
templating agent.

The method of claim 5, wherein the templating agent is piperidine, hexamethyleneimine,
adamantyl ammonium hydroxide, octyltrimethylammonium hydroxide,
heptyltrimethylammonium  hydroxide,  hexyltrimethylammonium  hydroxide, or

trimethyladamantylammonium hydroxide.

The method of claim 5, further comprising washing the catal yst with an acid after washing
with atemplating agent.

The method of claim 7, wherein the acid is nitric acid, hydrochloric acid, sulfuric acid,

sulfurous acid, phosphoric acid or anmmonium chloride.

The method of claim 1, wherein the method comprises heating the reaction mixture to a

temperature between 20 °C and 250 °C.
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10.

11.

The method of claim 1, wherein the method further comprises apressure from 68.9476 kPa
to 6894.76 kPa.

The method of claim 1, wherein the titanium silica zeolite catal yst comprises aratio of 0.5-

14 titanium atoms for every 100 silicon atoms.
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