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1
USE OF STABLE LIPOPHILIC
HYDROXYLAMINE COMPOUNDS FOR
INHIBITING POLYMERIZATION OF VINYL
MONOMERS

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to U.S. Provisional Patent
Application Ser. No. 62/134,811 filed on Mar. 18, 2015, the
disclosure of which is incorporated herein by reference in its
entirety.

FIELD OF THE INVENTION

The present invention generally relates to compounds and
methods for inhibiting the radical polymerization of unsatu-
rated compounds, particularly vinyl monomers. More par-
ticularly, it relates to the use of lipophilic N,N-disubstituted
hydroxyl amines to inhibit the polymerization of unsaturated
compounds (e.g., vinyl monomers) soluble in organic sol-
vents, particularly hydrocarbon solvents.

BACKGROUND OF THE INVENTION

Unsaturated compounds, particularly vinyl monomers,
can undesirably polymerize at various stages of their manu-
facture, processing, handling, storage, and use. Vinyl mono-
mers can undergo self-initiated polymerization at elevated
temperatures even in the absence of polymerization promot-
ers. Thus, undesired thermal polymerization can be a prob-
lem during the purification of vinyl aromatic monomers and
during sudden process shutdowns. Undesirable polymeriza-
tion results in product loss because the valuable monomer
end product is consumed in the undesired side reaction.
Moreover, polymerization reduces production efficiency as
the polymer is deposited on process equipment. This fouling
of process equipment may require a shutdown to remove the
undesired polymer by physical methods.

The stable free radical, 4-hydroxy-2,2.6,6-tetra-methylpi-
peridinoxy (HTEMPO), has been used extensively to control
free radical polymerization of reactive monomers during the
purification, handling, transportation and storage. However,
to improve its efficacy as an inhibitor, there are two alter-
natives. Firstly, the dose of HTEMPO can be increased.
However, as the concentration is increased, the dissolved
HTEMPO will crystallize especially if the ambient tempera-
ture under which the solution is used or stored falls.
HTEMPO can also crystallize if the solvency of the hydro-
carbon media decreases, for instance, a solution comprising
aromatic solvents will have a lower solvency when it comes
into contact with aliphatic media. Owing to the low solu-
bility of HTEMPO in aliphatic media, the introduction of an
aromatic-based solvent of HTEMPO will result in the pre-
cipitation of HTEMPO thereby resulting in the plugging of
quills and transfer lines.

Secondly, the conversion of HTEMPO to its hydroxylam-
ine, HTEMPOL, is the other alternative to increasing its
polymer inhibiting efficiency. Unlike HTEMPO that is
soluble in aromatic hydrocarbon solvents, HTEMPOL is
sparingly soluble in hydrocarbon solvents. In applications
that involve aqueous media, the water-soluble HTEMPOL
can be used with nominal risk of precipitation whereas it will
precipitate in hydrocarbon media. Consequently, the use of
HTEMPOL as an inhibitor is restricted to stopping prema-
ture polymerization in aqueous media.
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In prior art, hydrocarbon-soluble hydroxylamines have
been used as inhibitors. Due to the presence of hydrogen
substituents of the a-carbon atoms relative to the hydrox-
ylamine functional group, said hydroxylamines are therefore
unstable. At high operational temperatures associated with
the purification and other processes involving vinylic mono-
mers, these unhindered or partially hindered hydroxylam-
ines decompose to yield contaminant byproducts, namely;
aldehydes and primary hydroxylamines. As an example,
N,N-diethylhydroxylamine will decompose to acetaldehyde
and ethylhydroxylamine.

More particularly, this invention addresses inhibition of
polymerization in units typically associated with hydropho-
bic vinylic monomers such as in distillation towers where
aqueous-based inhibitors are not very effective or the poor
solubilities of the highly polar inhibitors result in the pre-
cipitation or recrystallization of said inhibitors when mixed
with hydrocarbon media. In equipment in which a hydro-
carbon phase is in contact with an aqueous phase, the
currently used hydrophilic hydroxylamines preferentially
partition into the aqueous phase rather than the hydrocarbon
phase. By contrast, the organic-soluble vinylic species that
are liable to polymerization partition into the hydrocarbon
phase. Owing to this partitioning tendency, the prior art
hydroxylamines are not effective polymerization inhibitors.

Thus, a need exists for a hydrocarbon soluble, stable
free-radical scavenger.

SUMMARY OF THE INVENTION

One aspect of the present invention is a hydroxylamine
compound having the structure of Formula 1:

(69
OR;

R, R4

Rs

N
R3 |

OH

wherein R is alkyl, aryl, alkaryl, heterocyclo, or —C(O)R;
R,, R;, R,, and Ry, are independently selected from the
group consisting of alkyl, alkylaryl, aryl, heteroaryl, or R,
and R; or R, and R together can form a spiro ring; and Rg
is alkyl, alkylaryl, aryl, or heteroaryl.

Another aspect of the invention is a hydroxylamine oli-
gomer having the structure of Formula 2:

@

R, R4

Rs

N
R3 |

OH

wherein [ is a linker comprising alkylene, arylene,
alkarylene, heterocyclo, or diacyl; R,, R;, R, and Ry, are
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independently alkyl, alkylaryl, aryl, heteroaryl, or R, and R,
or R, and R, together can form a spiro ring; and x is an
integer greater than 2.
Yet another aspect of the invention is a hydroxylamine
dimer compound having the structure of Formula 3:

/

szjv&

(@]
N

R3 | Rs
OH

(©)

L \
(@]
R; 76]? Ry
N
R; | Rs
OH

wherein [ is a linker comprising alkylene, arylene,
alkarylene, heterocyclo, or diacyl; and R,, R;, R,, and Ry,
are independently alkyl, alkylaryl, aryl, heteroaryl, or R, and
R, or R, and R; together can form a spiro ring.

Yet another aspect of the invention is a method for
inhibiting polymerization of an unsaturated compound com-
prising an unsaturated carbon-carbon bond comprising con-
tacting the unsaturated compound with the hydroxylamine
compound of Formula 1 or the hydroxylamine dimer com-
pound of Formula 2.

Other objects and features will be in part apparent and in
part pointed out hereinafter.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

In place of hydroxylamines that are insoluble in hydro-
carbon media and that are unstable at high process tempera-
tures, hydrocarbon-soluble and stable hydroxylamines are
disclosed as more efficient scavengers of free radical species
that cause unwanted polymerization in hydrocarbon media.
Alternative hydroxylamines that are preferentially soluble in
hydrocarbon media and not prone to decomposing to con-
taminants can be used either as stand-alone inhibitors or in
combination with other polymerization-inhibiting com-
pounds. These compounds and combinations show highly
effective polymer inhibition efficacy.

The present invention is directed to hydroxylamine com-
pounds, hydroxylamine oligomeric compounds, and meth-
ods of use of the hydroxylamine and hydroxylamine oligo-
meric compounds for inhibiting polymerization of an
unsaturated compound comprising an unsaturated carbon-
carbon bond in hydrocarbon streams. The unsaturated com-
pound is in contact with an effective amount of a hydrox-
ylamine compound of Formula 1 or a hydroxylamine
oligomer of Formula 2 or a dimer compound of Formula 3.
Unsaturated hydrocarbons are reactive and liable to unde-
sirable polymerization under typical processing, transporta-
tion and storage conditions. The undesired polymerization
of the unsaturated compounds is costly due to the resultant
loss of the desired monomer product. Thus, methods for
inhibiting this unwanted polymerization are beneficial for
said hydrocarbon processes.

The hydroxylamines of Formulae 1, 2, and 3 are stable to
decomposition at temperatures they are typically exposed to
during processing of the unsaturated compounds where they
are acting as polymerization inhibitors. The hydroxylamines
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4
of Formulae 1, 2, and 3 are also soluble in the hydrocarbons
at the concentrations effective for this method. This means
that they do no precipitate or crystallize in the system.
One aspect of the invention is a hydroxylamine compound
having the structure of Formula 1:

M

R, Ry

Rs

N
R3 |

OH

wherein R is alkyl, aryl, alkaryl, heterocyclo, or —C(O)R;
R,, R;, R,, and Ry, are independently selected from the
group consisting of alkyl, alkylaryl, aryl, heteroaryl, or R,
and R, or R, and R together can form a spiro ring; and Ry
is alkyl, alkylaryl, aryl, or heteroaryl.

Another aspect of the invention is a hydroxylamine oli-
gomer having the structure of Formula 2:

@

R, R4

Rs

N
R3 |

OH

wherein [ is a linker comprising an alkylene, arylene,
alkarylene, heterocyclo, or diacyl; R,, R;, R,, and R are
independently selected from the group consisting of alkyl,
alkylaryl, aryl, heteroaryl, or R, and R; or R, and R together
can form a spiro ring; Ry is alkyl, alkylaryl, aryl, heteroaryl;
and X is an integer greater than 2.

Yet another aspect of the invention is a hydroxylamine
dimer compound having the structure of Formula 3:

&)

/ L \
(@] (@]
R, Ry R, Ry
N N
R3 | R5 R3 | RS
OH OH

wherein [ is a linker comprising an alkylene, arylene,
alkarylene, heterocyclo, or diacyl; R,, R;, R, and Ry, are
independently selected from the group consisting of alkyl,
alkylaryl, aryl, heteroaryl, or R, and R; or R, and R together
can form a spiro ring.

A further aspect of the invention is a method for inhibiting
polymerization of an unsaturated compound comprising an
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unsaturated carbon-carbon bond comprising contacting the
unsaturated compound with the hydroxylamine compound
of Formula 1 or the hydroxylamine dimer compound of
Formula 2.

For the compounds of Formulae 1 and 2 and their use in
the methods described herein, R, can be an alkyl, or alky-
laryl group of from about 1 to about 18 carbon atoms.

Further, the compounds of Formulae 1 and 2 and the
methods described herein, can have R, be propyl, butyl,
pentyl, or hexyl. Preferably, R, can be n-butyl, sec-butyl,
isobutyl, or tert-butyl.

Also, the compounds of Formulae 1 and 2 can have R, be
C,-C, ¢ alkaryl. Preferably, R, is benzyl.

Further, for the compounds of Formulae 1 and 2 and their
use in the methods described herein, R,, R;, R,, and R, can
independently be C,-C, alkyl. Preferably, R,, R;, R,, and
Rs, can independently be C,-C; alkyl.

Additionally, for the compounds of Formulae 1 and 2, R,
R;, R,, and Ry, can independently be haloalkyl.

The compounds of Formulae 1 and 2 can have R, be
n-butyl and R, R;, R,, and R be methyl.

Alternatively, compounds of Formulae 1 and 2 can have
R, be benzyl and R, R;, R,, and R be methyl.

For the compound of Formula 1, R4 can be alkyl; pret-
erably, R, can be methyl, ethyl, propyl, or butyl.

For the polymer or oligomer of Formula 2, x can be from
2 to 100; from 2 to 50; or from 2 to 10.

For the polymer or oligomer of Formula 2, x is selected
so that the polymer or oligomer of Formula 2 does not
precipitate or crystallize in a hydrocarbon stream.

For the methods of inhibiting polymerization using the
hydroxylamine compound of Formula 1 or the hydroxylam-
ine dimer compound of Formula 2, the unsaturated com-
pound can be a vinyl monomer.

Further, the unsaturated compound can be ethylene, pro-
pylene, acetylene, styrene, vinyl chloride, vinyl alcohol,
vinyl acetate, acrylonitrile, acrylate esters, methacrylate
esters, acrylic acid, (meth)acrolein, acrolein, butadiene,
indene, divinylbenzene, isoprene, acetylene, vinyl acety-
lene, cyclopentadiene, or a combination thereof. Preferably,
the unsaturated compound can comprise acrylate esters,
methacrylate esters, styrene, or a combination thereof.

The polymerization inhibition method can stabilize and
inhibit polymerization of an unsaturated compound during a
manufacture, a purification, transportation or a storage pro-
cess.

The polymerization inhibition method can also stabilize
and inhibit polymerization of an unsaturated compound in a
primary fractionation process, light ends fractionation, non-
aromatic halogenated vinyl fractionation, process-gas com-
pression, butadiene extraction, propane dehydrogenation,
diesel and petrol fuel stabilization, olefin metathesis, styrene
purification, hydroxyhydrocarbon purification, or delays the
polymerization of resins and compositions comprising eth-
ylenically unsaturated species. Preferably, the polymeriza-
tion inhibition method can stabilize and inhibit polymeriza-
tion of an unsaturated compound in a butadiene extraction or
styrene purification.

Preferably for the hydroxylamine compounds of Formula
1, R, is n-butyl or benzyl and R,, R5, R,,, and R5 are methyl.
These compounds have the structures:
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Methods for preparing compounds of Formulae 1 and 2
are well known in the art and will be apparent to the skilled
person. As an illustrative example, 4-alkoxy-2,2,6,6-tetram-
ethyl-1-piperidinols are prepared. This is achieved in a
two-step process starting with commercially available 4-hy-
droxy-TEMPO. In the first step, 4-OH-TEMPO is reacted
with an alkylating agent (e.g., n-butyl bromide or benzyl
chloride) in the presence of base to give the corresponding
4-alkoxy TEMPO derivative. In the second step, the nitrox-
ide radical is treated with a reducing agent, (e.g., hydrazine
hydrate or N,N-diethylhydroxylamine) to give a 4-alkoxy
TEMPO hydroxylamine (4-alkoxy TEMPOH).

Another aspect of the invention is a composition com-
prising a compound of Formula 1 and a solvent. Suitable
organic solvents include pentane, heptane, hexane, benzene,
ethylbenzene, toluene, or a combination thereof. The sol-
vents are not restricted to the above-mentioned examples.

The composition can comprise one or more additional
polymerization inhibitors. Compounds that are suitable as
additional polymerization inhibitors in the inventive com-
position include phenols, alkylated phenols, nitrophenols,
nitrosophenols, quinones, hydroquinones, quinone ethers,
quinone methides, amines, hydroxylamines, and phenothi-
azines.

The polymerization inhibitor compositions described
herein can be introduced into the monomer to be protected
by any conventional method. It can be added as a concen-
trate solution in suitable solvents just upstream of the point
of desired application by suitable means. In addition, these
compounds can be injected separately into the distillation
train with the incoming feed, or through separate entry
points providing efficient distribution of the inhibitor com-
position. Since the inhibitor is gradually depleted during
operation, it is generally necessary to maintain the appro-
priate amount of the inhibitor in the distillation apparatus by
adding inhibitor during the course of the distillation process.
This addition may be carried out either on a generally
continuous basis or by intermittently charging inhibitor into
the distillation system if the concentration of inhibitor is to
be maintained above the minimum required level.

The effective amount of a compound of Formulae 1, 2,
and 3 can be from about 0.1 mmolal to 5 mmolal; preferably,
from about 0.2 mmolal to about 2 mmolal.

The compounds of Formula 1 can be prepared by adding
4-hydroxy-2,2,6,6-tetraalkylpiperidin-1-oxyl to a non-protic
polar solvent such as tetrahydrofuran (THF). Then, to the
resultant solution, a base was added followed by stirring of
the mixture at room temperature. Then, a solution of an alkyl
halide in a non-protic polar solvent such as THF was added
dropwise into the flask. The reaction mixture was heated
until the reaction was completed. Deionized water was
added and the layers separated. The organic fraction was
isolated, dried over anhydrous magnesium sulfate, and the
solvent removed in vacuo. This product was added to an
aromatic solvent such as toluene and a reducing agent, such
as hydrazine hydrate was added and the mixture was heated.
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Then, the reaction was cooled and washed with water. The
organic fraction was isolated, dried over anhydrous magne-
sium sulfate, and the solvent removed in vacuo to give
4-alkoxy-2,2,6,6-tetraalkylpiperidin-1-ol.

To prepare oligomers and dimers of Formulae 2 and 3, the
alkyl halide can be substituted with an alkyl dihalide or
another reactant having two or more reactive groups. Addi-
tionally, a polymer having a reactive group could be used to
react with the adding 4-hydroxy-2,2,6,6-tetraalkylpiperidin-
1-oxyl to form a polymer of Formula 2.

Unless otherwise defined herein, “TEMPO” refers to
2,2,6,6-tetramethylpiperidin-1-oxyl.

“4-OH-TEMPO” refers to 4-hydroxy-TEMPO, otherwise
known as 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl or
TEMPOL.

“4-OH-TEMPOH?” refers to 4-hydroxy-TEMPO hydrox-
ylamine, otherwise known as 2,2,6,6-tetramethylpiperidin-
1,4-diol.

“4-Bu-TEMPOH” refers to 4-butoxy-TEMPO hydrox-
ylamine, otherwise known as 4-butoxy-2,2,6,6-tetramethyl-
1-piperidinol.

“4-Bn-TEMPOH” refers to 4-benzyloxy TEMPO hydrox-
ylamine, otherwise known as 4-benzyloxy-2,2,6,6-tetram-
ethyl-1-piperidinol.

Unless otherwise indicated, an alkyl group as described
herein alone or as part of another group is an optionally
substituted linear saturated monovalent hydrocarbon sub-
stituent containing from one to sixty carbon atoms and
preferably one to thirty carbon atoms in the main chain or
eight to thirty carbon atoms in the main chain, or an
optionally substituted branched saturated monovalent
hydrocarbon substituent containing three to sixty carbon
atoms, and preferably eight to thirty carbon atoms in the
main chain. Examples of unsubstituted alkyl groups include
methyl, ethyl, n-propyl, i-propyl, n-butyl, i-butyl, s-butyl,
t-butyl, n-pentyl, i-pentyl, s-pentyl, t-pentyl, and the like.

“Cycloalkyl” refers to cyclic alkyl groups of from 3 to 10
carbon atoms having single or multiple cyclic rings includ-
ing fused, bridged, and spiro ring systems. Examples of
suitable cycloalkyl groups include, for instance, adamantyl,
cyclopropyl, cyclobutyl, cyclopentyl, cyclooctyl, bicyclo
[2.2.2] octanyl and the like. Representative cycloalkyl
groups include cyclopropyl, cyclobutyl, cyclopentyl, cyclo-
hexyl, bicyclo[2.2.1] heptanyl, bicyclo[2.2.2] octanyl, and
the like.

The terms “aryl” or “ar” as used herein alone or as part of
another group (e.g., aralkyl or alkaryl) denote optionally
substituted homocyclic aromatic groups, preferably mono-
cyclic or bicyclic groups containing from 6 to 12 carbons in
the ring portion, such as phenyl, biphenyl, naphthyl, substi-
tuted phenyl, substituted biphenyl or substituted naphthyl.
Phenyl and substituted phenyl are the more preferred aryl.
The term “aryl” also includes heteroaryl.

The term “substituted” as in “substituted aryl,” “substi-
tuted alkyl,” and the like, means that in the group in question
(i.e., the alkyl, aryl or other group that follows the term), at
least one hydrogen atom bound to a carbon atom is replaced
with one or more substituent groups such as hydroxy
(—OH), alkylthio, phosphino, amido (—CON(R )(Rp),
wherein R, and Rz are independently hydrogen, alkyl, or
aryl), amino(—N(R ,)(Rp), wherein R , and R are indepen-
dently hydrogen, alkyl, or aryl), halo (fluoro, chloro, bromo,
or iodo), silyl, nitro (—NO,), an ether (—OR, wherein R,
is alkyl or aryl), an ester ((—OC(O)R , wherein R , is alkyl or
aryl), keto (—C(O)R , wherein R, is alkyl or aryl), hetero-
cyclo, and the like. When the term “substituted” introduces
a list of possible substituted groups, it is intended that the
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term apply to every member of that group. That is, the phrase
“optionally substituted alkyl or aryl” is to be interpreted as
“optionally substituted alkyl or optionally substituted aryl.”

“Alkary]” means an aryl group attached to the parent
molecule through an alkylene group. The number of carbon
atoms in the aryl group and the alkylene group is selected
such that there is a total of about 6 to about 18 carbon atoms
in the alkaryl group. A preferred alkaryl group is benzyl.

“Haloalkyl” refers to an alkyl group as defined herein
wherein one of more hydrogen atoms on the alkyl group
have been substituted with a halogen. Representative
haloalkyl groups include fluromethyl, difluoromethyl, trif-
luoromethyl, fluoroethyl, difluoroethyl, trifluoroethyl, tetra-
fluoroethyl, perfluoroethyl, and the like.

“Vinyl monomer” refers to a monomer comprising at least
one carbon-carbon double bond. The monomer can be
substituted with various groups, such as acids (e.g., acrylic
acid), esters (e.g., acrylate esters), halogen (e.g., vinyl
chloride), aryl (e.g., styrene, vinyl toluene, divinylbenzene),
cyano (e.g., acrylonitrile), and acetoxy (e.g., vinyl acetate).
The monomer can be conjugated (e.g., butadiene, cyclopen-
tadiene, vinyl acetylene, indene, and the like).

A polymerization “inhibitor” refers to a composition of
matter that is able to scavenge radicals in a radical polym-
erization process. Inhibitors can be used to stabilize mono-
mers and prevent their polymerization or quench polymer-
ization when a desired conversion is achieved. They can also
be used to regulate or control the kinetics of a polymeriza-
tion process.

Having described the invention in detail, it will be appar-
ent that modifications and variations are possible without
departing from the scope of the invention defined in the
appended claims.

EXAMPLES

The foregoing may be better understood by reference to
the following examples, which are presented for purposes of
illustration and are not intended to limit the scope of the
invention.

All reactions were performed under an atmosphere of
nitrogen unless stated otherwise. The reagents 4-hydroxy-
TEMPO, potassium tert-butoxide, 1-bromobutane, and ben-
zyl chloride were purchased from Sigma-Aldrich.

Example 1

Synthesis of
4-butoxy-2,2,6,6-tetramethylpiperidin-1-ol
(4-Bu-TEMPOH)

To a round-bottomed flask equipped with a stir bar was
added 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (“4-
hydroxy-TEMPO”, 26.2 g, 152 mmol) and 700 mL of
tetrahydrofuran (THF). To the resultant solution, 20.5 g of
potassium tert-butoxide (20.5 g, 183 mmol) was added
followed by stirring of the mixture at room temperature for
two hours. After two hours, a solution of 25.0 g (182 mmol)
of 1-bromobutane in 100 mlL. of THF was added dropwise
into the flask. The reaction mixture was refluxed overnight
for an approximate duration of 21 hours, then cooled.
Deionized water was added and the layers separated. The
organic fraction was isolated, dried over anhydrous magne-
sium sulfate, and the solvent removed in vacuo. The residue
was taken up in a minimum amount of dichloromethane and
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chromatographed on 100 g of silica gel using as the mobile
phase 20% ethyl acetate/hexane. The total yield of 4-butoxy-
TEMPO was 4.99 g (38%).

To a 250 ml. one-neck round-bottomed flask equipped
with a stir bar was added a solution of 4-butoxy-TEMPO
(4.852 g, 21.26 mmol) in 100 mL of toluene. To this solution
was added hydrazine hydrate (1.03 mL, 21.26 mmol), then
the reaction mixture was heated at reflux. After one hour, the
reaction mixture was cooled to 25° C., and washed with
deionized water. The organic fraction was isolated, dried
over anhydrous magnesium sulfate, and the solvent removed
in vacuo to give 4-butoxy-2,2,6,6-tetramethylpiperidin-1-ol
(4-Bu TEMPOH) in a yield of 81%. The structure of the
product was confirmed by ‘H-NMR and *C-NMR.

Example 2

Synthesis of
4-benzyloxy-2,2,6,6-tetramethylpiperidin-1-01
(4-Bn-TEMPOH)

To a round-bottomed flask equipped with a stir bar was
added 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (“1-
hydroxy-TEMPO”, 10.0 g, 58.1 mmol) and 300 mL of dry
tetrahydrofuran (THF). To the resultant solution, 7.9 g (70.4
mmol) of potassium tert-butoxide was added. After stirring
for two hours at room temperature, a solution of benzyl
chloride (8.1 g, 64.0 mmol) in 100 mL of dry THF was
added drop wise over 45 minutes while the system was
heated at reflux. After the addition was complete and after a
total of 7 hours at reflux, heating was stopped, and the
system was allowed to cool and stirred at room temperature
overnight. Deionized water (100 mL) was added and the
layers were separated. The aqueous phase was extracted
three times with 25 mL portions of ethyl acetate. The
combined organic phases were washed with a mixture of 100
ml, water and 80 mL brine before drying over anhydrous
magnesium sulfate. The solvents were removed by rotary
evaporation, and the residue was taken up in 25 mL dichlo-
romethane and chromatographed on 120 g of silica gel using
as the mobile phase 20% ethyl acetate/hexane. The yield of
pure eluted product was 5.39 g (35%), and the impure solid
isolated from other fractions was recrystallized from cold
hexane, affording material that resulted in an overall yield of
12.03 g (79%) of pure 1-benzyloxy-TEMPO.

1-Benzyloxy-TEMPO (1.001 g, 3.82 mmol) was dis-
solved in n-hexane to give an orange-colored solution. To
this solution was added a stoichiometric excess of N,N-
diethylhydroxylamine (DEHA, 2 mL., 19.06 mmol) until the
resulting solution turned pale yellow. The solution was
washed with deionized water. After recovering and drying
the organic layer with anhydrous magnesium sulfate, the
solvent was removed to yield 4-benzyloxy-2,2.6,6-tetram-
ethylpiperidin-1-ol (4-Bn-TEMPOH) in a yield of 45%. The
structure of the product was confirmed by 'H-NMR and
3C-NMR.

Example 3
Polymerization of Methyl Methacrylate
Comparative Example 3A
Untreated Methyl Methacrylate

A solution consisting of 20 ppm of benzoyl peroxide in
methyl methacrylate was prepared. Ten mL aliquots of this
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solution were added to each of twenty-four Ace Glass #15
threaded pressure tubes equipped with PTFE screw caps and
fluoroelastomer (FETFE) O-rings. To purge dissolved oxy-
gen, each solution was sparged with nitrogen for 2 minutes,
after which the tube was immediately sealed and the solution
kept under a nitrogen headspace. Polymerization reactions
were carried out by loading the tubes into a heating block
that had been preheated to 100° C. After 30 minutes, and
every 15 minutes after that, four tubes were retrieved from
the block and the polymerization reactions quenched by
cooling the tubes in an ice bath. The cooled polymer
solutions were immediately diluted with toluene. A propri-
etary method was used to measure the amount of polymer in
the diluted analyte solutions.

Comparative Example 3B

Methyl Methacrylate Treated with
4-hydroxy-TEMPO (4-OH-TEMPO)

A solution consisting of 0.58 mmol of 4-hydroxy-TEMPO
and 20 ppm of benzoyl peroxide in methyl methacrylate was
prepared. Ten mL aliquots of this solution were added to
each of twenty-four Ace Glass #15 threaded pressure tubes
equipped with PTFE screw caps and fluoroelastomer
(FETFE) O-rings. The procedure in Comparative Example
3A was used to remove oxygen, polymerize the solutions,
and measure the amount of polymer formed.

Example 3C

Methyl Methacrylate Treated with
4-benzyl-2,2.6,6-tetramethylpiperidin-1-ol
(4-BnO-TEMPOH)

A solution consisting of 0.58 mmol of 4-benzyl-2,2,6,6-
tetramethylpiperidin-1-ol and 20 ppm of benzoyl peroxide in
methyl methacrylate was prepared. Ten mL aliquots of this
solution were added to each of twenty-four Ace Glass #15
threaded pressure tubes equipped with PTFE screw caps and
fluoroelastomer (FETFE) O-rings. The procedure in Com-
parative Example 3A was used to remove oxygen, polym-
erize the solutions, and measure the amount of polymer
formed.

Example 3D

Methyl Methacrylate Treated with
4-butoxy-2,2,6,6-tetramethylpiperidin-1-ol
(4-BuO-TEMPOH)

A solution consisting of 0.58 mmol of 4-butoxy-2,2,6,6-
tetramethylpiperidin-1-ol and 20 ppm of benzoyl peroxide in
methyl methacrylate was prepared. Ten mL aliquots of this
solution were added to each of twenty-four Ace Glass #15
threaded pressure tubes equipped with PTFE screw caps and
fluoroelastomer (FETFE) O-rings. The procedure in Com-
parative Example 3A was used to remove oxygen, polym-
erize the solutions, and measure the amount of polymer
formed.

The results of the experiments in Examples 3A-3D is
summarized in Table 1:
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TABLE 1

Inhibition of methyl methacrylate polymerization (initiated with 20 ppm
benzoyl peroxide) at 100° C. under anaerobic conditions in the
presence of no inhibitor (blank) or 0.58 mmol of inhibitor.

Poly(methyl methacrylate) (ppm)

Time Ex. 3A Ex. 3B Ex. 3C Ex. 3D
(min)  Blank 4-OH-TEMPO 4-BnO-TMPOH  4-BuO-TMPOH
30 18588 31 5 2
45 48550 34 4 2
60 80231 64 4 2
75 83625 93 4 3
20 93993 144 4 2
105 180 3 5
Example 4

Polymerization of Styrene
Comparative Example 4A
Untreated Styrene

A disposable, prepacked alumina column was used to
remove 4-tert-butylcatechol (TBC) from styrene. Nine mL
aliquots of freshly de-inhibited styrene were charged into
each of twenty-four Ace Glass #15 threaded pressure tubes
equipped with PTFE screw caps and fluoroelastomer
(FETFE) O-rings. To purge dissolved oxygen, each solution
was sparged with nitrogen for 2 minutes, after which the
tube was immediately sealed and the solution kept under a
nitrogen headspace. Polymerization reactions were carried
out by loading the tubes into a heating block that had been
preheated to 120° C. After 30 minutes, and every 15 minutes
after that, four tubes were retrieved from the block and the
polymerization reaction quenched by cooling the tubes in an
ice bath. The cooled polymer solutions were immediately
diluted with toluene. The amount of polymer formed was
determined by precipitation with methanol according to the
ASTM D2121 method.

Comparative Example 4B

Styrene Treated with 4-hydroxy-TEMPO
(4-OH-TEMPO)

A solution consisting 0f 0.33 mmol of 4-hydoxy-TEMPO
and inhibitor-free styrene was prepared. Nine mL aliquots of
this solution were charged into each of twenty-four Ace
Glass #15 threaded pressure tubes equipped with PTFE
screw caps and fluoroelastomer (FETFE) O-rings. The pro-
cedure in Comparative Example 4A was used to remove
oxygen, polymerize the solutions, and measure the amount
of polymer formed.

Example 4C

Styrene Treated with
4-benzyloxy-2,2,6,6-tetramethylpiperidin-1-ol
(4-BnO-TEMPOH)

A solution consisting of 0.33 mmol of 4-benzyloxy-2,2,
6,6-tetramethylpiperidin-1-ol and inhibitor-free styrene was
prepared. Nine mlL aliquots of this solution were charged
into each of twenty-four Ace Glass #15 threaded pressure
tubes equipped with PTFE screw caps and fluoroelastomer
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12
(FETFE) O-rings. The procedure in Comparative Example

4A was used to remove oxygen, polymerize the solutions,
and measure the amount of polymer formed.

Example 4D
Styrene Treated with
4-butoxy-2,2,6,6-tetramethylpiperidin-1-ol
(4-BuO-TMPOH)

A solution consisting of 0.33 mmol of 4-butoxy-2,2,6,6-

tetramethylpiperidin-1-ol and inhibitor-free styrene was pre-
pared. Nine mL aliquots of this solution were charged into

each of twenty-four Ace Glass #15 threaded pressure tubes
equipped with PTFE screw caps and fluoroelastomer
(FETFE) O-rings. The procedure in Comparative Example
4A was used to remove oxygen, polymerize the solutions,
and measure the amount of polymer formed.

The results of the experiments in Examples 4A-4D is
summarized in Table 2:

TABLE 2

Inhibition of styrene polymerization at 120° C. under anaerobic
conditions using no inhibitor (blank) or 0.33 mmol of inhibitor.

Polystyrene (wt. %)

Time  Ex. 4A Ex. 4B Ex. 4C Ex. 4D
(min)  Blank 4-OH-TEMPO 4-BnO-TMPOH 4-BuO-TMPOH
30 1.96 0.03 0.02 0.004
45 3.24 0.03 0.02 0.004
60 4.72 0.04 0.02 0.003
75 6.36 0.09 0.02 0.012
90 7.78 1.93 2.10 4.00
105 10.57 7.60 428 7.80
Example 5

Polymerization of Isoprene
Comparative Example SA
Untreated Isoprene

A disposable, prepacked alumina column was used to
remove 4-tert-butylcatechol (TBC) from isoprene. Freshly
de-inhibited isoprene was diluted with heptane in a 1:1 ratio.
Fifty mL aliquots of this solution were charged into each of
six glass sample containers, which were then placed into six
stainless steel pressure vessels. Each vessel was pressurized
with 100 psi nitrogen without purging the system. Polym-
erization reactions were carried out by loading the vessels
into a heating block that had been preheated to 120° C. After
60 minutes, and every 60 minutes after that, one vessel was
retrieved from the block and the polymerization reaction
quenched by cooling the vessel in an ice bath. The vessels
were de-pressurized and the polymer content determined
gravimetrically by evaporating the volatiles at 170° C.

Comparative Example 5B

Isoprene Treated with 4-hydoxy-TEMPO
(4-OH-TEMPO)

A solution consisting of 1.55 mmol of 4-hydroxy-TEMPO
and inhibitor-free isoprene was prepared. The solution was
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diluted with heptane in a 1:1 ratio. Fifty mL aliquots of this
solution were charged into each of six glass containers,
which were then placed into six stainless steel pressure
vessels. The procedure in Comparative Example 5A was
used to remove oxygen, polymerize the solutions, and
measure the amount of polymer formed.

Comparative Example 5C

Isoprene Treated with
4-benzyloxy-2,2,6,6-tetramethylpiperidin-1-ol
(4-BnO-TEMPOH)

A solution consisting of 1.55 mmol of 4-benzyloxy-2,2,
6,6-tetramethylpiperidin-1-ol and inhibitor-free isoprene
was prepared. The solution was diluted with heptane ina 1:1
ratio. Fifty mL aliquots of this solution were charged into
each of six glass containers, which were then placed into six
stainless steel pressure vessels. The procedure in Compara-
tive Example 5A was used to remove oxygen, polymerize
the solutions, and measure the amount of polymer formed.

Example 5D

Isoprene Treated with
4-butoxy-2,2,6,6-tetramethylpiperidin-1-ol
(4-BuO-TEMPOH)

A solution consisting of 1.55 mmol of 4-butoxy-2,2,6,6-
tetramethylpiperidin-1-ol and inhibitor-free isoprene was
prepared. The solution was diluted with heptane in a 1:1
ratio. Fifty mL aliquots of this solution were charged into
each of six glass containers, which were then placed into six
stainless steel pressure vessels. The procedure in Compara-
tive Example 5A was used to remove oxygen, polymerize
the solutions, and measure the amount of polymer formed.

The results of the experiments in Examples 5SA-5D is
summarized in Table 3:

TABLE 3

Inhibition of isoprene polymerization at 120° C. under anaerobic
conditions using no inhibitor (blank) or 0.33 mmol of inhibitor.

Polyisoprene (wt. %)

Time Ex. 5A Ex. 5B Ex. 5C Ex. 5D

(min) Blank 4-OH-TEMPO 4-BnO-TMPOH  4-BuO-TMPOH
60 0.5444 0 0.0036 0.0048

120 1.1616 0.0008 0 0.006

180 2.0124 0.01 0.006 0.0062

240 2.2878 0.0038 0.1628 0.005

300 2.7036 0.5578 0.6656 0.1648

360 3.308 1.193 0.3078

When introducing elements of the present invention or the
preferred embodiments(s) thereof, the articles “a”, “an”,
“the” and “said” are intended to mean that there are one or
more of the elements. The terms “comprising”, “including”
and “having” are intended to be inclusive and mean that
there may be additional elements other than the listed
elements.

In view of the above, it will be seen that the several
objects of the invention are achieved and other advantageous

results attained.
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As various changes could be made in the above com-
pounds and methods without departing from the scope of the
invention, it is intended that all matter contained in the
above description shall be interpreted as illustrative and not
in a limiting sense.

What is claimed is:

1. A method for inhibiting polymerization of an unsatu-
rated compound comprising an unsaturated carbon-carbon
bond comprising contacting the unsaturated compound with
the hydroxylamine compound of Formula 1

L
OR,

Ry

R} |
OH

Rs

wherein

R, is alkaryl; and

R,, R;, R,, and R, are independently alkyl.

2. The method of claim 1 wherein the unsaturated com-
pound is a vinyl monomer.

3. The method of claim 1 wherein R, is C,-C, 4 alkaryl.

4. The method of claim 1 wherein R,, R, R, and Ry, are
independently C,-C, alkyl.

5. The method of claim 1 wherein R,, R, R,, and R, are
independently C,-C; alkyl.

6. The method of claim 1 wherein R,, R;, R,, and Rs, are
independently haloalkyl.

7. The method of claim 1 wherein the unsaturated com-
pound is ethylene, propylene, acetylene, styrene, vinyl chlo-
ride, vinyl alcohol, vinyl acetate, acrylonitrile, acrylate
esters, methacrylate esters, acrylic acid, (meth)acrolein,
acrolein, butadiene, indene, divinylbenzene, isoprene, acety-
lene, vinyl acetylene, cyclopentadiene, or a combination
thereof.

8. The method of claim 7 wherein the unsaturated com-
pound comprises acrylate esters, methacrylate esters, sty-
rene, or a combination thereof.

9. The method of claim 1 wherein the method stabilizes
and inhibits polymerization of an unsaturated compound
during a manufacture, a purification, or a storage process.

10. The method of claim 9 wherein the method stabilizes
and inhibits polymerization of an unsaturated compound in
a primary fractionation process, light ends fractionation,
non-aromatic halogenated vinyl fractionation, process-gas
compression, butadiene extraction, propane dehydrogena-
tion, diesel and petrol fuel stabilization, olefin metathesis,
styrene purification, hydroxyhydrocarbon purification, or
delays the polymerization of resins and compositions com-
prising ethylenically unsaturated species.

11. The method of claim 10 wherein the process is
butadiene extraction or styrene purification.

12. The method of claim 11 wherein the unsaturated
compound is a methacrylate ester.
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