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PHOSPHONIC COMPOUNDS AND METHODS
OF USE THEREOF

IN THE CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation-in-part of U.S.
application Ser. No. 10/886,4006, filed Jul. 7, 2004, which is
hereby incorporated herein by reference in its entirety for all
purposes.

BACKGROUND

[0002] Polyphosphonic acids have numerous applications
in industry. For example, polyphosphonic acids can be used
as corrosion inhibition agents in cooling water and boiler
water systems (U.S. Pat. Nos. 4,446,046 and 4,201,669) and
inhibitors of fouling deposit formation on jet engine compo-
nents during the combustion of finished turbine combustion
fuel oils (U.S. Pat. No. 5,596,130). One approach to the
synthesis of polyphosphonic acids involves the radical poly-
merization of unsaturated phosphonic acid monomers (U.S.
Pat. Nos. 4,201,669, 4,446,046 and 5,519,102).

[0003] An unsaturated phosphonic acid monomer that has
received considerable attention is isopropenylphosphonic
acid, which has the formula H,C—C(CH,)(PO,H,), which is
referred to herein as “IPPA.” IPPA is currently prepared by
reacting PCl; with acetic acid and acetone (U.S. Pat. No.
4,446,046). This process, however, possesses numerous dis-
advantages. First, PCl, is an extremely corrosive, hazardous,
and toxic chemical. It requires special handling starting from
transportation to storage to delivery to reactors. Any release
of PCl; would require immediate evacuation. Second, the
process produces HCI and acetyl chloride, which are also
very hazardous and volatile by-products. The process is fur-
ther complicated since these by-products come out as a mix-
ture and have to be scrubbed by water. This dilution magnifies
the quantity of these by-products and leaves a mixture of HCI
and acetyl chloride in water. Finally, PCl; and the reaction
by-products are very corrosive and require special equipment
such as glass-lined reactors, condensers, scrubbers, collec-
tion tanks, etc. The use of PCl, requires the use of equipment
that is non-reactive with chlorides. Thus, equipment com-
posed of other materials such as stainless steel cannot be used
in the production of IPPA, which reduces large-scale com-
mercial production capabilities.

[0004] Thus, it is desirable to have a process that produces
phosphonic compounds that are precursors to polyphospho-
nic compounds on large scale that do not require the use of
PCl, and/or specialized equipment such as glass-lined reac-
tors and accessories, etc. [t would also be advantageous not to
produce toxic, corrosive, and hazardous by-products during
the synthesis of the phosphonic compound. Finally, it would
be desirable to produce phosphonic compounds on commer-
cial scale without special equipment such as glass-lined reac-
tors. The methods described herein accomplish these goals.

SUMMARY

[0005] Described herein are methods for producing phos-
phonic compounds and compounds thereof. Stable composi-
tions of unsaturated phosphonic acid monomers are also
described. Additionally, the synthesis and use of new poly-
mers produced from phosphonic acid monomers are pre-
sented. The advantages of the invention will be set forth in
part in the description which follows, and in part will be
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obvious from the description, or may be learned by practice of
the aspects described below. The advantages described below
will be realized and attained by means of the elements and
combinations particularly pointed out in the appended
claims. It is to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory only and are not restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1 shows examples of phosphonic acid poly-
mers described herein.

[0007] FIG. 2 shows examples of diphosphonic acid com-
pounds described herein produced from the corresponding
unsaturated phosphonic acid monomer.

DETAILED DESCRIPTION

[0008] Before the present compounds, compositions,
articles, devices, and/or methods are disclosed and described,
it is to be understood that the aspects described below are not
limited to specific compounds, synthetic methods, or uses as
such may, of course, vary. It is also to be understood that the
terminology used herein is for the purpose of describing
particular aspects only and is not intended to be limiting.

[0009] In this specification and in the claims that follow,
reference will be made to a number of terms that shall be
defined to have the following meanings:

[0010] Itmustbe noted that, as used in the specification and
the appended claims, the singular forms “a,” “an” and “the”
include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to “a pharmaceutical
carrier” includes mixtures of two or more such carriers, and
the like.

[0011] “Optional” or “optionally” means that the subse-
quently described event or circumstance can or cannot occur,
and that the description includes instances where the event or
circumstance occurs and instances where it does not. For
example, the phrase “optionally substituted aryl group”
means that the aryl group can or can not be substituted and
that the description includes both an unsubstituted aryl group
and an aryl group where there is substitution.

[0012] Ranges may be expressed herein as from “about”
one particular value, and/or to “about” another particular
value. When such a range is expressed, another aspect
includes from the one particular value and/or to the other
particular value. Similarly, when values are expressed as
approximations, by use of the antecedent “about,” it will be
understood that the particular value forms another aspect. It
will be further understood that the endpoints of each of the
ranges are significant both in relation to the other endpoint,
and independently of the other endpoint.

[0013] References in the specification and concluding
claims to parts by weight, of a particular element or compo-
nent in a composition or article, denotes the weight relation-
ship between the element or component and any other ele-
ments or components in the composition or article for which
apart by weight is expressed. Thus, in a compound containing
2 parts by weight of component X and 5 parts by weight
componentY, X andY are present at a weight ratio of 2:5, and
are present in such ratio regardless of whether additional
components are contained in the compound.
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[0014] A weight percent of a component, unless specifi-
cally stated to the contrary, is based on the total weight of the
formulation or composition in which the component is
included.

[0015] Variables such as m, n, X, Z, and R*-R** used
throughout the application are the same variables as previ-
ously defined unless stated to the contrary.

[0016] The term “alkyl group” as used herein is a branched-
or straight-chain saturated hydrocarbon group of 1 to 25
carbon atoms, such as methyl, ethyl, n-propyl, isopropyl,
n-butyl, isobutyl, t-butyl, pentyl, hexyl, heptyl, octyl, decyl,
tetradecyl, hexadecyl, eicosyl, tetracosyl and the like. A
“lower alkyl” group is an alkyl group containing from one to
six carbon atoms.

[0017] The term “heteroalkyl group” is defined as an alkyl
group defined above having at least one heteroatom incorpo-
rated within the alkyl group. In certain embodiments, one of
the hydrogen atoms can be substituted with a group having a
heteroatom. For example, the group can be a hydroxyl group
(OH) or thiol group (SH). Other examples of groups contain-
ing one or more heteroatoms include nitro, amino, ester,
carboxylic acid, carbamide, alkoxy, or SO,R or S(O),0R,
where R can be hydrogen or an alkyl group described above.
Alternatively, one of the carbon atoms of the alkyl group can
be substituted with a heteroatom. Examples of heteroatoms
include, but are not limited to, nitrogen, oxygen, sulfur, and
phosphorous.

[0018] The term “cycloalkyl group” as used herein is a
non-aromatic carbon-based ring composed of at least three
carbon atoms. Examples of cycloalkyl groups include, but are
not limited to, cyclopropyl, cyclobutyl, cyclopentyl, cyclo-
hexyl, etc. The term “heterocycloalkyl group” is a cycloalkyl
group as defined above where at least one of the carbon atoms
of the ring is substituted with a heteroatom such as, but not
limited to, nitrogen, oxygen, sulphur, or phosphorus.

[0019] The term “aryl group™ as used herein is any carbon-
based aromatic group including, but not limited to, benzene,
naphthalene, etc. The term “aromatic” also includes “het-
eroaryl group,” which is defined as an aromatic group thathas
at least one heteroatom incorporated within the ring of the
aromatic group. Examples of heteroatoms include, but are not
limited to, nitrogen, oxygen, sulfur, and phosphorous. The
aryl group can be substituted or unsubstituted. The aryl group
can be substituted with one or more groups including, but not
limited to, alkyl, alkynyl, alkenyl, aryl, halide, nitro, amino,
ester, ketone, aldehyde, hydroxy, carboxylic acid, alkoxy, or
SO,R or S(0),0R, where R can be hydrogen or an alkyl
group described above. The aryl group also includes aralkyl
such as, for example, benzyl. The aryl group of the aralkyl
group can be substituted with one or more groups listed
above.

[0020] The term “protecting group” as used herein is a
group that can be chemically bound to an oxygen atom, and
subsequently removed (either chemically, in-vitro, or
in-vivo) from the oxygen atom by predictable methods.
Examples of many of the possible protective groups can be
found in Protective Groups in Organic Synthesis by T. W.
Green, John Wiley and Sons, 1981, which is incorporated
herein by reference in its entirety.

[0021] Disclosed are compounds, compositions, and com-
ponents that can be used for, can be used in conjunction with,
can be used in preparation for, or are products of the disclosed
methods and compositions. These and other materials are
disclosed herein, and it is understood that when combina-
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tions, subsets, interactions, groups, etc. of these materials are
disclosed that while specific reference of each various indi-
vidual and collective combinations and permutation of these
compounds may not be explicitly disclosed, each is specifi-
cally contemplated and described herein. Thus, if a class of
molecules A, B, and C are disclosed as well as a class of
molecules D, E, and F and an example of a combination
molecule, A-D is disclosed, then even if each is not individu-
ally recited, each is individually and collectively contem-
plated. Thus, in this example, each of the combinations A-E,
A-F, B-D, B-E, B-F, C-D, C-E, and C-F are specifically con-
templated and should be considered disclosed from disclo-
sure of A, B, and C; D, E, and F; and the example combination
A-D. Likewise, any subset or combination of these is also
specifically contemplated and disclosed. Thus, for example,
the sub-group of A-E, B-F, and C-E are specifically contem-
plated and should be considered disclosed from disclosure of
A, B, and C; D, E, and F; and the example combination A-D.
This concept applies to all aspects of this disclosure includ-
ing, but not limited to, steps in methods of making and using
the disclosed compositions. Thus, if there are a variety of
additional steps that can be performed it is understood that
each of these additional steps can be performed with any
specific embodiment or combination of embodiments of the
disclosed methods, and that each such combination is specifi-
cally contemplated and should be considered disclosed.

[0022] Described herein are methods for producing phos-
phonic compounds. In one aspect, a method for making the
phosphonic compound involves reacting compounds I, II, and
I

HP(0)(OR)(OR7)
0

RZ
R4

I

wherein R'-R” can be, independently, hydrogen, an alkyl
group, a cycloalkyl group, a heterocycloalkyl group, an aryl
group, a heteroaryl group, a heteroalkyl group, a protecting
group, or R? and R* form a substituted or unsubstituted
cycloalkyl group, or a combination thereof.

[0023] The selection of compounds I, II, and III will vary
depending upon reaction conditions and the desired phospho-
nic compound to be produced. In one aspect, with respect to
compound I, R* and R can be, independently, hydrogen, an
alkyl group, a cycloalkyl group, a heterocycloalkyl group, a
heteroalkyl group, an aryl group, a heteroaryl group, a pro-
tecting group, or a combination thereof. In another aspect, R*
and R in formula I are hydrogen. This compound (H,PO,) is
referred to as phosphorous acid or phosphonic acid, which is
a dry, anhydrous, crystalline solid and much easier to handle
when compared to PCl;. Indeed, phosphonic acid is more
environmentally friendly and substantially more stable than
PCl;, and can be transported in bags to storage or to the
reactor. In a further aspect, R' and R can be, independently,
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methyl, ethyl, propyl, isopropyl, butyl, pentyl, or hexyl. In the
case when R and R” are methyl, the compound is dimethyl
hydrogen phosphite. In another aspect, R* and R” can be aryl
groups such as phenyl or cycloalkyl groups.

[0024] Inone aspect, R>-R* of formula II can be, indepen-
dently, hydrogen, an alkyl group, a cycloalkyl group, a het-
eroalkyl group, a heterocycloalkyl group, an aryl group, a
heteroaryl group, a protecting group, or a combination
thereof. In one aspect, R* and R? in formula IT is hydrogen. In
another aspect, R? and R® in formula II are hydrogen and R*
can be a branched- or straight-chain alkyl group such as, for
example, methyl, ethyl, propyl, isopropyl, butyl, pentyl, or
hexyl. Inanother aspect, R and R? in formula I are hydrogen
and R* can be an aryl group or a heteroaryl group such as, for
example, a phenyl group. In another aspect, compound II can
be acetone, methylphenyl ketone (R? and R are hydrogen, R*
is phenyl), sulfonated benzyl methyl ketone (R* and R> are
hydrogen, R, is CH,—C4H,-p-SO,0H), or ethanal (R R?,
and R* are hydrogen).

[0025] In one aspect, formula II can have the formula

e}

I

R12 (CH)mZ

where m is an integer from 0 to 10, R'? is an alkyl group, and
Z is a group having at least one heteroatom such as, for
example, hydroxyl, thiol, nitro, amino, ester, carboxylic acid,
carbamide, alkoxy, or SO,R or S(O),OR, where R can be
hydrogen or an alkyl group described above. In one aspect,
R'? is methyl, m is one to three carbon atoms, and Z is a
hydroxyl, thiol, or amino group.

[0026] In another aspect, R* and R* in formula II can form
a substituted or unsubstituted cycloalkyl group. For example,
formula II can be cyclopropenone, cyclobutanone, cyclopen-
tanone, or clyclohexanone. The cyclic groups can be substi-
tuted with a variety of groups such as, for example, alkyl,
alkenyl, alkynyl, carboxyl, amide, nitro, SO;H, and the like.
[0027] In one aspect, R®> and R® of formula III can be,
independently, hydrogen, an alkyl group, a cycloalkyl group,
a heteroalkyl group, a heterocycloalkyl group, an aryl group,
a heteroaryl group, a protecting group, or a combination
thereof. In one aspect, R> and RS can be, independently, a
branched- or straight-chain alkyl group such as, for example,
methyl, ethyl, propyl, isopropyl, butyl, pentyl, or hexyl. In
another aspect, formula 111 can be acetic anhydride, propionic
anhydride, or butyric anhydride.

[0028] The reaction for producing the phosphonic com-
pound can optionally be performed in the presence of a cata-
lyst. In one aspect, the catalyst can facilitate the formation of
the phosphonic compound. In another aspect, a compound
having the formula R®%COOH, wherein R® can be C,-C,
branched- or straight-chain alkyl such as, for example,
methyl, ethyl, propyl, isopropyl, butyl, pentyl, or hexyl can be
used as the catalyst. Not wishing to be bound by theory, it is
believed that the catalyst can solubilize one or more interme-
diates that ultimately lead to the production of the phosphonic
compound. The catalyst can be added to the reaction as a
separate component or can be produced in situ. For example,
when compound I is phosphorous acid, compound II is
acetone, and compound III is acetic anhydride, glacial acetic
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acid is produced during the reaction. In this example, the
glacial acetic acid can be isolated and sold commercially or
used in future reactions.

[0029] The amount of components I, II, and III can vary
depending upon the compounds selected and reaction condi-
tions. In one aspect, the amount of component I is from 10%
t0 25%, 15% to 25%, or 15% to 20% by weight, the amount
of component I1 is from 10% to 25%, 15% to 25%, or 15% to
20% by weight, and the amount of component 111 is from 10
to 70%, 20% to 60%, or 30% to 60%, by weight, wherein the
sum of components I-III is 100%. When a catalyst is used, in
one aspect, the amount of catalyst is from 1% to 50%, 5% to
40%, 5% to 30%, or 5% to 25% by weight, wherein the sum
of components I-1I1 and the catalyst is 100%. Components
I-IIT and the optional catalyst can be added to one another in
any order using the methods described herein. This is not the
case when PCl; is used as the starting material. For example,
in U.S. Pat. No. 4,446,046 (the *046 patent), the addition of
acetic acid to PCl; is very dangerous and can be explosive if
performed on a large scale. The methods described herein do
not use PCl; and, thus, this is not an issue. In one aspect,
components I, I1I, and the catalyst are mixed with one another
followed by the addition of component II.

[0030] The reaction time and temperature can vary as well
depending upon the selection of components I-III. In one
aspect, the reaction temperature can range from 10° C. to
200° C., 10° C. to 190° C., 10° C. to 180° C., 15° C. to 180°
C., 15°C. 10 170° C., 15° C. 10 160° C., or 15° C. 1o 150° C.
Reaction temperatures can fluctuate during the reaction
depending upon the selection of components I-III. In one
aspect, the rate of addition of component II can vary in order
to control the temperature of the reaction.

[0031] Inone aspect, the reaction time can be from 3 min-
utes to 10 hours, 10 minutes to 8 hours, 10 minutes to 6 hours,
10 minutes to 4 hours, 10 minutes to 2 hours, 10 minutes to 1
hour, or 30 minutes to 1 hour. The reaction times using the
methods described herein are generally much lower than
processes that use PCl;. For example, IPPA can be produced
from phosphorous acid, acetone, and acetic anhydride with
acetic acid as the catalyst in approximately 5 hours. Con-
versely, if IPPA is produced from PCl; using the process in the
’046 patent, the reaction can take from 25 to 44 hours. One
reason why the process in the *046 patent is substantially
longer than those described herein is that this process pro-
duces HCl and acetyl chloride, which are very toxic and have
to be removed by vacuum. HCl and acety] chloride are the two
by-products that are produced when PCl; is used. As long as
PCl, is being added, these by-products will continue to come
out of the reactor and need to be quickly removed under
atmospheric pressure or under vacuum. This can jeopardize
the reaction, because the starting materials could be volatile
and removed from the reaction when the by-products are
removed. This is not the case with the present invention,
where HCI and acety] chloride are not produced.

[0032] The methods described herein can be performed
using readily available equipment and do not require special
equipment or handling as required in the process disclosed in
the *046 patent. For example, the process disclosed in the
’046 patent requires glass-lined reactors, special collection
tanks, and scrubbing systems to capture the HCI and acetyl
chloride. The methods described herein permit the use of
equipment such as, for example, stainless steel reactors, and
normal collection tanks and condensers, which are widely
available, much less expensive, and easier to operate and
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maintain. Thus, the methods described herein permit the
large-scale production of phosphonic compounds in a com-
mercially practical way.

[0033] Inone aspect, the phosphonic compounds produced
by the methods described have the formula IV
v
R? R*
R? P(O)(OR")(OR")

wherein R'-R* and R” can be, independently, hydrogen, an
alkyl group, a cycloalkyl group, a heterocycloalkyl group, an
aryl group, a heteroalkyl group, a heteroaryl group, a protect-
ing group, or a combination thereof, or R? and R can form a
substituted or unsubstituted cycloalkyl group. In one aspect,
R* in formula IV is not an alkyl group. The compounds
represented in formula IV are referred to herein as unsatur-
ated phosphonic compounds. In one aspect, R* and R? in
formulaIV can be hydrogen. In another aspect, R* in formula
IV can be an aryl group or a heteroaryl group. In another
aspect, R' and R” in formula IV can be hydrogen. In another
aspect, the compound having the formula IV has the formula
H,C=C(R®)(PO,H,), where R’ can be hydrogen, substituted
or unsubstituted phenyl, or substituted or unsubstituted ben-
zyl (e.g., CH,CH,-p-S(O),0H).

[0034] In one aspect, the phosphonic acid compound has

the formula XXV
RZHCY POsH,

R4

XXV

where R* and R* are, independently, hydrogen, an alkyl
group, an aryl group, a heteroaryl group, a cycloalkyl group,
a heteroalkyl group, a heterocycloalkyl group, a protecting
group, or any combination thereof. In certain aspects, com-
pounds having the formula XXV can be a mixture of mono-
mers and dimers as described above. The compounds having
the formula XXV can be produced from starting materials
having the formula XXVI,

XXVI

RZH,C R*

where R? and R* are defined above. In one aspect, the precur-
sor to the phosphonic acid compounds can be the following
compounds:

Jn Jn In

n=14 SO;H
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-continued
o) CH,R*

SO;H

where R* is defined above and R is hydrogen or an alkyl

group. Based on these starting materials, the following phos-

phonic acid compounds can be produced by the methods
PO;H,

described herein:
H PO3H, R*HC PO3H,
/A n /Z>n /Z>n
R R R
n=1-4

=1- n=1-4
R*HC PO;H,

n=1-4

PO;H,

SO;H SO;H

The cyclic groups can be substituted with a variety of groups
such as, for example, alkyl, alkenyl, alkynyl, carboxyl, amide,
nitro, and the like. For example, the cyclohexyl ring above has
a SO;H group attached to it.

[0035] Inone aspect, the phosphonic compounds produced
by the methods described have the formula VII

VII
R? R* R R?

R3 P(O)OR)—O— (OR1)(O)P R3

wherein R'-R* can be, independently, hydrogen, an alkyl
group, a cycloalkyl group, a heterocycloalkyl group, an aryl
group, a heteroalkyl group, a heteroaryl group, a protecting
group, or a combination thereof, or R> and R* can form a
substituted or unsubstituted cycloalkyl group. The com-
pounds represented in formula VII are dimers of the com-
pounds having the formula IV. In one aspect, R* and R® in
formula VII can be hydrogen. In another aspect, R* in formula
VII can be an aryl group or a heteroaryl group. In another
aspect, R* in formula VII can be hydrogen.

[0036] In another aspect, the phosphonic compounds pro-
duced by the methods described herein have the formula V
v
(R70)(R'0)(O)P. 0 (o}
R* R®
RZ
R3

wherein R'-R® and R” can be, independently, hydrogen, an
alkyl group, a cycloalkyl group, a heteroalkyl group, a het-
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erocycloalkyl group, an aryl group, a heteroaryl group, a
protecting group, or a combination thereof, or R* and R in
formula V can form a substituted or unsubstituted cycloalkyl
group. In another aspect, the phosphonic compounds pro-
duced by the methods described herein have the formula VI

VI

wherein R'-R> and R” can be, independently hydrogen, an
alkyl group, a cycloalkyl group, a heteroalkyl group, a het-
erocycloalkyl group, an aryl group, a heteroaryl group, a
protecting group, or a combination thereof, or R* and R in
formula VI can form a substituted or unsubstituted cycloalkyl
group.

[0037] Compounds having the formula V and VI are pre-
cursors to the unsaturated phosphonic compounds IV and
VII, respectively. For example, compound IV is produced if
R>C(0)OH is eliminated from compound V. Similarly, com-
pound VIlis produced from compound VI with the loss of two
equivalents of R°C(O)OH. Compound VI is the dimer of
compound V. Depending upon reaction conditions, the selec-
tion of components I-I1I, and the use of a catalyst, it is pos-
sible to produce compounds IV-VII individually or as mix-
tures of compounds. For example, if excess acetic anhydride
(compound III) is used in the reaction, that can promote
formation of compound VI, which produces VII upon further
processing.

[0038] Stable solutions (aqueous or organic solvent base)
of'monomer having the formula IV can be produced herein. In
one aspect, a mixture of monomer IV and dimer VII can be
treated with neat water for a sufficient time to substantially
convert the dimer VII to monomer IV. In other aspects, the
mixture of monomer and dimer can be added to an organic
solvent followed by the addition of water to convert the dimer
to monomer. The conversion can be performed at room tem-
perature; however, warm water can be used to expedite the
conversion. The term “substantially convert” as used herein
means converting greater than 90%, greater than 95%, or
100% of the dimer to monomer. The conversion of the dimer
to monomer can be monitored by techniques known in the art
such as, for example >'P NMR. The conversion does not
require the use of excess base, which is undesirable. By
simply hydrolyzing the dimer with water to produce the cor-
responding monomer, stable aqueous solutions of monomer
IV can be produced with extended shelflife. The solutions are
stable at room temperature and can be easily stored and
shipped in large drums. Concentrated solutions composed of
the monomer can be produced. For example, solutions com-
posed of 10% to 90% by weight monomer can be produced.
The preparation of stable solutions of monomers having the
formula IV has numerous applications, which will be dis-
cussed below.

[0039] In one aspect, the stable aqueous solutions of iso-
propenylphosphonic acid (IPPA) can be produced herein.
IPPA is an important monomer; however, there are several
reasons why IPPA has little market viability. First, as
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described above, the synthesis of IPPA requires the use of
corrosive, hazardous, and toxic raw materials in addition to
specialized glass-lined reactors and equipment. Additionally,
conventional techniques for producing IPPA results in the
formation of hazardous and corrosive by-products. Finally,
the lack of knowledge for the chemistry of IPPA has curtailed
and limited its success. Thus, the ability to produce stable
compositions of IPPA provides numerous advantages.
[0040] Any of the unsaturated phosphonic compounds pro-
duced herein (compounds IV and VII) can be polymerized
using techniques known in the art. For example, the tech-
niques disclosed in the *046 patent, which is incorporated by
reference for its teachings as it relates to polymerization
chemistry, can be used herein to polymerize compounds hav-
ing the formula IV and VII. In one aspect, the polymer is
produced by polymerizing a monomer having the formula IV
described above in the absence of the dimer VII, wherein the
polymer is not polyisopropenylphosphonic acid.

[0041] The polymers described herein can be produced
using techniques known in the art. For example, free-radical
polymerization of the monomers described herein in water
can produce the polymers. Examples of free radical initiators
useful herein include, but are not limited to, persulfates (e.g.,
sodium persulfate) and azobis compounds (e.g., AIBN). In
other aspects, organic phase polymerization can be per-
formed, where the polymerization takes place in organic sol-
vents in the presence of organic peroxides such as, for
example, t-butyl hydrogen peroxide or benzoyl peroxide.
[0042] A variety of different polymers can be produced
herein. For example, homopolymers can be produced. Alter-
natively, copolymers and terpolymers can be readily pro-
duced. For example, the polymer can be the polymerization
product of two or more different monomers having the for-
mula IV. In other aspects, the polymer can be the polymer-
ization product between at least one monomer having the
formula IV and one or more olefinically unsaturated mono-
mers. Examples of olefinically unsaturated monomers
include, but are not limited to, acrylic acid, methacrylic acid,
acrylamide, t-butylacrylamide, methyl methacrylate, ethyl
acrylate, 2-hydroxy ethyl acrylate, 2-hydroxy propyl acry-
late, maleic acid, maleic anhydride, vinyl sulfonic acid,
2-acrylamido-2-methyl propane sulfonic acid (AMPS), sty-
rene sulfonic acid, vinyl acetate, styrene acetate, styrene ben-
zoic acid, vinyl cyclopropane, vinyl cyclopentane, vinyl
cyclohexane, or any combination thereof.

[0043] Provided below are some examples of polymers
described herein:

n n

PO;H, PO3H,

X =hydrogen, methyl, ethyl, n-propyl,
isopropyl, n-butyl, isobutyl, t-butyl,
cycloalkyl, heteroalkyl, and substituted
or unsubstituted aromatic, where X can
be the same or different group

PO;H, COOH

Additional structures are provided in FIG. 1. As shown in the
formulae above and FIG. 1, the phosphonate and/or carboxyl
functionalities are pendant to the polymer backbone. In cer-
tain aspects, it is desirable to have a polymer with a phospho-
nate functionality as well as a carboxylate functionality
whereby both groups are pendant to the polymer backbone.
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[0044] The polymers described herein have numerous
applications. For example, the polymers described herein can
inhibit scale formation, corrosion, or both in a system. The
term “inhibit” as used herein means completely preventing
scale formation and/or corrosion or reducing the rate of scale
formation and/or corrosion. Scale formation is an expensive
problem in many industrial systems, causing delays and shut-
down for cleaning and removal. Scale formation can also lead
to corrosion of system parts as well. In general, scale forma-
tion and corrosion are the result of the formation of crystalline
deposits on the surface of metallic substrates that are continu-
ously exposed to water over time. The water has one or more
minerals that can form crystals on the metal substrate, which
can be very difficult to remove. An example of this is calcium
carbonate. Not wishing to be bound by theory, the phospho-
honate groups present on the polymers described herein
inhibit the crystallization of calcium carbonate and inhibit
scale formation and corrosion. If crystal formation does
occur, the calcium carbonate crystalline lattice is generally
distorted due to the presence of the polymer incorporated
within the lattice. This ultimately weakens the crystal lattice
(i.e., produces soft scale) and makes removal of calcium
carbonate deposits much easier. In this aspect, the polymers
described herein can function as hardness stabilizers.
Although calcium carbonate is an example of a mineral that
can result in scale formation, scale and deposits formed from
calcium phosphate, calcium sulfate, calcium phosphonate,
and other metal ions (e.g., iron, zinc, magnesium, etc.) can
also be inhibited as well.

[0045] The presence of other groups such as carboxyl and/
or sulfonic groups in the polymers described herein can also
inhibit scale formation and/or corrosion. For example, sul-
fonic groups can increase the dispersancy of iron, which can
ultimately increase the performance of the polymer by inhib-
iting iron poisoning. Thus, the polymers described herein can
also behave as dispersants and prevent the accumulation of
metal ions that can facilitate scale and sludge formation.
Additionally, rust formation can be reduced by using the
polymers herein as iron dispersants. Polymers containing
carboxyl groups are generally good dispersants for calcium
carbonate and calcium sulfate. Therefore, in certain aspects,
the polymers described herein can display enhanced scale and
corrosion formation by incorporating these groups into the
polymers.

[0046] The polymers can be applied to any system that is
subject to scale formation and/or corrosion. Examples of such
systems include, but are not limited to, cooling water systems,
boiler water systems, steam generating systems, sea-water
evaporation equipment, reverse 0smosis equipment, paper
manufacturing equipment, sugar evaporation equipment, soil
irrigation systems, hydrostatic cookers, gas scrubbing sys-
tems, closed circuit heating systems, agricultural based
refrigeration systems, downhole wall systems, and pulp and
paper mill systems.

[0047] The polymers can be applied to the systems using
techniques known in the art. For example, the polymers can
be applied to a substrate by spraying or dipping the substrate
with an aqueous solution of the polymer. In this aspect, the
polymer produces a protective layer on the surface of the
substrate and prevents deposit formation. The polymers can
be used in combination with other components to help inhibit
scale formation and/or corrosion. Fort example, oxygen scav-
engers such as, for example, sodium sulfite, can be added to
the polymer composition to scavenge oxygen that can con-
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tribute to corrosion or pitting problems. In other aspects,
filming amines can be used in combination with the polymers
to neutralize condensates as they enter the vapor phase. In
general, it is not desirable to produce an acidic condensate,
which creates dangerous conditions as well as contribute to
corrosion and pitting problems.

[0048] In another aspect, the monomer having the formula
IV can be reacted with H;PO;, a monoester of H;PO;, or a
diester of H,PO; to produce compounds having the formula
X

RZ R*
H P(O)(OR!%)(OR!)

R} P(O)(OR))OR")

wherein R'-R* R7, R*®, and R'! comprises, independently,
hydrogen, an alkyl group, a cycloalkyl group, a heteroalkyl
group, a heterocycloalkyl group, an aryl group, a heteroaryl
group, a protecting group, or a combination thereof, or R and
R* form a substituted or unsubstituted cycloalkyl group.
Although both phosphonic acid groups are attached to the
same carbon atom in formula X, it is also possible to produce
compounds where the phosphonic acid groups are on differ-
ent carbon atoms (i.e., adjacent carbon atoms). Examples of
diphosphonic acid compounds are depicted in FIG. 2. The
reaction between monomer and H;PO;, a monoester of
H,;PO;, or a diester of H;PO; can be performed in organic
solvents. For example, the reaction can take place ina mixture
of methanol and sodium methoxide. The compounds having
the formula X are useful as scale inhibitors, deflocculants,
sequestrants, hardness stabilizers in water treatment, and
detergents.

EXAMPLES

[0049] The following examples are put forth so as to pro-
vide those of ordinary skill in the art with a complete disclo-
sure and description of how the compounds, compositions,
and methods described and claimed herein are made and
evaluated, and are intended to be purely exemplary and are
not intended to limit the scope of what the inventors regard as
their invention. Efforts have been made to ensure accuracy
with respect to numbers (e.g., amounts, temperature, etc.) but
some errors and deviations should be accounted for. Unless
indicated otherwise, parts are parts by weight, temperature is
in ° C. or is at ambient temperature, and pressure is at or near
atmospheric. There are numerous variations and combina-
tions of reaction conditions, e.g., component concentrations,
desired solvents, solvent mixtures, temperatures, pressures
and other reaction ranges and conditions that can be used to
optimize the product purity and yield obtained from the
described process. Only reasonable and routine experimen-
tation will be required to optimize such process conditions.

Example 1
Preparation of Isopropenylphosphonic Acid (IPPA)

[0050] Toal.0L,3-necked flask equipped with a magnetic
stirring bar and an addition funnel, was added 164 g (2.0
moles) of dry, anhydrous phosphorus acid. Acetic anhydride
(400 g; 3.9 moles) was added followed by acetic acid (160 g;



US 2009/0005527 Al

2.6 moles). The addition funnel was removed, and the flask
was then equipped with a heating mantel, magnetic stirrer,
thermometer, reflux condenser, and pressure compensated
addition funnel. The mixture was stirred at ambient (19° C.)
temperature until a clear solution was obtained (10 min; 18°
C.). Acetone (140 g; 2.4 moles) was added dropwise through
the addition funnel. The temperature started to rise steadily
after 3 min of acetone addition and by the time 35 g (0.6 moles
after 12 min.) of acetone was added, the temperature had risen
from 18° C. t0 23° C. The temperature steadily rose to 40° C.
by thetime 105 g (1.8 moles at 32 min.) of acetone was added.
Acetone addition was stopped, and the mixture was allowed
to cool for 8 minutes. Acetone addition was resumed at 37°
C., and it took 10 minutes to add the rest of the acetone 35 g
(0.6 moles). The temperature climbed to 52° C. then com-
pletely stopped. Thus, it took 50 minutes to add all the
acetone. Optionally, a balance of constant cooling and con-
stant adding of acetone can be maintained. During acetone
addition, no acetone was seen refluxing, which indicated that
animmediate and stable reaction occurred. Also, the tempera-
ture only rose with each further addition of acetone and, the
temperature did not rise when acetone addition stopped. The
reaction showed extreme control and can be stopped at any
point, if necessary. In addition, white oligomers (formula V
and VI) were seen temporarily. The above mixture was
allowed to stir at 50 to 60° C. (low heat was occasionally
applied to maintain temperature) for one hour. Moderate heat
was then applied, and the temperature was allowed to steadily
rise to 100° C.

[0051] At this point, a reflux condenser was replaced by an
adapter, athermometer, and a horizontal reflux condenser that
was connected to a collection flask that was connected to a
trap en route to a vacuum pump. When temperature reached
118° C., distillate was allowed to collect in the flask while the
temperature continued to rise to 140° C. Vacuum was then
gradually applied (to prevent surge of distillate) until full
vacuum was obtained. At 170° C. and full vacuum, no more
distillate was produced, with a total distillate collected at 623
g (99%). This clear, colorless distillate was confirmed to be
100% pure acetic acid.

[0052] During the whole process (ca., 4% hrs. between the
addition of reactants, hold period, heating and collecting), the
product mix was colorless until about 80° C. when the prod-
uct turned straw-colored. At 90° C., it turned light yellow and
at 110° C., it looked yellow-orange (amber), while at 140° C.
it was dark amber. The final product IPPA (residue) at 170° C.
was a viscous, golden-yellow liquid and weighed 234 g.
[0053] P>! NMR showed two main peaks: one single peak
at delta 20.8 PPM (29%) and one single peak at delta 10.2
PPM (71%). These peaks correspond to isopropenyl phos-
phonic acid monomer (IPPA) (C;H,O;P, 29%) and isoprope-
nyl phosphonic acid anhydride dimer (IPPAA) (C;H,,05P,,
71%).

Example 2

Large-Scale Production of Isopropenylphosphonic
Acid (IPPA)

[0054] Table 1 shows the amount of starting materials used
to produce IPPA on large scale using PCl, as described in
Example 3 of the *046 patent while Table 2 shows the amount
of by-products that would be produced from this process.
Table 3 shows the amounts of starting materials used to pro-
duce IPPA using the methods described herein. Table 4 indi-
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cates that the only by-product is glacial acetic acid, which can
be recovered as 100% pure acetic acid and sold in the open
market.

TABLE 1
Raw Materials Pounds Mol. Wt  Moles B.P.°C. Gallons
Acetone 1320 58.08 22.73 56.5 200
Acetic Acid-Glacial 6358 60.05 105.87 118 735
PCl, 3212 137.3 23.39 76 243
Total 10890 152 1178
TABLE 2
Raw Materials Pounds Mol. Wt  Moles B.P.°C. Gallons
Hydrochloric Acid 1136 36.46 28.85 — 362
Acetyl Chloride 3060 78.50 38.98 52 333
Acetic Acid 4019 60.05 28.86 118 465
Total 8215 66.92 1160
TABLE 3
Raw Materials Pounds Mol. Wt  Moles B.P.°C. Gallons
Phosphorous Acid 1918 82 23.39 — —
Acetic Anhydride 4674 102 45.83 139 514
Acetic Acid 1871 60.05 31.16 118 216
Acetone 1638 58.08 28.21 56 248
Total 10101 978
TABLE 4
Raw Materials Pounds Mol. Wt  Moles B.P.°C. Gallons
Acetic Acid 7136 60.05 118.8 118 825

[0055] The process used in the *046 patent produces 1,160
gallons of mixed hazardous materials (HCI and acetyl chlo-
ride in acetic acid and water) (Table 2). The acetyl chloride,
HC, and acetic acid cannot be separated in actual production.
Conversely, use of the process described herein produces only
glacial acetic acid (Table 4, 825 gallons), which can be recov-
ered and sold in the open market. If one million pounds of
IPPA were produced using the process in the *046 patent,
theoretically 406,000 gallons of HCI, acetyl chloride, and
acetic acid would be produced, which would create numerous
environmental and safety issues. The use of the process
described herein, however, theoretically produces 289,000
gallons of glacial acetic acid, which can be recovered and sold
in the open market.

[0056] Throughout this application, various publications
are referenced. The disclosures of these publications in their
entireties are hereby incorporated by reference into this appli-
cation in order to more fully describe the compounds, com-
positions and methods described herein.

[0057] Various modifications and variations can be made to
the compounds, compositions and methods described herein.
Other aspects of the compounds, compositions and methods
described herein will be apparent from consideration of the
specification and practice of the compounds, compositions
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and methods disclosed herein. It is intended that the specifi-
cation and examples be considered as exemplary.

What is claimed:
1. A polymer produced by the process comprising poly-
merizing a monomer comprising the formula IV

R? R*
R3 P(O)(OR!)(OR7)

wherein R*-R* and R” comprises, independently, hydrogen,
an alkyl group, a cycloalkyl group, a heteroalkyl group, a
heterocycloalkyl group, an aryl group, a heteroaryl group, a
protecting group, or a combination thereof, or R? and R* form
a substituted or unsubstituted cycloalkyl group, wherein the
polymer is not polyisopropenylphosphonic acid.

2. The polymer of claim 1, wherein R* and R® comprises
hydrogen.

3. The polymer of claim 2, wherein R' and R” are hydro-
gen.

4. The polymer of claim 3, wherein R* comprises an aryl
group or a heteroaryl group.

5. The polymer of claim 3, wherein R* comprises a substi-
tuted or unsubstituted phenyl group or a substituted or unsub-
stituted benzyl group.

6. The polymer of claim 3, wherein R* comprises
CH,C¢H,-p-S(0),0H.

7. The polymer of claim 1, wherein R*-R* and R are
hydrogen.

8. The polymer of claim 7, wherein R* comprises an alkyl
group.

9. The polymer of claim 8, wherein the alkyl group com-
prises methyl, ethyl, propyl, isopropyl, butyl, isobutyl, pen-
tyl, or hexyl.

10. The polymer of claim 7, wherein R* comprises a
cycloalkyl group, and the cycloalkyl group comprises cyclo-
propyl, cyclobutyl, cyclopentyl, or cyclohexyl.

11. The polymer of claim 1, wherein the cycloalkyl group
comprises cyclopropyl, cyclobutyl, cyclopentyl, or cyclo-
hexyl.

12. The polymer of claim 1, wherein R* comprises a higher
alkyl group.

13. The polymer of claim 12, wherein the higher alkyl
group comprises heptyl, octyl, decyl, tetradecyl, hexadecyl,
eicosyl, or tetracosyl.

14. The polymer of claim 1, wherein at least one of R?, R?,
or R* comprises a higher alkyl group, a cycloalkyl group, a
heterocycloalkyl group, a heteroaryl group, a protecting
group, or an aryl group substituted with one or more SO,R or
S(0),0R groups, where R is hydrogen or an alkyl group.

15. The polymer of claim 1, wherein the polymer com-
prises a homopolymer.

16. The polymer of claim 1, wherein the polymer com-
prises the polymerization product of two or more different
monomers comprising the formula IV.

17. The polymer of claim 1, wherein the polymer com-
prises the polymerization product between at least one mono-
mer having the formula IV and one or more olefinically
unsaturated monomers.

18. The polymer of claim 17, wherein the olefinically
unsaturated monomer comprises acrylic acid, methacrylic
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acid, acrylamide, methyl methacrylate, ethyl acrylate, 2-hy-
droxy ethyl acrylate, 2-hydroxy propyl acrylate, maleic acid,
maleic anhydride, t-butylacrylamide, vinyl sulfonic acid,
2-acrylamide-2-methyl propane, sulfonic acid (AMPS), sty-
rene sulfonic acid, vinyl acetate, styrene acetate, styrene ben-
zoic acid, vinyl cyclopropane, vinyl cyclopentane, vinyl
cyclohexane, or any combination thereof.

19. The polymer of claim 1, wherein the polymer com-
prises the polymerization product between at least one mono-
mer having the formula IV and at least one cyclic vinyl
phosphonic acid or ester thereof.

20. A method for inhibiting scale formation in a system
comprising applying to the system the polymer of claim 1.

21. A method for inhibiting corrosion in a system compris-
ing applying to the system the polymer of claim 1.

22. A method for inhibiting corrosion and scale formation
in a system comprising applying to the system the polymer of
claim 1.

23. A method for making a polymer comprising polymer-
izing alone or in combination with one or more other mono-
mers a monomer comprising the formula IV

v
R? R*

R? P(O)(OR")(OR")

wherein R*-R* and R” comprises, independently, hydrogen,
an alkyl group, a cycloalkyl group, a heteroalkyl group, a
heterocycloalkyl group, an aryl group, a heteroaryl group, a
protecting group, or a combination thereof, wherein the poly-
merization product is not polyisopropenylphosphonic acid.

24. A method for producing a stable composition of a
monomer comprising the formula IV

v
R? R*

R? P(O)(OR")(OR")

wherein R'-R* and R” comprises, independently, hydrogen,
an alkyl group, a cycloalkyl group, a heteroalkyl group, a
heterocycloalkyl group, an aryl group, a heteroaryl group, a
protecting group, or a combination thereof, or R? and R* form
a substituted or unsubstituted cycloalkyl group, the method
comprising treating a mixture comprising

v
R? R*
R? P(O)(OR)(OR’) and
VII
R? R* R R?
R? P(O)(OR")—O—(OR})(O)P R?

with water for a sufficient time to substantially convert the
dimer VII to monomer IV.
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25. The method of claim 24, wherein the mixture is not
treated with a base.

26. A composition produced by the method of claim 24.

27. A compound comprising the formula X

RZ R4
H P(O)(OR!%)(OR )

R}  P(O)OR)OR")

wherein R'-R* R7, R*°, and R'* comprises, independently,
hydrogen, an alkyl group, a cycloalkyl group, a heteroalkyl
group, a heterocycloalkyl group, an aryl group, a heteroaryl
group, a protecting group, or a combination thereof, or

R? and R* form a substituted or unsubstituted cycloalkyl

group.

28. A method for making a compound comprising the

formula X

R? R*
H P(O)(OR!%)(OR )

R}  P(O)OR)OR")

wherein R'-R* R7, R*°, and R'* comprises, independently,
hydrogen, an alkyl group, a cycloalkyl group, a heteroalkyl
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group, a heterocycloalkyl group, an aryl group, a heteroaryl
group, a protecting group, or a combination thereof, or R and
R* form a substituted or unsubstituted cycloalkyl group, the
method comprising reacting a compound comprising the for-
mula IV

v
R? R*

R? P(O)(OR")(OR")

with H;PO;, a monoester of H;POj, or a diester of H;PO;.
29. A monomer comprising the formula IV

v
R? R*

R? P(O)(OR")(OR")

wherein R'-R* and R” comprises, independently, hydrogen,
an alkyl group, a cycloalkyl group, a heteroalkyl group, a
heterocycloalkyl group, an aryl group, a heteroaryl group, a
protecting group, or a combination thereof, or R? and R* form
a substituted or unsubstituted cycloalkyl group, wherein at
least one of R?, R?, or R* is a heteroalkyl group.
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