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(57) Abréegée/Abstract:

A method of preparing an antioxidant polymer includes forming or obtaining a first polymer having reactive pendant groups, where
the first polymer does not include cyclic anhydride repeat units, and derivatizing the first polymer with an antioxidant. Another
method of preparing an antioxidant polymer includes forming or obtaining a first polymer having reactive pendant groups and
derivatizing the first polymer with an antioxidant, where the antioxidant is attached to the first polymer by an acetal, amide, amine,
carbamate, carbonate, ester, ether or thioether linkage or by a carbon-carbon bond. The invention Is also directed to polymers that
are generally prepared by these methods, compositions that include such polymers and methods of using such polymers.
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(57) Abstract: A method of preparing an antioxidant polymer includes forming or obtaining a first polymer having reactive pendant

& groups, where the first polymer does not include cyclic anhydride repeat units, and derivatizing the first polymer with an antioxidant.

&\ Another method of preparing an antioxidant polymer includes forming or obtaining a first polymer having reactive pendant groups
and derivatizing the first polymer with an antioxidant, where the antioxidant is attached to the first polymer by an acetal, amide,
amine, carbamate, carbonate, ester, ether or thioether linkage or by a carbon-carbon bond. The invention is also directed to polymers
that are generally prepared by these methods, compositions that include such polymers and methods of using such polymers.
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POST-COUPLING SYNTHETIC APPROACH FOR POLYMERIC
ANTIOXIDANTS

RELATED APPLICATION

This application claims the benefit of U.S. Provisional Application No.
60/537,983, filed January 21, 2004, the entire teachings of which are incorporated

herein by reference.

GOVERNMENT SUPPORT
The invention was supported, in whole or in part, by a grant DMR-99860644

fom the National Science Foundation. The Government has certain rights in the

mvention.

BACKGROUND OF THE INVENTION

Synthetic antioxidant preservatives are added to a wide variety of products
during processing and storage. The types of products include foods, plastics and
packaging materials. When an oxidizing event takes place in a product, the
antioxidant molecules rapidly react to form antioxidant radicals. This reaction
protects the product from damage resulting from the oxidizing event and
consequently increases the shelf life of the product. Common synthetic antioxidant
preservatives include butylated hydroxyanisole (BHA), butylated hydroxytoluene
(BHT), tert-butylhydroquinone (TBHQ), di-tert-butylhydroquinone (DTBHQ), and
propyl gallate. There are also naturally occurring antioxidants, which include
sesamol, sesamin, vitamin A and beta-carotene, vitamin E and tocopherols and
vitamin C.

The use of antioxidant preservatives can be particularly common foods
with significant unsaturated lipid content. These foods also contain quantities of

unsaturated fatty acids. Unsaturation in fatty acids makes lipids susceptible to



WO 2005/070974

10

15

20

25

30

CA 02575952 2007-02-02

PCT/US2005/001948
29 -

oxidation, which in turn leads to complex chemical changes in the lipids. These
chemical changes eventually manifest themselves in the development of off-tlavors
(rancidity) in foods. The oxidation of unsaturated fatty acids can typically be
mediated by free radicals, which can be caused by heat, light, ionizing radiation,
trace metals and some proteins. The use of antioxidant preservatives n
lipid-containing foods minimizes rancidity, retards the formation of toxic oxidation
products, allows maintenance of nutritional quality and increases the shelf life. The
mechanism by which the antioxidant preservatives are believed to act involves
scavenging peroxyl radicals and preventing propagation of the oxidation process.
The antioxidant activity of these compounds can be lost upon scavenging a free
radical, so a food or other product can be no longer protected from oxidation once
all the antioxidant preservative has reacted with a free radical. In other words, the
degree of protection from oxidation can depend on the quantity of antioxidant
preservative that 1s present.

Unfortunately, there are restrictions on the amount of synthetic antioxidant
preservatives that can be added to a product, especially products intended for human
or animal consumption. The U.S. Food and Drug Administration limits the amount
of BHA and BHT in foods to 0.02% of total fat, because these compounds are
suspected to be carcinogenic.

Consequently, there is a need for a new class of synthetic antioxidant
preservatives that are less toxic to humans and animals. Also, it would be
advantageous to develop an antioxidant preservative with increased potency and the
ability to be readily processed with a variety of materials. Antioxidant preservatives
with these improved properties would increase the shelf life and palatability of
lipid-containing food items, as well as other products containing moieties (€.g.,

unsaturated carbon-carbon bonds) that can be damaged by free radicals.

SUMMARY OF THE INVENTION
A first aspect of the present invention includes a method of preparing an

antioxidant polymer, which includes the steps of:
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forming or obtaining a first polymer having reactive pendant
groups, where the first polymer does not include cyclic anhydride
repeat units; and

derivatizing the first polymer with an antioxidant.

In another aspect, the invention relates to a method of preparing an

antioxidant polymer that includes:

1)

i)

forming or obtaining a first polymer having reactive pendant
groups; and

derivatizing the first polymer with an antioxidant, wherein the
antioxidant is attached to the first polymer by an acetal, amide,
amine, carbamate, carbonate, ester, ether or thioether linkage or

by a carbon-carbon bond.

A further aspect of the invention includes an antioxidant polymer produced

by the process that involves derivatizing a homopolymer or a block, star,
hyperbranched, random, gradient block, or alternate copolymer with one or more
phenolic antioxidants. The phenolic antioxidants can be attached to the
homopolymer or the block, star, hyperbranched, random, gradient blo ck, or alternate

copolymer by an acetal, amine, carbamate, carbonate, ester, ether or thioether

linkage.

In one embodiment, the invention relates to a polymer having at least one

repeat unit that is represented by a structure selected from the group consisting of

Structural Formulas (I), (ID), (IIT), (IV) and combinations thereof:

(CHz)m (CHQ)m
!CH:CH) (CHzTH)“
(CHZ)p

(CHZ)p \

Z
Zz (D, (1D,
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R is a covalent bond, -O-, -C(0)O-, -C(O)N-, -C(O)-, -CH=CH-, -5~ or -N-.

R, is —H or an alkyl group, or -(CHz)-O-X-Z. Typically, R; is —H or alkyl.

Each X is independently a covalent bond, -C(O)-, -C(0)O- or -C(O)N-.

Y 1s —O-, -N- or —5-.

Each Z is an independently selected antioxidant.

a is an integer from 0 to 12.

Each k is independently an integer from 0 to 12.

m is an integer from 0 to 6.

nisOorl.

p is an integer from 0 to 6.

Another aspect of the present invention relates 10 a method of inhibiting
oxidation of a substance, which includes the step of contacting the substance with an
antioxidant polymer produced by the process having the step of derivatizing a
homopolymer or a block, star, hyperbranched, random, gradient block, or alternate
copolymer with one or more phenolic antioxidants, where the phenolic antioxidants
can be attached to the homopolymer or the block, star, hyperbranched, random,
gradient block, or alternate copolymer by an acetal, amine, carbamate, carbonate,
ester, ether or thioether linkage.

In another aspect, the invention includes a method of inhibiting oxidation of
a substance, which includes the step of contacting the substance with a polymer that
includes at least one repeat unit represented by a structure selected from the group

consisting of Structural Formulas (I), (II), (III), (IV) and combinations thereof:
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R'is a covalent bond, -O-, -C(0)O-, -C(O)N-, -C(O)-, -CH=CH-, -S- or -N-.
R, is —H or an alkyl group, or -(CHz)-O-X-Z. Typically, R; is —H or alkyl.
5 Each X is independently a covalent bond, -C(O)-, -C(0)O- or -C(O)N-.
Y is —O-, -N- or —5-.
Each Z is an independently selected antioxidant.
a is an integer from 0 to 12.
Each k is independently an integer from 0 to 12.
10 m is an integer from 0 to 6.
nis 0 orl.
p is an integer from 0 to 6.

An additional aspect of the invention includes a method of enhancing the

antioxidant activity of an antioxidant molecule that involves:
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1) forming a polymer having reactive pendant groups, wherein the
polymer does not include cyclic anhydride repeat units; and
1) derivatizing the polymer with the antioxidant molecule.
One advantage of antioxidant polymers of the present invention 1s that they
5  can be expected to be less toxic or even non-toxic to animals, by virtue of being
largely unabsorbed. Also, these polymers can be generally more potent than small
molecule antioxidants, so that a smaller quantity of antioxidant can typically be
needed to achieve the same protective effect. In addition, the antioxidant polymers
can be blended into another polymeric material or can form a thin film coating on
10 the material, and unlike a small molecule antioxidant, diffusion out of the polymeric

material can typically occur slowly.

BRIEF DESCRIPTION OF THE DRAWING
The figure is a high-resolution NMR spectra of (A) poly(vinyl alcohol), (B)
15  3-(3,5-di-tert-butyl-4-hydroxyphenyl) propionic acid and (C) the antioxidant
polymer formed in Example 1.

DETAILED DESCRIPTION OF THE INVENTION
The invention is generally directed to polymers having pendant antioxidant
70  moieties, various compositions containing such polymers, and methods of preparing
and using such polymers.

Polymers of the present invention are typically prepared by first preparing or
obtaining a polymer having reactive pendant groups. The polymers can be prepared,
for example, by chemical or enzymatic methods. Reactive pendant groups can be

25  directly coupled to another moiety having a complementary reactive functional
group or can be activated before coupling to another functional group. The polymer
having reactive functional groups can be derivatized with an antioxidant. This
antioxidant reacts with the reactive pendant group so that the antioxidant becomes
attached to the polymer backbone. The antioxidant typically contains a functional

30  group that can be capable of reacting with the pendant functional group of the
polymer or can be activated to react with the pendant functional group.
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In one embodiment, the polymer does not include cyclic anhydride repeat
units.

An antioxidant can be attached to the polymer by one or more linkages or
bonds. Examples of suitable linkages include acetal, amide, amine, carbamate,

5  carbonate, ester, ether and thioether linkage. Carbon-carbon bonds can be also
suitable. As used herein, an amide is distinguished from a diacyl hydrazide.

There are many examples of polymers that can be derivatized with an
antioxidant. One type of such polymer has pendant hydroxyl groups, such as
poly(vinyl alcohol) and copolymers thereof (e.g., poly(ethylene-co-vinyl alcohol)).

10  The hydroxyl groups of poly(vinyl alcohol), a polyhydroxyalkyl methacrylate (e.g.,
polyhydroxy methyl methacrylate), and poly(ethylene-co-vinyl alcohol) react with
an antioxidant to form the derivatized antioxidant polymer. Another type of
derivatizable polymer contains pendant carboxylic acid groups or esters thereof,
such as poly(acrylic acid), poly(alkylacrylic acid) and esters thereof. Poly(acrylic

15  acid) is a preferred polymer; the carboxylic acid groups of poly(acrylic acid) can be
derivatized, although carboxylic acid groups generally require activation before
derivatization can occur.

An additional type of derivatizable polymer can be a poly(substituted
phenol), where the substituted phenol has a substituent with a nucleophilic or

20 electrophilic moiety. Such poly(substituted phenols) can include repeat units

represented by the following structural formulas:

(C H2)a

R

>

where a is an integer from 0 to 12; R is —~OH, -COOH, -NH,, -SH or a halogen; and
R1o, Ry and Ry, are each independently —H, -OH, -NH, or —SH, provided that at
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least one of Ry, Ry1 and Ry, is —OH, -NH; or _SH. Preferably, one of Ry, R11 and
R, is —OH and the remaining two are optionally —H. More preferably, R;; s —OH
and R and R are —H.

The derivatizable polymers can be homopolymers or copolymers.
Copolymers include, for example, block, star, hyperbranched, random, gradient
block, and alternate copolymers. The derivatizable polymers can be branched or
linear, but are preferably linear.

In copolymers, it is only necessary for one repeat unit to include a pendant
reactive group. Second and further repeat units of a copolymer can optionally
include a pendant reactive group. For example, about 1% to 100%, such as 10% to
50% or 50% to 100%, of the repeat units of a polymer include pendant functional
oToups.

All or a fraction of the pendant reactive groups of a derivatizable polymer
can be derivatized with an antioxidant. In one example, about 100% of the pendant
reactive groups can be derivatized. In another example, about 5% to about 90%,
such as about 20% to about 80% (e.g., about 50% to about 80%) of the pendant
reactive groups can be derivatized.

These polymers can be minimally derivatized with a single type of
antioxidant, but can be derivatized with two or more antioxidants (e.g., chemically
distinct antioxidants). When there can be two or more antioxidants, they can be m
the same class, as described below, or can be 1n different classes. The ratio of
antioxidants can be varied in order to obtain a polymer having a de sired set of
properties. For example, when a polymer can be derivatized with two antioxidants,
the ratio of a first antioxidant to a second antioxidant can be from about 20:1 to
about 1:20, such as from about 5:1 to about 1:5 (e.g., about 1:1).

Many antioxidants can be suitable for use m the present invention, provided
that they can be attached to a polymer and retain their antioxidant activity. One
class of suitable antioxidants can be phenolic antioxidants. Phenolic antioxidants
typically have one or more bulky alkyl groups (alkyl groups having a secondary or
tertiary carbon alpha to the phenol ring) ortho or meta, preferably ortho, to the
phenol hydroxyl group. Phenolic antioxidants can alternatively have an

alkylenedioxy substituent, an alkoxycarbonyl substituent, a 1-propenyl-3 -carboxylic

PCT/US2005/001948



WO 2005/070974

10

15

20

25

CA 02575952 2007-02-02
-9 -

acid substituent or an ester thereof. A preferred bulky alkyl group is a tert-butyl
group. The phenol hydroxyl group can be protected by a removable protecting
group (e.g., an acyl group). Phenolic antioxidants for use in the present invention
also generally have a substituent that can react with the pendant reactive group of
one of the polymers described above to form a covalent bond between the
antioxidant and the polymer.

One group of suitable phenolic antioxidants can be represented by Structural

Formula (V):

R, Rg
O Rg (V) .

Ro is —H or a substituted or unsubstituted alkyl, acyl or aryl group, preferably
—H or an acyl group.

Ru, Rs, Rs, R7 and Ry are independently chosen substituent groups, such that
at Jeast one substituent can be a substituted or unsub stituted alkyl or aryl group, a
substituted or unsubstituted alkoxycarbonyl group, a substituted or unsubstituted
alkylenedioxy group, a 1-propenyl-3 _carboxylic acid group or an ester thereof.
Also, at least one of R4, Rs, Rg, R7 and Rg must be a substituent capable of reacting
with the pendant reactive group of the polymers described above, such as a
substituent having a nucleophilic or electrophilic moiety. Other suitable substituents
include, for example, —H, -OH, -NH and —SH. A substituent should not decrease the
antioxidant activity more than two-fold; instead, substituents preferably increase the
antioxidant activity of the molecule.

Specific examples of phenolic antioxidants that can be attached to a polymer
include phenolic antioxidant can be selected from the group consisting of
3-(3 5-di-tert-butyl-4-hydroxyphenyl) propionic acid,
3.5-di-tert-butyl-4-hydroxybenzenethiol,
2-(3,5-di-tert-butyl-4-hydroxyphenyl) acetic acid, 3,5-di-fert-butyl-4-hydroxybenzoic

PCT/US2005/001948
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acid, 3,5-di-tert-butyl-4-hydroxycinnamic acid, gallic acid, alkyl gallates,
3,5-di-tert-butyl-4-hydroxybenzyl alcohol, tert-butyl-hydroquinone,
2.5-di-tert-butyl-hydroquinone, 2,6-di-tert-butyl-hydro quinone,
3 5-di-tert-butyl-4-hydroxybenzaldehyde, monoacetoxy-tert-butylhydroquinone,
5  gesamol, isoflavones, flavanoids and coumarins.
Another antioxidant that can be attached to one of the polymers describ ed

above can be ascorbic acid or a molecule that contains an ascorbic acid moiety.

Typically, ascorbic acid attached to a polymer has the following configuration:

OR
O

o

2

HO OH

10  where this moiety can be attached to the polymer by an ether or ester linkage.

Examples of repeat units in polymers of the invention are represented by

Structural Formulas (I), (IT), (IIT) and (IV):

R w
\{\]——OH/ O |
~, Y
|

) (c‘tHz)m
!<3H=CH)In S
(c|;H2)p (THZ)"

| z

Zz (D, (1),



CA 02575952 2007-02-02
WO 2005/070974

PCT/US2005/001948
-11 -
OH
| /
T O (THZ)a
(CH2)x '?'
| y
Z (I1T) and (IV).

R is a covalent bond, -O-, -C(0)O-, -C(O)N-, -C(0O)-, -CH=CH-, -5~ or -N-.
R; is —H or an alkyl group, or -(CHz)-O-X-Z. Typically, Ry is —H or alkyl,
preferably —H or C1-C4 alkyl group (e.g., methyl).
5 Each X is independently a covalent bond, -C(O)-, -C(0)O- or -C(O)N-,
preferably a covalent bond or —C(O)-.
Y is —O-, -N- or —>-.
Each Z is an independently selected antioxidant.
| a is an integer from 0 to 12.
10 Each k is independently an integer from 0 to 12.
m is an integer from 0 to 6.
nis 0 or 1.
p is an integer from 0 to 6.
Polymers of the invention can include repeat units represented by one or
15 more of Structural Formulas (I)-(IV). Typically, polymers of the invention include
repeat units represented by one of Structural Formulas (I)-(IV). Such polymers can
be homopolymers or copolymers. One type of copolymer includes ethylene repeat
units, particularly in a copolymer containing repeat units represented by Structural
Formula (I) and/or Structural Formula (II).
20 In one embodiment of the invention, a polymer comprises repeat units
represented by Structural Formula (I). In a first group of such polymers, the sum of
m and p is typically two or greater. When the sum of m and p is greater than two, Z
is typically a phenolic antioxidant, as described above. One preferred phenolic

antioxidant is a 3,5-di-fert-butyl-4-hydroxyphenyl group, particularly when X is
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-C(0)-. For these values of X and Z, m 18 preferably 2 and n and p are each 0. A
second preferred antioxidant is a 3 4,5-trihydroxyphenyl group, particularly when X
is —C(O)-. Other preferred antioxidants are mono and
di-tert-butylated-4-hydroxyphenyl groups, 4-acetoxy-3 -tert-butylphenyl groups and
3-alkoxycarbonyl-2,6-dihydroxyphenyl groups (e.g.,
3-propoxycarbonyl-2,6-dihydroxyphenyl groups), particularly when X 1s a covalent
bond.

In a second set of these polymer having repeat units represented by
Structural Formula (I), m and p are each 0. When m and p are 0, n is also typically
0. For these values of m, n and p, Z is typically ascorbic acid. X is typically a
covalent bond. Alternatively, Z is a 3,4,5-trihydroxyphenyl group or a
4-acetoxy-3-tert-butylphenyl group, particularly when X 1s —C(O)-.

In another embodiment of the invention, an antioxidant polymer has repeat
units represented by Structural Formula (II). For these polymers, m, n and p are
each typically 0. Z is preferably a phenolic antioxidant, specifically a
3 4,5-trihydroxyphenyl, 3 5-di-tert-butyl-4-hydroxyphenyl group or a 3 ,5-d1-
-tert-butyl-2-hydroxyphenyl group.

A further embodiment of the invention involves polymers that include repeat
units represented by Structural Formula (III). In one group of such polymers, Y 15 —
O- and Z is preferably ascorbic acid, particularly when k is 0. In another group, Y 1s
_O- and Z is a phenolic antioxidant, particularly when k is 0 to 3; more preferably, k
is 1. A preferred phenolic antioxidantis a 3 5-di-tert-butyl-4-hydroxyphenyl group.
Other examples include of phenolic antioxidants mclude
4-acetoxy-3-tert-butylphenyl, 3-tert-butyl-4-hydroxyphenyl,
2,6-di-tert-butyl-4-mercaptophenyl and 2.6-di-tert-butyl-4-hydroxyphenyl groups.

In yet another embodiment of the invention, a polymer includes repeat units
represented by Structural Formula (IV). Typically, R'is a covalent bond or —OH n
such polymers. Other typical values of R' are amide and ester linkages. Preferred Z
groups can be phenolic antioxidants, as described above. For these polymers, the

phenol hydroxyl group is typically para or mefa to the group containing Z, more
typically para.
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The conditions (e.g., temperature, pressure, atmosphere, concentrations, pH,
solvents) for derivitizing a polymer having pendant reactive groups with an
antioxidant can depend, in part, upon the nature of the functional groups that can be
being reacted. The functional groups to be reacted can be selected such that a

5 covalent bond can be formed between the polymer and the antioxidant. There can
be a large number of possible combinations of functional groups that can be present
as the pendant reactive group and on the antioxidant that can be suitable for
connecting the two components. For example, alcohols and amines can be readily
attached to an activated carboxylic acid such as an acid chloride or a carboxylic acid

10  reacted with a carbodiimide (e.g., dicyclohexylcarbodiimide). In addition, alkyl
halides (excepting fluorides) can be reacted with a wide variety of nucleophiles
(e.g., alcohols, amines, thiols, carbanions) to form a covalent bond. The Mitsunobu
reaction can be used to form an ether linkage from two hydroxyl groups. An
aldehyde can react with hydroxyl groups to form an acetal linkage. Such coupling
15  reactions are well-known in the art.

The conditions for derivatization can also depend, in part, upon the solubility
characteristics of the polymer to be derivatized. Although a polymer may not
solubilize, a solveiit can be chosen such that the pendant reactive groups can be

compatible with the solvent. For example, hydroxyl and carboxylic acid groups can

20  be compatible with a polar solvent.

Methods of inhibiting the oxidation of a substance mnvolve contacting the
substance with an antioxidant polymer, as described herein.
For purposes of the present invention, a “method of inhibiting oxidation™ is
defined as a method that inhibits the propagation of a free radical-mediated process.
75  Free radicals can be generated by heat, light, ionizing radiation, metal ions and some
proteins and enzymes. Inhibiting oxidation also includes inhibiting reactions caused
by the presence of oxygen, 0zone or another compound capable of generating these
gases or reactive equivalents of these gases.
Antioxidant polymers of the present invention have two or more repeat units,
30 preferably greater than about five repeat units. The molecular weight of the
polymers disclosed herein can be generally selected to be appropriate for the desired

application. Typically, the molecular weight can be greater than about 500 atomic
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mass units (amu) and less than about 2,000,000 amu, greater than about 1000 amu
and less than about 1,000,000 amu, greater than about 1000 amu and less than about
100,000 amu, greater than about 2,000 amu and less than about 10,000 amu, or
greater than about 2,000 amu and less than about 5,000 amu. For food or edible
5  products (e.g., products fit for human consumption), the molecular weight can be
advantageously selected to be large enough so that an antioxidant polymer cannot be
absorbed by the gastrointestinal tract, such as greater than 1000 amu. For
antioxidant polymers blended with a polymeric material, the molecular weight can
be advantageously selected such that the rate of diffusion of the antioxidant polymer
10 through the polymeric material can be slow relative to the expected lifetime of the
polymeric material.
Antioxidant polymers of the present invention can be typically insoluble m
aqueous media. The solubility of the antioxidant polymers in non-aqueous media
(e.g., oils) depends upon the molecular weight of the polymer, such that high
15  molecular weight polymers can be typically sparingly soluble in non-aqueous media.
When an antioxidant polymer of the invention can be insoluble mn a particular
medium or substrate, it can be preferably well-mixed with that medium or substrate.
Antioxidant polymers of the present invention can be present in a wide
variety of compositions where free radical mediated oxidation leads to deterioration
20  of the quality of the composition, including edible products such as oils, foods (e.g.,
meat products, dairy products, cereals, beverages, crackers, potato flakes, bakery
products and mixes, dessert mixes, nuts, candies, etc.), and other products containing
fats or other compounds subject to oxidation (e.g., chewmg gum, flavorings, yeast,
etc.).
25 Antioxidant polymers additionally can protect edible products such as
vitamins, e.g., antioxidant vitamins (Vitamin A, Vitamin C, Vitamin E).
Antioxidant polymers can also be present in plastics and other polymers,
elastomers (e.g., natural or synthetic rubber), petroleum products (e.g., mineral oil,
fossil fuels such as gasoline, kerosene, diesel oil, heating oil, propane, jet fuel),
30 adhesives, lubricants, paints, pigments or other colored 1tems, cosmetic
compositions, e.g., soaps and cosmetics (e.g., creams, lotions, hair products). Soaps

and cosmetics, in particular, benefit from the addition of a large proportion of one or
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more antioxidant polymers of the invention. Soaps and cosmetics can contain, for
example, about 1% to about 20% (e.g., about 5% to about 15%) by weight of
antioxidant polymer.

The antioxidant polymers can be used to coat a metal as a rust and corrosion

5 ’ inhibitor.

Antioxidant polymers additionally can protect pharmaceutical products (i.e.,
those containing a pharmaceutically active agent) from degradation. The addition of
antioxidant polymers can be particularly advantageous when the vitamin or
pharmaceutically active agent can be present in a liquid composition, although the

10  antioxidant polymers can be expected also to have a benefit in solid compositions.

In food products, the antioxidant polymers can prevent rancidity. In plastics,
the antioxidant polymers can prevent the plastic from becoming brittle and cracking.

Antioxidant polymers of the present invention can be added to oils to
prolong their shelf life and properties. These oils can be formulated as vegetable

15  shortening or margarine. Oils generally come from plant sources and include
cottonseed oil, linseed oil, olive oil, palm oil, corn oil, peanut oil, soybean oil, castor
oil, coconut oil, safflower oil, sunflower o1l canola (rapeseed) oil and sesame o1l.
These oils contain one or more unsaturated fatty acids’such as caproleic acid,
palmitoleic acid, oleic acid, vaccenic acid, elaidic acid, brassidic acid, erucic acid,

70  nervonic acid, linoleic acid, eleosteric acid, alpha-linolenic acid, gamma-linolenic
acid, and arachidonic acid, or partially hydro genated or trans-hydrogenated variants
thereof. Antioxidant polymers of the present invention can be also advantageously
added to food or other consumable products contamning one or more of these fatty
acids.

25 The shelf life of many materials and substances contained within the
materials, such as packaging materials, can be enhanced by the presence of an
antioxidant polymer of the present invention. The addition of an antioxidant
polymer to a packaging material is believed to provide additional protection to the
product contained inside the package. In addition, the properties of many packaging

30  materials themselves, particularly polymers, can be enhanced by the presence of an
antioxidant regardless of the application (1.e., not limited to use in packaging).

Common examples of packaging materials include paper, cardboard and various
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plastics and polymers. A packaging material can be coated with an antioxidant
polymer (e.g., by spraying the antioxidant polymer or by applying as a thin film
coating), blended with or mixed with an antioxidant polymer (particularly for
polymers), or otherwise have an antioxidant polymer present within 1t. In one
5  example, a thermoplastic polymer such as polyethylene, polypropylene or
polystyrene can be melted in the presence of an antioxidant polymer in order to
minimize its degradation during the polymer pro cessing. An antioxidant polymer
can also be co-extruded with a polymeric material.
One example of a packaging material included in the present invention can

10  be commonly referred to as "smart packaging”. Smart packaging can be designed
such that it controls gas exchange through the packaging. Examples of smart
packaging are described in U.S. Patent Nos. 5,911,937, 5,320,889 and 4,977,004, the
contents of which are incorporated herein in their entirety. One conventional type of
smart packaging involves a layer of an oxygen barrier such as nylon or

15  poly(ethylene-co-vinyl alcohol) that can be typically sandwiched between one or
more layers of a moisture-resistant polymer or polymer blend such as polyethylene
terephthalate, poly(vinylidene chloride), poly(vinyl chloride), poly(ethylene) or
poly(propylene). The layers of moisture-resistant polymer can be either the same or
different. In the present invention, one or more of the antioxidant polymers

70  described herein can be added as an additional layer or can be blended with a layer
of the packaging material. Alternatively, all or a fraction of the hydroxyl groups of
poly(ethyelene-co-vinyl alcohol) itself can be derivatized with an antioxidant, such
as in a polymer represented by Structural Formula (I) or Structural Formula (II).
Such polymers can be expected to serve both as an oxygen barrier and as an

75 antioxidant. It is believed that the advantage of a derivatized poly(ethylene-co-vinyl
alcohol) is that the moisture-resistant layers that can be typically used to protect
poly(ethylene-co-vinyl alcohol) from adsorbing water molecules (and thereby lo SIng
its oxygen resistance) can be eliminated n some embodiments, such that only a
single layer of polymer can be required.

30 Polymers of the present invention can generally be added to another
antioxidant or polymer e.g., forming combinations of one or more antioxidant

polymers described herein and one or more synthetic and/or natural monomeric
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and/or oligomeric antioxidants and/or preservatives. Such compositions can be
expected to have both short-term and long-term antioxidant activity. The known
antioxidants can be typically small molecules (e.g., ascorbic acid, tocopherols,
phenolic antioxidants such as BHA, BHT, TBHQ and propyl gallate). The ratio of
polymeric antioxidant to small molecule antioxidant can be controlled to give
desired properties. For example, the weight ratio of polymeric antioxidant to

conventional antioxidant can be from about 1:100 to about 100:1, such as about 1:10

to about 10:1.

The total concentration or amount of a polymer described herein that can be
present in a composition depends, 1n part, upon the antioxidant activity of the
polymer and the amount of antioxidant protection required. For example, the
concentration of polymer can be as high as 10% by weight of a product (e.g., In
cosmetics and packaging materials), but can be typically present at a concentration

of about 0.1 ppm to about 10,000 ppm, more typically about 0.1 ppm to about 100

ppmi.
An alkyl group is a saturated hydrocarbon in a molecule that is bonded to

“one other group in the molecule through a single covalent bond from one of 1ts

carbon atoms. Examples of lower alkyl groups include methyl, ethyl, n-propyl,
iso-propyl, n-butyl, sec-butyl and tert-butyl. An alkoxy group is a sub stituted or
unsubstituted alkyl group where an oxygen atom connects the alkyl group and one
other group. An acyl group is a substituted or unsubstituted alkyl group that
contains a terminal carbonyl moiety.

Aryl groups include carbocyclic aryl groups such as phenyl, 1-naphthyl,
2-naphthyl, 1-anthracyl and 2-anthracyl, and heterocyclic aryl groups such as
N-imidazolyl, 2-imidazole, 2-thienyl, 3-thienyl, 2-furanyl, 3-furanyl, 2-pyridyl,
3-pyridyl, 4-pyridyl, 2-pyrimidyl, 4-pyrimidyl, 2-pyranyl, 3-pyranyl, 3 -pyrazolyl,
4-pyrazolyl, S-pyrazolyl, 2-pyrazinyl, 2-thiazole, 4-thiazole, S-thiazole, 2-oxazolyl,
4-oxazolyl and 5-oxazolyl.

Aryl groups also include fused polycyclic aromatic ring systems in which a
carbocyclic aromatic ring or heteroaryl ring can be fused to one or more other
heteroaryl rings. Examples include 2-benzothienyl, 3-benzothienyl, 2-benzofuranyl,

3-benzofuranyl, 2-indolyl, 3-indolyl, 2-quinolinyl, 3-quinolinyl, 2-benzothiazole,
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7-benzooxazole, 2-benzimidazole, 2-quinolinyl, 3-quinolinyl, 1-isoquinolinyl,
3-quinolinyl, 1-isoindolyl and 3-isoindolyl.

Examples of suitable substituents on an alkyl, aryl or acyl group may
include, for example, halogen (-Br, -Cl, -I and -F), -OR,;, -CN, -NO», -N(Ra)2,
_COOR,, -CON(R,)2, -SOrR, (K’ is 0, 1 or 2) and -NH-C(=NH)-NHz. An alkyl
group can also have=O or=> as a substituent. Each R, is independently -H, an
alkyl group, a substituted alkyl group, a benzyl group, a substituted benzyl group, an
aryl group or a substituted aryl group. A substituted benzylic group or aryl group
can also have an alkyl or substituted alkyl group as a substituent. A substituted alkyl
group can also have a benzyl, substituted benzyl, aryl or substituted aryl group as a
substituent. A substituted alkyl, substituted aryl or substituted acyl group can have
more than one substituent.

The following examples are not intended to be limiting 1n any way.
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EXAMPLE 1

3-(3,5-di-tert-butyl-4-hydroxyphenyl) propionic acid was dissolved 1n dry
dichloromethane (DCM) and oxalyl chloride was added to the solution and was
stirred for 1 hour, thereby forming an acid chloride.

In a separate flask, poly(vinyl alcohol) (PVA) was dissolved in dry
dimethylformamide (DMF) by heating at 60°C for 15 minutes. Small amounts of
triethylamine and dimethyl émimpyridine (DMAP) were added to this solution. The
resulting solution was kept 1n an :ce bath and to it was added the solution of the acid
chloride over a period of one hour. The reaction was performed under an mert
nitrogen atmosphere. After the reaction appeared to be complete, the solution was
stirred in the ice bath for an additional 5 hours. The mixture was stirred for another
one or two days at room temperature. The solvents were then removed by rotary
evaporation to obtain a solid residue. The solid residue was washed first with a 10%
sodium bicarbonate solution, followed by a 0.1 M HCI solution. The residue was
then treated with a brine (NaCl) solution. Finally, the residue was washed with a
259, methanol-water mixture. The residue was dried under vacuum for 24 hours.
The product residue was analyzed by '{ and *C NMR spectrometry (The figure) .

Spectrum C in the figure shows the absence of a resonance peak (d) due to
the -COOH groups present 1n 3—(3,5-di-tert-—butyl-4-hydroxyphenyl) propionic acid
and shows the presence of resonance peaks due to the aromatic and aliphatic protons
of the this antioxidant moiety. Resonance peaks due to the methylene and methine
groups in PV A are also present in Spectrum C. This suggests that the antioxidant
moiety has been attached to PVA. However, the presence of the resonance peaks for
the ~OH groups of PVA suggest that not all -OH groups have been derivatized with
the antioxidant. The integral ratio of methine proton (b) and the hydroxyl proton (c)
in PVA (Spectrum A) is 1:1, as expected, but can be changed to 1 (b"):0.8.(c") in the
product polymer (Spectrum C). This suggests that 20% of the hydroxyl groups are
derivatized by the method described above.

The antioxidant activity of 3-(3,5-di-tert-butyl-4 -hydroxyphenyl) propionic

acid and the derivatized polymer prepared above were measured according to the



WO 2005/070974

10

15

20

25

CA 02575952 2007-02-02

PCT/US2005/001948
- 20 -

procedure published in Food Chemistry 73:285-290 (2001). The results are
presented in Table 1.

Table 1
Comparison of Antioxidant Activities of 3-(3 ,5-di-tert—butyl-4-—hydroxyphenyl)

propionic acid and the Derivatized Polymer

Concentration Compourid Antioxidant | Enhancement

Activity Factor

20 ppm 3-(3 5-di-tert-butyl-4-hydroxyphenyl) | 24. 8%

propionic acid

100 ppm' Derivatized Polymer 36.2% 32%

The degree of substitution of the antioxidant moiety on PVA is 20%, which
means that 100 ppm of the derivatized polymer contains only 20 ppm of
3-(3,5-di-tert-butyl-4 _hydroxyphenyl) propionic acid. The antioxidant activity of 20
ppm of 3-(3 5-di-tert-butyl-4-hydroxyphenyl) propionic acid was 24.8% and the
antioxidant activity of 100 ppm of the derivatized polymer was 36.2%. Thus, the
antioxidant attached to the polymer has 32% greater activity than the antioxidant by
itself. Tt can be expected that a polymer having 100% derivatization would have a

further increase in antioxidant activity.

EXAMPLE 2

Poly(acrylic acid) is reacted with ascorbic acid in the presence of p-toluene
sulfonic acid (PTSA) and dicyclohexylcarbodiimide (DCC), thereby attaching the
antioxidant to the polymer by an ester linkage.
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EXAMPLE 3

Poly(acrylic acid) is reacted with 3 5-di-tert-butyl-4-hydroxybenzyl alcohol
in the presence of DCC and PTSA, thereby attaching the antioxidant to the polymer

5 by an ester linkage.

EXAMPLE 4

Poly(vinyl alcohol) is reacted with 1-tert-butyl-4-hydroxyphenol m the
10 presence of diethyl azodicarboxylate, triphenyl phosphine and DMF (e.g., the
Mitsunobu reaction), thereby attaching the antioxidant to the polymer by an ether

linkage.

EXAMPLE 5

15
2.5-di-tert-butylhydroquinone or propyl gallate is attached to poly(vinyl

alcohol) by the procedure of Example 4.

EXAMPLE 6

20
1-tert-butyl-4-hydroxyphenol, 2.,5-di-tert-butylhydroquinone or propyl

gallate is coupled to poly(ethylene-co-vinyl alcohol) by the procedure of Example 4.

EXAMPLE 7

25
Poly(vinyl alcohol) is reacted with 3 5-di-tert-butyl-4-hydroxybenzaldehyde,

3 4.5-trihydroxybenzaldehyde or 3 5-di-tert-butyl-2-hydroxybenzaldehyde n the
presence of PTSA and DCC, thereby attaching the antioxidant to the polymer by an

acetal linkage.

30
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EXAMPLE 8

Poly(acrylic acid) is reacted with 3 5-di-tert-butyl-4-hydroxybenzyl alcohol

and ascorbic acid to form ester linkages, such as by the procedures of Examples 2

5 and/or 3.

EXAMPLE 9

Poly(vinyl alcohol) is reacted with 2.,5-di-tert-butylhydroquinone, propy!
10  gallate and tert-butylhydroquinone by the Mitsunobu reaction.

While this invention has been particularly shown and described with
references to preferred embodiments thereof, 1t will be understood by those skilled
15 in the art that various changes in form and details may be made therein without

departing from the scope of the invention encompassed by the appended claims.
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What is claimed 1s:
1. A method of preparing an antioxidant polymer, comprising;

5 1) forming or obtaining a first polymer having reactive pendant
groups, wherein the first polymer does not include cyclic
anhydride repeat units; and

ii) - derivatizing the first polymer with an antioxidant.
10 2. A method of preparing an antioxidant polymer, comprising:
1) forming or obtaining a first polymer having reactive pendant
groups; and
i1) derivatizing the first polymer with an antioxidant, wherein the
antioxidant is attached to the first polymer by an acetal, amide,
15 amine, carbamate, carbonate, ester, ether or thioether linkage or
by a carbon-carbon bond.
3. The method of Claim 2, wherein the first polymer contains pendant hydroxyl
groups.
20

4, The method of Claim 3, wherein the first polymer is poly(vinyl alc ohol).

5. The method of Claim 3, wherein the first polymer 1s poly(ethylene-co-vinyl

alcohol).
25
6. The method of Claim 3, wherein the first polymeris a polyhydroxyalkyl
methacrylate.
7. The method of Claim 2, wherein the first polymer contains pendant

30 carboxylic acid groups or esters thereot.



CA 02575952 2007-02-02
WO 2005/070974 PCT/US2005/001948

_24 -

8. The method of Claim 7, wherein the first polymer 1s poly(acrylic acid), a
poly(alkylacrylic acid) or an ester thereof.

9. The method of Claim 8, wherein the first polymer is poly(acrylic acid).

10.  The method of Claim 2, wherein the first polymer is a poly(substituted
phenol), wherein the substituted phenol has a substituent with a nucleophilic

or electrophilic moiety.

10 11.  The method of Claim 10, wherein the first polymer is characterized by a

repeat unit having the structural formula:

wherein:

a is an integer from 0 to 12;
15 R is —OH, -COOH, -NH,, -SH or a halogen; and
Rio0, Ry1 and Ry, are each independently —H, -OH, -NH, or —SH,

provided that at least one of Rjo, Ri1 and Ry is —OH, -NHj or -SH.

12, The method of Claim 2, wherein the first polymer 1s derivatized with two or

20 more antioxidants.

13. The method of Claim 12, wherein about 5% to about 90% of the reactive

pendant groups of the first polymer are derivatized with a first antioxidant
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and about 5% to about 90% of the reactive pendant groups of the first

polymer are derivatized with a second antioxidant.

14.  The method of Claim 2, wherein about 100% of the reactive pendant groups

5 of the first polymer are derivatized.
15.  The method of Claim 2, wherein the antioxidant is a phenolic antioxidant.
16.  The method of Claim 15, wherein the phenolic antioxidant includes one or
10 more alkyl groups having an alpha-tertiary carbon ortho to a hydroxyl group.

17.  The method of Claim 16, wherein the alkyl group 1s a tert-butyl group.

18,  The method of Claim 15, wherein the phenolic antioxidant is selected from
15 the group consisting of 3-(3 5-di-tert-butyl-4-hydroxyphenyl) propionic acid,
3 5-di-tert-butyl-4-hydroxybenzenethiol,
2-(3,5-di-tert-butyl-4-hydroxyphenyl) acetic acid,
3,5-di-tert-butyl-4-hydroxybenzoic acid,
3,5-di-tert-butyl-4-hydroxycinnamic acid, gallic acid, alkyl gallates,
20 3,5-di-tert-butyl-4-hydroxybenzyl alcohol, tert-butyl-hydroquinone,
2,5-di-tert-butyl-hydroquinone, 2,6-di-tert-butyl-hydroquinone,
3 5-di-tert-butyl-4-hydroxybenzaldehyde,
monoacetoxy-tert-butylhydroquinone, sesamol, isoflavones, flavanoids and
coumarins.
25
19.  The method of Claim 2, wherein the antioxidant is ascorbic acid or contains

an ascorbic acid moiety.

70.  An antioxidant polymer produced by the process comprising the step of
30 derivatizing a homopolymer or a block, star, hyp erbranched, random,
gradient block, or alternate copolymer with one or more phenolic

antioxidants, wherein the phenolic antioxidants are attached to the
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homopolymer or the block, star, hyperbranched, random, gradient block, or
alternate copolymer by an acetal, amine, carbamate, carb onate, ester, ether or

thioether linkage.

The antioxidant polymer of Claim 20, wherein the homopolymer or the
block, star, hyperbranched, random, gradient block, or alternate copolymer

has pendant hydroxyl groups.

The antioxidant polymer of Claim 21, wherein the homopolymer or the
block, star, hyperbranched, random, gradient block, or alternate copolymer is

a homopolymer and wherein the homopolymer is poly(vinyl alcohol).

The antioxidant polymer of Claim 21, wherein the homopolymer or the
block, star, hyperbranched, random, gradient block, or alternate copolymer 1s
a homopolymer and wherein the homopolymer is a polyhydroxyalkyl
methacrylate.

The antioxidant polymer of Claim 21, wherein the homopolymer or the
block, star, hyperbranched, random, gradient block, or alternate copolymer 1s
a block, star, hyperbranched, random, gradient block, or alternate copolymer
and wherein the block, star, hyperbranched, random, gradient block, or

alternate copolymer is poly(ethylene-co-vinyl alcohol).

The antioxidant polymer of Claim 20, wherein the homopolymer or the
block, star, hyperbranched, random, gradient block, or alternate copolymer

has pendant carboxylic acid groups or esters thereof.

The antioxidant polymer of Claim 25, wherein the homopolymer or the
block, star, hyperbranched, random, gradient block, or alternate copolymer 1s
a homopolymer and the homopolymer is poly(acrylic acid), a
poly(alkylacrylic acid) or an ester thereof.
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The antioxidant polymer of Claim 26, wherein the homopolymer 1s
poly(acrylic acid).

The antioxidant polymer of Claim 20, wherein the homopolymer or the
block, star, hyperbranched, random, gradient block, or alternate copolymer
includes substituted phenol repeat units, wheremn the substituted phenol has a

substituent with a nucleophilic or electrophilic moiety

The antioxidant polymer of Claim 20, wherein the antioxidant polymer

includes at least two different antioxidants.

The antioxidant polymer of Claim 29, wherem at least two of the

antioxidants are chemically distinct phenolic antioxidants.

The antioxidant polymer of Claim 20, wherein at least one of the phenolic
antioxidants includes one or more alkyl groups having an alpha-tertiary

carbon ortho to a hydroxyl group.

The antioxidant polymer of Claim 31, wherein the tertiary alkyl group 1s a
tert-butyl group.

The antioxidant polymer of Claim 20, wherein the phenolic antioxidant 18
selected from the group consisting of 3-(3 5-di-tert-butyl-4-hydroxyphenyl)
propionic acid, 3. 5-di-tert-butyl-4-hydroxybenzenethiol,
2-(3,5-di-tert—butyl—4-hydroxyphenyl) acetic acid,
3,5-di-tert-butyl-4-hydroxybenzoic acid,

3, 5-di-tert-butyl-4-hydroxycinnamic acid, gallic acid, alkyl gallates,

3 5-di-tert-butyl-4-hydroxybenzyl alcohol, fert-butyl-hydroquinone,
2,5-di-tert-butyl-hydroquinone, 2,6-di-tert-butyl-hydroquinone,
3,5-di-tert-butyl-4-hydroxyb enzaldehyde,
monoacetoxy-tert-butylhydroquinone, sesamol, isoflavones, flavanoids and

coumarins.

PCT/US2005/001948
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34, An antioxidant polymer, comprising at least one repeat unit that 18

represented by a structure selected from the group consisting of Structural
Formulas (1), (I), (IT), (IV) and combinations thereof:

R .
O O
O
| (CHZ)m
(CHZ)m l
‘ (CH=CH),
(CH=CH), I
(CHZ)p
(CHZ)p I
| ;
5 £ (D, (1),
OH
N
N
KR e N
| /
T O (THZ)a
(CH2)x II?
| 7
£ (IIT) and (IV),
wherein: :
R' is a covalent bond, -O-, -C(0)0O-, -C(O)N-, -C(O)-, -CH=CH-, -5-
or -N-;
10 R, is —H or an alkyl group, or -(CHp)x-O-X-Z;
each X is independently a covalent bond, -C(0)~, -C(0)0O-or
-C(O)N-;

Y is —O-, -N- or —5-;

each Z is an independently selected antioxidant;
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a is an integer from O to 12;

each k is independently an integer from 0 to 12;
m is an integer from O to 6;

nis 0 or 1; and

p is an integer from O to 0.

The antioxidant polymer of Claim 34, wherein X 1s a covalent bond or —

C(O)-.

The antioxidant polymer of Claim 35, wherein the polymer includes repeat
units represented by Structural Formula ().

The antioxidant polymer of Claim 36, wherein the sum of m and p 1s two or

greater.

The antioxidant polymer of Claim 36, wherein Z is represented by the

structural formula:
OH

O\
N

HO OH

The antioxidant polymer of Claim 38, wherein X 1s a covalent bond and m, n

and p are each 0.
The antioxidant polymer of Claim 36, wherein Z 1s a phenolic antioxidant.

The antioxidant polymer of Claim 40, wherein the phenolic antioxidant
includes one or more alkyl groups having an alpha-tertiary carbon ortho to a

hydroxyl group.

PCT/US2005/001948
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The antioxidant polymer of Claim 41, wherein the alkyl group is a tert-butyl
group.

The antioxidant polymer of Claim 42, wherein Z 1s a
3,5-di-tert-butyl-4-hydroxyphenyl group.

The antioxidant polymer of Claim 43, wherein X 1s —C(0O)-.

The antioxidant polymer of Claim 44, wherein m 1s 2 and n and p are each 0.

The antioxidant polymer of Claim 40, wherein Z 1s a 3 4.5-trihydroxyphenyl
group.

The antioxidant polymer of Claim 46, wherein X 1s —C(0)- and m, nand p

are each O.

The antioxidant polymer of Claim 47, wherein X 1s a covalent bond and Z 1s
a mono- or di-fert-butylated-4-hydroxyphenyl group, a
A-acetoxy-3-tert-butylphenyl group or a

3-alkoxycarbonyl-2,6-dihydroxyphenyl group.

The antioxidant polymer of Claim 48, wherein Z 1s a
3-propoxycarbonyl-Z,6-dihydroxyphenyl oTOUp.

The antioxidant polymer of Claim 34, wherein the polymer comprises repeat
units represented by Structural Formula (I1).

The antioxidant polymer of Claim 50, wherein m, n and p are each 0.

The antioxidant polymer of Claim 51, wherein Z 1s a phenolic antioxidant.
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The antioxidant polymer of Claim 52, wherein Z is a 3,4,5-trihydroxyphenyl
group.

The antioxidant polymer of Claim 52, wherein the phenolic antioxidant
includes one or more alkyl groups having an alpha-tertiary carbon ortho to a

hydroxyl group.

The antioxidant polymer of Claim 54, wherein the alkyl group is a tert-butyl
group.

The antioxidant polymer of Claim 55, wherein Z i1s a
3. 5-di-tert-butyl-4-hydroxyphenyl group or a

3 5-di-tert-butyl-2-hydroxyphenyl group.

The antioxidant polymer of Claim 34, wherein the polymer comprises repeat

units represented by Structural Formula (ILD).
The antioxidant polymer of Claim 57, wheremn Y is —O-.

The antioxidant polymer of Claim 58, wherem Z is represented by the

structural formula:
OH

‘%\/

HO OH

The antioxidant polymer of Claim 59, wherein k is 0.

The antioxidant polymer of Claim 58, wherein Z is a phenolic antioxidant.

The antioxidant polymer of Claim 61, wherem k is 0 to 3.
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The antioxidant polymer of Claim 62, wherein k is 1.

The antioxidant polymer of Claim 62, wherem Z is a
4-acetoxy-3-tert-butylphenyl group, a 3 _tert-butyl-4-hydroxyphenyl group, 2
2,6-di-tert-butyl-4-mercaptophenyl group, a
2,6-di-tert-butyl-4-hydroxyphenyl group or a 3 4-methylenedioxyphenyl
group.

The antioxidant polymer of Claim 62, wherein the phenolic antioxidant
includes one or more alkyl groups having an alpha-tertiary carbon ortho to a

hydroxyl group.

The antioxidant polymer of Claim 65, wherein the alkyl group is a tert-butyl
group.

The antioxidant polymer of Claim 66, wherein Z is a

3.5-di-tert-butyl-4-hydroxyphenyl group.

The antioxidant polymer of Claim 34, wherein the polymer comprises repeat

units represented by Structural Formula (IV).

The antioxidant polymer of Claim 68, wherein R’ is a covalent bond or —OH.

The antioxidant polymer of Claim 69, wherein the Z is a phenolic

antioxidant.

The antioxidant polymer of Claim 70, wherem Z is selected from the group
consisting of 3-(3,5-di-tert-butyl-4-hydroxyphenyl) propionic acid,

3. 5-di-tert-butyl-4-hydroxybenzenethiol,

2-(3 5-di-tert-butyl-4-hydroxyphenyl) acetic acid,
3,5-di-tert—buty1-4-hydroxybenzoic acid,
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3_5-di-tert-butyl-4-hydroxycinnamic acid, gallic acid, alkyl gallates,

3, 5-di-tert-butyl-4-hydroxybenzyl alcohol, tert-butyl-hydroqumone,
2,5-di-tert-butyl-hydroquinone, 2,6-di-tert-butyl-hydroquinone,
3,5-di-tert-butyl-4-hydroxybenzaldehyde,
monoacetoxy-tert-butylhydroquinone, sesamol, isoflavones, flavanoids and

coumarins.

The antioxidant polymer of Claim 34, wherein the polymer is a
homopolymer.

The antioxidant polymer of Claim 34, wherein the antioxidant polymer 1s a

copolymer.

The copolymer of Claim 73, wherein the copolymer includes two or more

different antioxidants.

The copolymer of Claim 73, wherein the copolymer further comprises

ethylene repeat units.

A method of inhibiting oxidation of a substance, comprising the step of
contacting the substance with an antioxidant polymer produced by the
process comprising the step of derivatizing a homopolymer or a block, star,
hyperbranched, random, eradient block, or alternate copolymer with one or
more phenolic antioxidants, wherein the phenolic antioxidants are attached to
the homopolymer or the block, star, hyperbranched, random, gradient block,
or alternate copolymer by an acetal, amine, carbamate, carbonate, ester, ether

or thioether linkage.
The method of Claim 76, further comprising inhibiting corrosion of a metal.

A method of inhibiting oxidation of a substance, comprising the step of

contacting the substance with a polymer that includes at least one repeat umit
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represented by a structure selected from the group consisting of Structural
Formulas (1), (II), (IIT), (IV) and combinations thereof:

" W
\\IE\‘I""":[:/%}/' | |
\X \r
|

CH,)..,
(CHo)m (i‘ 2
(CH=CH),
(CH=CH), |
CH
(CHz)p (l 2)p
| 2
Z (D, (1D),
OH

T O (CHa)a
(CHa)k IIIQ'
L (ITI) and ‘ (IV),
5 wherein:
R'is a covalent bond, -O-, -C(0)O-, -C(O)N-, -C(O)-, -CH=CH-, -5-
or -N-;

R, is —H or an alkyl group, or -(CHy)x-O-X-Z;

each X is independently a covalent bond, -C(O)-, -C(O)0O- or
10 -C(O)N-;

Y is —O-, -N- or —5-;

each Z is an independently selected antioxidant;

a is an integer from 0 to 12;

each k is independently an integer from 0 to 12;
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m 1is an integer from 0 to 6;
nis0orl; and

p is an integer from 0 to 6.

The method of Claim 78, further comprising inhibiting corrosion of metal.

The method of Claim 78, wherein the polymer includes at least one repeat
unit represented by Structural Formula (I) and wherein:

X 18 —C(O)-;

7 is 3,5-di-tert-butyl-4-hydroxyphenyl;

m 1is 2; and

n and p are each 0.

A method of enhancing the antioxidant activity of an antioxidant molecule,
comprising:
1) forming a polymer having reactive pendant groups, wherein the
polymer does not include cyclic anhydride repeat units; and

11) derivatizing the polymer with the antioxidant molecule.

A composition, comprising:
an antioxidant polymer, wherein the antioxidant polymer 1s produced

by a process comprising the step of derivatizing a
homopolymer or a block, star, hyperbranched, random,
gradient block, or alternate copolymer with one or more
phenolic antioxidants, wherein the phenolic antioxidants are
attached to the homopolymer or the block, star,
hyperbranched, random, gradient block, or alternate
copolymer by an acetal, amine, carbamate, carbonate, ester,
ether or thioether linkage; and

an edible product.
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3.  The edible composition of Claim 82, wherein the edible product is an o1l or

contains an oil, wherein the oil is selected from the group consisting of

cottonseed oil, linseed oil, olive oil, palm oil, corn oil, peanut oil, soybean

oil, castor oil, coconut oil, safflower oil, sunflower oil, canola oil and sesame

5 oil.

4.  The edible composition of Claim 82, wherein the edible product 1s selected
from the group consisting of cereals, beverages, chewing gum, crackers,
potato flakes, bakery products and mixes, dessert mixes, meat products,

10 flavorings, nuts, yeast and candies.

85.  The edible composition of Claim 82, wherein the edible product is an

antioxidant vitamin.

15 86. The edible composition of Claim 82, wherein the antioxidant polymer
includes at least one repeat unit represented by a structure selected from the
oroup consisting of Structural Formulas (1), (ID), (IIT), (IV) and combinations
thereof:

o, OYO
\

(CH,),. (THz)m

I(CH=CH)n (CHzTH)“
(CHy), (C‘in)p
| .

Z D, (1),
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OH
e LN L
A

T O (CH2)a
(CHa) IllQ'
lz (ITT) and ‘ (AV),
wherein:
R'is a covalent bond, -O-, -C(0)O-, -C(O)N-, -C(O)-, -CH=CH-, -5-
or -N-;
S5 R, is —H or an alkyl group, or -(CHy)-O-X-Z;
each X is independently a covalent bond, -C(O)-, -C(O)0O- or
-C(O)N-;

Y is —O-, -N- or —5-;

each Z is an independently selected antioxidant;
10 a is an integer from 0 to 12;

each k is independently an integer from 0 to 12;

m is an integer from 0 to 6;

nis 0 or1; and

p is an integer from 0 to 0.

15
87. A packaging composition, comprising:
an antioxidant polymer, wherein the antioxidant polymer is produced
by a process comprising the step of derivatizing a
homopolymer or a block, star, hyperbranched, random,
20 gradient block, or alternate copolymer with one or more

phenolic antioxidants, wherein the phenolic antioxidants are
attached to the homopolymer or the block, star,

hyperbranched, random, gradient block, or alternate
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copolymer by an acetal, amine, carbamate, carbonate, ester,
ether or thioether linkage; and

a packaging material.

The packaging composition of Claim 87, wherein the antioxidant polymer

includes at least one repeat unit represented by a structure selected from the

group consisting of Structural Formulas (1), (I), (III), (IV) and combinations

thereof:
R, .
O O
O
\X Y
l (CHZ)m
(CH2)m I
| (CH=CH),
(CH=CH), l
‘ (CHz)p
(CHz)p \
| .
2 1), (1I),
OH
~
N “/\%‘ |
1/
T O (THZ)a
(CHa)x Flz
| !
Z (IIT) and (IV),
wherein:
R' is a covalent bond, -O-, -C(O)O-, -C(O)N-, -C(O)-, -CH=CH-, -S-
or -N-;

R, is —H or an alkyl group, or -(CHy)-O-X-Z;
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each X is independently a covalent bond, -C(O)-, -C(0O)0O-or
-C(O)N-;
Y is —O-, -N- or —5-;
each Z is an independently selected antioxidant;
S a is an integer from 0 to 12;
each k is independently an integer from O to 12;
m is an integer from O to 6;
nis 0 or1; and

p is an integer from 0 to 6.

10
9.  The packaging composition of Claim &7, wherein the packaging material
sncludes material selected from the group consisting of polymers, paper,

cardboard and combinations thereof.

15 90. The packaging composition of Claim 87, wherein the antioxidant polymer 1s

blended with or mixed with the packaging material.

01.  The packaging composition of Claim 87, wherein the packaging material

includes one or more polymers that are co-extruded with the antioxidant

20 polymer.

92.  The packaging composition of Claim 91 wherein the packaging material
includes a layer of an oxygen-resistant polymer or a mixture of
oxygen-resistant polymers between layers of moisture-resistant polymer or a

235 mixture of moisture-resistant polymers, wherein the layers of

moisture-resistant polymer are the same or different.

03.  The packaging composition of Claim 92, wherein the oxygen-resistant
polymer or mixture of oxygen-re sistant polymers includes an ethylene-vinyl

30 alcohol copolymer.
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04,  The packaging composition of Claim 93, wherein the moisture-resistant

polymer or mixture of moisture-resistant polymers includes polyethylene or

polypropylene.

5 95, A cosmetic composition, comprising:
an antioxidant polymer, wherein the antioxidant polymer is produced

by a process comprising the step of derivatizing a
homopolymer or a block, star, hyperbranched, random,
gradient block, or alternate copolymer with one or more

10 phenolic antioxidants, wherein the phenolic antioxidants are -
attached to the homopolymer or the block, star,
hyperbranched, random, gradient block, or alternate
copolymer by an acetal, amine, carbamate, carbonate, ester,
ether or thioether linkage; and

15 a soap or cosmetic agent.

06. The cosmetic composition of Claim 95, wherein the antioxidant polymer

includes at least one repeat unit represented by a structure selected from the

20 group consisting of Structural Formulas (D), (1), (I1I), (IV) and combinations
thereof: |
R, .
) 0 o)
CH
(THZ)m ( ‘ 2)m
(CH=CH),, (CHzTH)”
CH
(CH2)p ( l 2)p
| 2

< (D), . (1),
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' OH
N N L
A

T O (CH2),
(CHy)x F!i'
L (II1) and ‘ (IV),
wherein: |
R'is a covalent bond, -O-, -C(0)O-, -C(O)N-, -C(O)-, -CH=CH-, -5~
or -N-;

R; is —H or an alkyl group, or -(CHy)-O-X-Z;

each X is independently a covalent bond, -C(O)-, -C(O)O- or
-C(O)N-;

Y is —O-, -N- or —S-;

each Z is an independently selected antioxidant;

a is an integer from 0O to 12;

each k is independently an integer from 0 to 12;

m is an integer from O to 6;

nis 0 or 1; and

p is an integer from 0 to 6.

The cosmetic composition of Claim 95, wherein the composition comprises

about 1% to about 20% by weight of the antioxidant polymer.

A pharmaceutical composition, comprising:
an antioxidant polymer, wherein the antioxidant polymer 1s produced
by a process comprising the step of derivatizing a
homopolymer or a block, star, hyperbranched, random,
gradient block, or alternate copolymer with one or more

phenolic antioxidants, wherein the phenolic antioxidants are
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attached to the homopolymer or the block, star,
hyperbranched, random, gradient block, or alternate

copolymer by an acetal, amine, carbamate, carbonate, ester,

ether or thioether linkage; and

a pharmaceutically active agent.

The pharmaceutical composition of Claim 98, wherein the antioxidant
polymer includes at least one repeat unit represented by a structure selected

from the group consisting of Structural Formulas (I), (IT), (IIT), (IV) and

combinations thereof:

R, .
O O
O\X \(
| (CHz)m
(CH2)m |
‘ (CH=CH),
(CH=CH), ‘
(CHZ)p
(CHZ)p |
| z
z D, (ID),
OH

T O (THZ)a

(CHo)k Fii

| :

Z (IIT) and (IV),

wherein:
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R' is a covalent bond, -O-, -C(0)O-, -C(O)N-, -C(O)-, -CH=CH-, -5~
or -N-;

R; is —H or an alkyl group, or -(CHz)i-O-X-4;

each X is independently a covalent bond, -C(O)-, -C(O)O- or
-C(O)N-;

Y 18 —O-, -N- or —S-;

each Z is an independently selected antioxidant;

a 1s an integer from 0 to 12;

each k is independently an integer from 0 to 12;

m is an integer from 0 to 6;

nis 0 or 1; and

p is an integer from O to 6.

100. The pharmaceutical composition of Claim 98, wherein the pharmaceutical

15 composition is a liquid.

101. A composition comprising:

an antioxidant polymer, wherein the antioxidant polymer 1s produced by a

20

25

process comprising the step of derivatizing a homopolymer or a
block, star, hyperbranched, random, gradient block, or alternate
copolymer with one or more phenolic antioxidants, wherein the
phenolic antioxidants are attached to the homopolymer or the block,
star, hyperbranched, random, gradient block, or alternate copolymer

by an acetal, amine, carbamate, carbonate, ester, ether or thioether

linkage; and

one or more petroleum products, one or more lubricants, one or more paints,

Oor one or more elastomers.

102. The composition of Claim 101, wherein the antioxidant polymer includes at

30 least one repeat unit represented by a structure selected from the group

consisting of Structural Formulas (I), (II), (III), (IV) and combinations

thereof:
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N w
gl (]
O\X Y
\

(CHy)
(TH2)m I "
CH=CH
(CH=CH), ( | n
(CHy)
(CHo), | i
| .
Z (D, (1),
OH
.
N K\\W
| /
\I/ O (CHZ)a
(CHo) FF
| ;
L (IIT) and IV),
wherein:
R' is a covalent bond, -O-, -C(0)O-, -C(O)N-, -C(O)-, -CH=CH-, -5~
S or -N-;

R, is —H or an alkyl group, or -(CHy)x-O-X-Z.
each X is independently a covalent bond, -C(O)-, -C(O)O- or
-C(O)N-;
Y is —O-, -N- or —5-;
10 each Z is an independently selected antioxidant;
a is an integer from 0 to 12;
each k is independently an integer from 0 to 12;
m 1is an integer from O to 6;

nis 0 or1; and
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p is an integer from O to 6.

A composition comprising:

an antioxidant polymer, wherein the antioxidant polymer is produced
by a process comprising the step of derivatizing a
homopolymer or a block, star, hyperbranched, random,
gradient block, or alternate copolymer with one or more
phenolic antioxidants, wherein the phenolic antioxidants are
attached to the homopolymer or the block, star,
hyperbranched, random, gradient block, or alternate
copolymer by an acetal, amine, carbamate, carbonate, ester,
ether or thioether linkage; and

a member selected from the group consisting of synthetic or natural
monomeric and oligomeric antioxidants, preservatives and

combinations thereof.

The composition of Claim 103, wherein the antioxidant polymer includes at
least one repeat unit represented by a structure selected from the group
consisting of Structural Formulas (1), (II), (IIT), (IV) and combinations
thereof:

o\>|< \{/

(CHo).. (CH2)m

!CH=CH)H !CH::TH)”
((I:Hz)p (THz)p
| z

Z D, (ID),
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OH
RN |
A

\‘( O (CHy)a
(CHa) F!Q'
i (I1I) and ‘ (IV),
wherein:
R'is a covalent bond, -O-, -C(0)O-, -C(O)N-, -C(O)-, -CH=CH-, -5-
or -N-;
5 R is —H or an alkyl group, or -(CHy)-O-X-Z;
each X is independently a covalent bond, -C(O)-, -C(O)O- or
-C(O)N-;

Y 1s —O-, -N- or —S-;

each Z is an independently selected antioxidant,
10 a 1s an integer from 0 to 12;

each k is independently an integer from 0 to 12;

m 1s an integer from 0 to 6;

nis0orl; and

p is an integer from O to 6.

15

105. The method of any one of Claims 1, 2, 76, 78, or 81, wherein the molecular
weight of the antioxidant polymer is greater than about 1000 atomic mass

units and less than about 1,000,000 atomic mass units.

20 106. The antioxidant polymer of Claims 20 or 34, wherein the molecular weight

of the antioxidant polymer is greater than about 1000 atomic mass units and

less than about 1,000,000 atomic-mass units.
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107.  The composition of any one of Claims 82, 87, 95, 98, 101, or 103, wherein
the molecular weight of the antioxidant polymer is greater than about 1000

atomic mass units and less than about 1,000,000 atomic mass units.
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