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(57) Abstract: A method for making an alkyl 3-hydroxybutyrate is provided. The method can include reacting an alkyl alcohol with
diketene to form an alkyl acetoacetate and then hydrogenating the alkyl acetoacetate to form the alkyl 3-hydroxybutyrate. The meth -
od of the present invention may also include separating one or more impurities an alkyl acetoacetate stream and subjecting the puri -
fied acetoacetate mixture to hydrogenation to form the alkyl 3-hydroxybutyrate. Methods of the present invention can be carried out

on a lab, pilot, or commercial scale.
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METHOD FOR PRODUCING AN ALKYL 3-HYDROXYBUTYRATE

Field of the Invention
[0001] This invention relates to methods of making alkyl esters. More
specifically, this invention relates to methods of making alkyl

hydroxybutyrates.

Background

[0002] Alkyl esters, and in particular, alkyl hydroxybutyrates may be
useful in a variety of end-use applications. For example, alkyl
hydroxybutyrates may be employed as pharmaceutical intermediates or as
fragrances or other additives in a variety of consumer products. Recently, it
has also been discovered that alkyl hydroxybutyrates may be useful as
organic cleaning solvents and may be used to create aqueous cleaning
compositions that are both highly effective and exhibit a benign environmental
and toxicity profile. Currently, alkyl hydroxybutyrates are obtained by
extracting polyalkylhydroxybutyrates (PHB) from plant materials or other
biomass and then depolymerizing the PHB to form lower chain length
hydroxybutyrate materials. This method is expensive, time consuming, and
difficult to control and is nearly impossible to carry out on a large scale.

[0003] Thus, a need exists for an efficient method of producing an alkyl
hydroxybutyrate, which can consistently provide high-purity product in a time-

and cost-effective manner, preferably on a commercial scale.

Summary

[0004] In one aspect, the present invention concerns a method for
making an alkyl 3-hydroxybutyrate comprising (a) reacting an alkyl alcohol
with diketene under reaction conditions sufficient to provide a first reaction
mixture comprising an alkyl acetoacetate; and (b) contacting at least a portion
of the first reaction mixture with hydrogen-containing gas in the presence of a
catalyst under hydrogenation conditions sufficient to hydrogenate at least a
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portion of the alkyl acetoacetate to thereby provide a product comprising alkyl
3-hydroxybutyrate.

[0005] In another aspect, the present invention concerns a method for
producing an alkyl 3-hydroxybutyrate, the method comprising (a) separating a
feed stream comprising at least one alkyl acetoacetate into at least one
impurities-enriched stream and at least one impurities-depleted stream; and
(b) contacting at least a portion of the impurities-depleted stream with a
hydrogen-containing gas in a hydrogenation zone under conditions sufficient
to hydrogenate at least a portion of the alkyl acetoacetate to thereby form an
alkyl 3-hydroxybutyrate.

Brief Description of the Drawings

[0006] Various aspects of the present invention are described in detail
below with reference to the attached drawing figures, wherein:

[0007] FIG. 1 is a schematic flow diagram of a production facility
configured to produce alkyl 3-hydroxybutyrate; and

[0008] FIG. 2 is a schematic flow diagram of one example of a

separation zone suitable for use in the production facility illustrated in FIG. 1.

Detailed Description

[0009] The present invention relates to methods for producing an alkyl
3-hydroxybutyrate. The alkyl 3-hydroxybutyrate produced according to
methods of the present invention may be represented by the following

formula:
OH e

R1
H3CMO/

The R1 group in formula (l) above may be an alkyl group having, for example,

at least 2 and not more than 8 carbon atoms. As used herein, the term “alkyl
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group,” refers to a branched or straight-chain monovalent alkyl radical. The
alkyl group may include at least 2 and not more than 7 carbon atoms, at least
3 and not more than 6 carbon atoms, at least 3 and not more than 5 carbon
atoms, 3 or 4 carbon atoms, or may include 4 carbon atoms. The alkyl group
group may be selected from the group consisting of isopropyl, n-propyl,
isobutyl, n-butyl, 2-butyl (sec-butyl), 2,2-dimethylethyl (tert-butyl), 3,3-
dimethylpentyl (isopentyl), 1-pentyl (n-pentyl), 1-methylbutyl (2-pentyl), 2-
methylbutyl, 2-ethylpropyl (3-pentyl), 1,1-dimethylpropyl, 1,2-dimethylpropyl,
2,2-dimethylpropyl (neopentyl), and cyclopentyl, or may be selected from the
group consisting of isopropyl, n-propyl, isobutyl, n-butyl, and 2-butyl. In some
cases, the alkyl group R1 may be selected from the group consisting of
isopropyl, isobutyl, n-butyl, and 2-butyl or the group consisting of isobutyl, n-
butyl, and 2-butyl. Also, the R1 group can be n-butyl. The R1 group may be
non-halogenated.

[0010] Referring initially to FIG. 1, a schematic representation of an
alkyl 3-hydroxybutyrate production facility 10 configured to illustrate one or
more aspects of the present invention is provided. As represented by FIG. 1,
the inventive method can include the steps of introducing an alkyl alcohol,
shown by line 20, into a reaction zone 14, along with diketene, shown in line
24, and a catalyst, shown in line 22. In reaction zone 14, the alcohol can
react with diketene under conditions sufficient to provide a reaction mixture
comprising an alkyl acetoacetate, shown in line 26. Optionally, at least a
portion of the reaction mixture in line 26 may be subjected to one or more
purification steps in a separation zone 16 to remove at least one impurity
before being introduced into hydrogenation zone 18, shown by line 32. In
hydrogenation zone 18, the reaction mixture can be contacted with a
hydrogen-containing gas in the presence of a catalyst under conditions
sufficient to hydrogenate at least a portion of the alkyl acetoacetate to thereby
provide a product comprising an alkyl 3-hydroxybutyrate, shown by line 36.

Optionally, the product may be subjected to a post-hydrogenation purification
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step shown by purification zone 20 before being removed from facility 10 as a
final alkyl 3-hydroxybutyrate product.

[0011] The method of the present invention may be carried out in a
batch or the process may be performed in a semi-batch manner such that one
or more of the process steps can be performed continuously. Alternatively,
the entire process represented by facility 10 may be carried out continuously.
The method represented by facility 10 may be carried out on any suitable
scale and can, for example, be a laboratory- or pilot-scale facility. In other
cases, the method represented by facility 10 could be carried out on a larger,
commercial scale, such as, for example, in a facility having an average daily
production rate, measured over a one month period, of at least about 1,000
pounds, at least about 5,000 pounds, at least about 10,000 pounds, at least
about 20,000 pounds, at least about 50,000 pounds, at least about 75,000
pounds, at least about 100,000 pounds of alkyl 3-hydroxybutyrate product per
day.

[0012] Referring back reaction zone 14, the alkyl alcohol introduced
into reaction zone 14 via line 20 can be any suitable alkyl alcohol capable of
reacting with diketene to form the desired alkyl acetoacetate. The alkyl group
of the alcohol can include at least 2 and not more than 8 carbon atoms, at
least 2 and not more than 7 carbon atoms, at least 3 and not more than 6
carbon atoms, at least 3 and not more than 5 carbon atoms, 3 or 4 carbon
atoms, or may include 4 carbon atoms. The alkyl group may be selected from
the group consisting of isopropyl, n-propyl, isobutyl, n-butyl, 2-butyl (sec-
butyl), isopentyl, pentyl, and 2,2-dimethylpropyl, or may be selected from the
group consisting of isopropyl, n-propyl, isobutyl, n-butyl, and 2-butyl. The
alkyl group of the alcohol may be selected from the group consisting of
isopropyl, isobutyl, n-butyl, and 2-butyl or the group consisting of isobutyl, n-
butyl, and 2-butyl. The alkyl group of the alcohol may be n-butyl. The alkyl
group of the alcohol, the acetoacetate, and the 3-hydroxybutyrate can be the

same.
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[0013] The diketene introduced into reaction zone 14 via line 24 may
originate from any source and can optionally be purified in upstream
purification zone 12 to remove at least a portion of one or more impurities
from a crude diketene stream in line 23. As used herein, the term “impurity”
refers to any component other than the component or components desired to
be produced or used within a process or step. Examples of impurities
removed from the diketene in upstream purification zone 12 may include, for
example, acetone, acetic anhydride, acetic acid, and combinations thereof.
Upstream purification zone 12 may be configured to remove at least about 10
percent, at least about 20 percent, at least about 30 percent, at least about 40
percent, at least about 50 percent, at least about 60 percent, at least about 70
percent, at least about 80 percent, at least about 90 percent, or at least about
95 percent of the total amount of the one or more impurities from the crude
diketene stream, based on the total amount of the impurities introduced into
upstream purification zone 12 via line 23.

[0014] Any suitable type of separation equipment may be used to
achieve the desired degree of impurity removal from the diketene stream,
including, for example, one or more distillation columns. Once purified, the
diketene in line 24 may comprise not more than about 5 weight percent, not
more than about 2 weight percent, not more than about 1 weight percent, not
more than about 0.5 weight percent, or not more than about 0.1 weight
percent of one or more impurities, based on the total weight of the purified
diketene stream. Optionally, at least a portion of the crude diketene in line 23
may bypass upstream separation zone 12 and be introduced directly into
reaction zone 14 (not shown in FIG. 1).

[0015] As shown in FIG. 1, the alcohol and diketene may be separately
introduced into reaction zone 14. During the addition of diketene, the
temperature of the reaction mixture within reaction zone 14 can be maintained
at a target temperature of at least about 60°C, at least about 65°C, at least
about 70°C and/or not more than 105°C, not more than about 100°C, not

more than about 95°C, or at a target temperature in the range of from about
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60 to about 105°C, about 60 to about 100°C, about 60 to about 95°C, about
65 to about 105°C, about 65 to about 100°C, about 65 to about 95°C, about
70 to about 105°C, about 70 to about 100°C, about 70 to about 95°C.
Preferably, the temperature of the reaction mixture can deviate from the target
temperature by not more than 5°, not more than 3°, not more than about 2°, or
not more than about 1°during the addition of diketene.

[0016] The alcohol may be present in the reaction mixture in a slight
stoichiometric excess, based on the amount of diketene introduced into
reaction zone 14. For example, the alcohol may be introduced into reaction
zone 14 to achieve a slight stoichiometric excess of at least about a 1 percent,
at least about a 2 percent, at least about a 5 percent stoichiometric excess,
based on the total amount of diketene. The molar ratio of alcohol to diketene
introduced into reaction zone 14 may be at least about 1:1.2, at least about
1:1.1, at least about 1.1 and/or not more than about 1.5:1, not more than
about 1.2:1, not more than 1.1:1 or in the range of from about 1:1.2 to about
1.5:1, about 1:1.2 to about 1.2:1, about 1:1.2 to about 1.1:1, about 1:1.1 to
about 1.5:1, about 1:1.1 to about 1.2:1, about 1:1.1 to about 1.1:1, about 1:1
to about 1.5:1, about 1:1 to about 1.2:1, about 1:1 to about 1.1:1.

[0017] The catalyst introduced into reaction zone 14 via line 22 may be
a homogenous catalyst that is at least partially dissolvable in the reaction
medium. The catalyst may be present in the reaction mixture as a solid, a
liquid, or a gas, with a liquid catalyst being preferred. Desirably, the vapor
pressure of the catalyst may be such that the catalyst can be contained within
the reaction vessel and/or medium during the reaction and, in some cases,
may be at least about 45 torr, at least about 50 torr, at least about 55 torr
and/or not more than about 75 torr, not more than about 70 torr, not more
than about 65 torr, measured at 25°C, or can be in the range of from about 45
to about 75 torr, about 45 to about 70 torr, about 45 to about 65 torr, about 50
to about 75 torr, about 50 to about 70 torr, about 50 to about 65 torr, about 55
to about 75 torr, about 55 to about 70 torr, about 55 to about 65 torr,

measured at 25°C.
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[0018] Examples of suitable catalysts can include, but are not limited
to, sodium hydroxide, a sodium alkoxide, hydrogen chloride, sulfuric acid,
tertiary amines, and combinations thereof. Exemplary tertiary amines can
include trialkyl amines and, in particular, can include triethylamine. The
catalyst can be present in reaction zone 14 in an amount of at least about 0.1
weight percent, at least about 1 weight percent, at least about 2 weight
percent, at least about 3 weight percent and/or not more than about 10 weight
percent, not more than about 8 weight percent, not more than about 6 weight
percent, based on the total weight of the reaction mixture within reaction zone
14. The catalyst can be present in an amount in the range of from about 0.1
to about 10 weight percent, about 0.1 to about 8 weight percent, about 0.1 to
about 6 weight percent, about 1 to about 10 weight percent, about 1 to about
8 weight percent, about 1 to about 6 weight percent, about 2 to about 10
weight percent, about 2 to about 8 weight percent, about 2 to about 6 weight
percent, about 3 to about 10 weight percent, about 3 to about 8 weight
percent, about 3 to about 6 weight percent, based on the total weight of the
reaction mixture in reaction zone 14.

[0019] The diketene, alcohol, and catalyst may be introduced into
reaction zone 14 in any suitable order. Two or more of the components may
be combined to form a precursor mixture and the remaining component may
be added to the precursor mixture within reaction zone 14. For example, the
catalyst and alcohol may be combined prior to (not shown) or within reaction
zone 14 to form a precursor reaction mixture. Subsequently, the diketene
may be introduced in a manner described previously to maintain a target
temperature within reaction zone 14. Alternatively, each of the diketene,
alcohol, and catalyst may be introduced into reaction zone 14 simultaneously,
with little or no mixing prior to combination.

[0020] Within reaction zone 14, the diketene and alcohol can be
reacted under conditions sufficient to form a reaction mixture comprising an
alkyl acetoacetate. The reaction conditions within reaction zone 14 may

include a reaction temperature of at least about 55°C, at least about 60°C, at
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least about 65°C, at least about 70°C and/or not more than about 105°C, not
more than about 100°C, not more than about 95°C, not more than about
90°C, or in the range of from about 55 to about 105°C, about 55 to about
100°C, about 55 to about 95°C, about 55 to about 90°C, about 60 to about
105°C, about 60 to about 100°C, about 60 to about 95°C, about 60 to about
90°C, about 65 to about 105°C, about 65 to about 100°C, about 65 to about
95°C, about 65 to about 90°C, about 70 to about 105°C, about 70 to about
100°C, about 70 to about 95°C, about 70 to about 90°C. The reaction
conditions may also include a reaction pressure of at least about 13 psia, at
least about 14 psia, at least about 15 psia and/or not more than about 25 psia,
not more than about 20 psia, or not more than about 17 psia, or in the range
of from about 13 to about 25 psia, about 13 to about 20 psia, about 13 to
about 17 psia, about 14 to about 25 psia, about 14 to about 20 psia, about 14
to about 17 psia, about 15 to about 25 psia, about 15 to about 20 psia, about
15 to about 17 psia. The reaction pressure may be within about 10 psi, about
5 psi, or about 2 psi of atmospheric pressure.

[0021] The reaction conditions within reaction zone 14 can also include
a total reaction time of at least about 30 minutes, at least about 1 hour, at
least about 2 hours and/or not more than about 8 hours, not more than about
6 hours, not more than about 4 hours. The reaction time or average
residence time may be in the range of from about 30 minutes to about 8
hours, about 30 minutes to about 6 hours, about 30 minutes to about 4 hours,
about 1 to about 8 hours, about 1 to about 6 hours, about 1 to about 4 hours,
about 2 to about 8 hours, about 2 to about 6 hours, about 2 to about 4 hours.
The actual yield of alkyl acetoacetate obtained within reaction zone 14 may be
at least about 50 percent, at least about 60 percent, at least about 70 percent,
at least about 80 percent, at least about 85 percent, at least about 90 percent,
at least about 95 percent, as compared to the theoretical yield. The resulting
reaction mixture in line 26 can comprise at least about 50 weight percent, at
least about 65 weight percent, at least about 75 weight percent, at least about
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80 weight percent, at least about 85 weight percent, at least about 90 weight
percent alkyl acetoacetate, based on the total weight of the reaction mixture.

[0022] The reaction mixture in line 26 may also include one or more
impurities, including, but not limited to, an alkyl acetate, an alkyl butyrate, a
dimer, trimer, and/or oligomer of the acetoacetate, as well as residual alkyl
alcohol and/or catalyst. The alkyl groups of the acetate and butyrate
impurities can have the same number of carbon atoms, or can be the same,
as the alkyl groups of the alkyl alcohol and alkyl acetoacetate. The reaction
mixture in line 26 can have a total impurities content of at least about 0.001
weight percent, at least about 0.005 weight percent, at least about 0.10 weight
percent, at least about 0.5 weight percent and/or not more than 10 weight
percent, not more than about 8 weight percent, not more than about 5 weight
percent, not more than about 2 weight percent, not more than about 1 weight
percent, based on the total weight of the reaction mixture in line 26. The
reaction mixture in line 26 can have a total impurities content in the range of
from about 0.001 to about 10 weight percent, about 0.001 to about 8 weight
percent, about 0.001 to about 5 weight percent, about 0.001 to about 2 weight
percent, about 0.001 to about 1 weight percent, about 0.005 to about 10
weight percent, about 0.005 to about 8 weight percent, about 0.005 to about 5
weight percent, about 0.005 to about 2 weight percent, about 0.005 to about 1
weight percent, about 0.10 to about 10 weight percent, about 0.10 to about 8
weight percent, about 0.10 to about 5 weight percent, about 0.10 to about 2
weight percent, about 0.10 to about 1 weight percent, about 0.50 to about 10
weight percent, about 0.50 to about 8 weight percent, about 0.50 to about 5
weight percent, about 0.50 to about 2 weight percent, about 0.50 to about 1
weight percent, based on the total weight of the reaction mixture.

[0023] Depending, in part, on the type and/or amount of impurities
present, the reaction mixture in line 26 may be subjected to a purification step,
as represented by separation zone 16 in FIG. 1, before being contacted with a
hydrogen-containing gas in hydrogenation zone 18. During the purification

step, at least a portion of one or more impurities present in the reaction
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mixture in line 26 can be removed, thereby providing a purified reaction
mixture comprising alkyl acetoacetate in line 32. Separation zone 16 may be
configured to remove at least about 45 percent, at least about 50 percent, at
least about 55 percent, at least about 60 percent, at least about 65 percent, at
least about 70 percent, at least about 75 percent, at least about 80 percent, at
least about 85 percent, at least about 90 percent of the total amount of
impurities present in the intermediate reaction mixture introduced into
separation zone 16 via line 26. As a result of the purification carried out in
separation zone 16, the purified reaction mixture in line 32 may have a total
impurities content of not more than about 1 weight percent, not more than
about 0.75 weight percent, not more than about 0.5 weight percent, not more
than about 0.1 weight percent, or not more than 0.05 weight percent, based
on the total weight of the purified reaction mixture.

[0024] Separation zone 16 can include any process capable of or
apparatus configured to separate a feed stream comprising the alkyl
acetoacetate into at least one impurities-enriched stream and at least one
impurities-depleted stream. The impurities-depleted stream exiting separation
zone 16 via line 32 can have an acetoacetate content of at least about 50
percent, at least about 70 percent, at least about 75 percent, at least about 80
percent, based on the total weight of the impurities-depleted stream and may
include at least about 50 percent, at least about 65 percent, at least about 75
percent, at least about 80 percent of the total amount of acetoacetate
introduced into separation zone 16 via line 26.

[0025] One example of a configuration suitable for use in separation
zone 16 is illustrated in FIG. 2. Separation zone 116 illustrated in FIG. 2
includes a first distillation column 110 and a second distillation column 120,
arranged in series. Additional equipment, such as valves, pumps, control
valves, reflux condensers, and reboilers is not shown, but can be included as
appropriate and understood by one skilled in the art. As shown in FIG. 2, a
feed stream in line 26, at least a portion of which may originate from reaction

zone 14 in FIG. 1, may be introduced into first distillation column 110, wherein
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it can be separated into an overhead lights stream in line 28 and a bottoms
heavies stream in line 130.

[0026] The overhead temperature of first distillation column 110 can be
at least about 15°C, at least about 20°C, at least about 25°C and/or not more
than about 70°C, not more than about 65°C, not more than about 60°C, or in
the range of from about 15 to about 70°C, about 15 to about 65°C, about 15 to
about 60°C, about 20 to about 70°C, about 20 to about 65°C, about 20 to
about 60°C, about 25 to about 70°C, about 25 to about 65°C, about 25 to
about 60°C. The separating step carried out in first distillation column 110
may be performed under vacuum at a pressure of not more than about 760
torr. The overhead pressure of first distillation column 110 may be at least
about 1 torr, at least about 2 torr, at least about 5 torr and/or not more than
about 30 torr, not more than about 25 torr, not more than about 20 torr, or in
the range of from about 1 to about 30 torr, about 1 to about 25 torr, about 1 to
about 20 torr, about 2 to about 30 torr, about 2 to about 25 torr, about 2 to
about 20 torr, about 5 to about 30 torr, about 5 to about 25 torr, about 5 to
about 20 torr.

[0027] The overhead stream withdrawn from first distillation column
110 in line 28 may include one or more low-boiling impurities removed from
the feed stream in line 26. As used herein, the term “low-boiling impurity”
refers to an undesired compound or material having a boiling point lower than
the compound being purified or isolated, which, in this case, may be alkyl
acetoacetate. Examples of low-boiling impurities in overhead stream 28 can
include, but are not limited to, acetic acid, acetone, an alkyl acetate, residual
catalyst and/or residual alkyl alcohol. The alkyl acetate may have an alkyl
group having the same number of carbon atoms as the alkyl group of the alkyl
acetoacetate and alkyl alcohol. The alkyl groups of the alcohol, acetoacetate,
and acetate impurity can be the same. The total amount of low-boiling
impurities in the overhead stream in line 28 may be at least about 35 weight
percent, at least about 40 weight percent, at least about 45 weight percent, at

least about 50 weight percent, based on the total weight of the overhead
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stream. At least about 40 percent, at least about 50 percent, at least about 60
percent, at least about 70 percent, at least about 80 percent of the total
amount of light-boiling impurities introduced into first distillation column 110 in
feed stream 26 may be removed from feed stream 26 in first distillation
column 110 via overhead stream 28.

[0028] The overhead stream in line 28 may further include at least a
portion of the acetoacetate introduced into first distillation column 110.
Although it may be desirable to minimize such carryover, the overhead stream
in line 28 may include acetoacetate in an amount of not more than about 20
weight percent, not more than about 15 weight percent, or not more than
about 10 weight percent, based on the total weight of the overhead stream.
This amount of acetoacetate may be not more than about 15 percent, not
more than about 10 percent, or not more than about 5 percent of the total
amount of acetoacetate introduced into first distillation column 110 via the
feedin line 26.

[0029] At least about 50, at least about 60, at least about 70, at least
about 80, at least about 85 percent, at least about 90 percent, at least about
95 percent of the total amount of acetoacetate introduced into first distillation
column 110 can be withdrawn from first distillation column 110 via the bottoms
heavy stream in line 30. The ratio of the total weight of acetoacetate in the
overhead stream in line 28 to the total weight of acetoacetate in the bottoms
stream in line 130 can be at least about 0.01:1, at least about 0.05:1, at least
about 0.10:1 and/or not more than about 0.25:1, not more than about 0.20:1,
not more than about 0.15:1, or in the range of from about 0.01:1 to about
0.25:1, about 0.01:1 to about 0.20:1, about 0.01:1 to about 0.15:1, about
0.05:1 to about 0.25:1, about 0.05:1 to about 0.20:1, about 0.05:1 to about
0.15:1, about 0.10:1 to about 0.25:1, about 0.10:1 to about 0.20:1, about
0.10:1 to about 0.15:1.

[0030] The bottoms heavy stream in line 130 withdrawn from first
distillation column 110 can comprise at least about 65 weight percent, at least

about 70 weight percent, at least about 75 weight percent, at least about 80

12



WO 2015/017177 PCT/US2014/047528

weight percent, at least about 85 weight percent of the alkyl acetoacetate,
based on the total weight of the bottoms stream. Additionally, the bottoms
stream in line 30 can additionally include one or more impurities, such as, for
example low-boiling impurities including those listed above, as well as one or
more high-boiling impurities. As used herein, the term “high-boiling impurity”
refers to an undesired compound or material having a boiling point higher
than the material being purified or isolated, such as, for example, alkyl
acetoacetate. Examples of high-boiling impurities can include, but are not
limited to, dimers and trimers of the alkyl acetoacetate, alkyl butyrate, and
others. The alkyl group of the alkyl butyrate may have the same number of
carbon atoms as, or may be the same as, the alkyl group of the alkyl
acetoacetate and alkyl alcohol. Additionally, the bottoms stream in line 130
may include one or more of the low-boiling impurities, including those listed
above.

[0031] The total amount of impurities present in the bottoms stream in
line 130 may be at least about 35 weight percent, at least about 40 weight
percent, at least about 45 weight percent, at least about 50 weight percent,
based on the total weight of the bottoms stream. At least about 70 percent, at
least about 80 percent, at least about 90 percent of the total impurities in
stream 130 may be high-boiling impurities, with the remaining being low-
boiling impurities listed above. The bottoms stream in line 130 can have a
total amount of high-boiling impurities of at least about 2 weight percent, at
least about 5 weight percent, at least about 10 weight percent and/or not more
than about 30 weight percent, not more than about 25 weight percent, not
more than about 20 weight percent, based on the total weight of the bottoms
stream in line 30. The total amount of high-boiling impurities in the bottoms
stream 130 exiting first distillation column 110 can be in the range of from
about 2 to about 30 weight percent, about 2 to about 25 weight percent, about
2 to about 20 weight percent, about 5 to about 30 weight percent, about 5 to
about 25 weight percent, about 5 to about 20 weight percent, about 10 to

about 30 weight percent, about 10 to about 25 weight percent, about 10 to
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about 20 weight percent, based on the total weight of the bottoms stream in
line 30. At least about 40 percent, at least about 50 percent, at least about 60
percent, at least about 70 percent, at least about 80 percent of the total
amount of light-boiling impurities introduced into first distillation column 110 in
feed stream 26 may be removed from feed stream 26 in first distillation
column 110 via overhead stream 28.

[0032] As shown in FIG. 2, the bottoms stream in line 130 can be
introduced into a second distillation column 120, wherein it is separated into a
second overhead lights stream in line 128 and a second bottoms heavy
stream in line 126. The overhead temperature of second distillation column
120 can be at least about 70°C, at least about 75°C, at least about 80°C
and/or not more than about 90°C, not more than about 85°C, not more than
about 82°C, or in the range of from about 70 to about 90°C, about 70 to about
85°C, about 70 to about 82°C, about 75 to about 90°C, about 75 to about
85°C, about 75 to about 82°C, about 80 to about 90°C, about 80 to about
85°C, about 80 to about 82°C. The separating step carried out in second
distillation column 120 may be performed under vacuum at a pressure of not
more than about 760 torr. The overhead pressure of second distillation
column 120 may be at least about 1 torr, at least about 2 torr, at least about 5
torr and/or not more than about 30 torr, not more than about 25 torr, not more
than about 15 torr, or in the range of from about 1 to about 30 torr, about 1 to
about 25 torr, about 1 to about 15 torr, about 2 to about 30 torr, about 2 to
about 25 torr, about 2 to about 15 torr, about 5 to about 30 torr, about 5 to
about 25 torr, about 5 to about 15 torr.

[0033] The second bottoms stream in line 30 withdrawn from second
distillation column 120 can be enriched in one or more high-boiling
components, such as those listed previously, and may include, for example, at
least about 40 percent, at least about 50 percent, at least about 60 percent, at
least about 65 percent, at least about 70 percent of the total amount of high-
boiling impurities introduced into second distillation column 120 via the

bottoms stream from first distillation column 110 in line 30. The concentration
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of high-boiling impurities in the second bottoms stream in line 30 can be at
least about 50 weight percent, at least about 65 weight percent, at least about
75 weight percent, or at least about 80 weight percent, based on the total
weight of the second bottoms stream.

[0034] It may be possible that at least a portion of the acetoacetate
introduced into second distillation column 120 may also be withdrawn via the
second bottoms stream in line 30. The amount of acetoacetate removed from
second distillation column 120 via the second bottoms stream 30 can be not
more than about 20 percent, not more than about 15 percent, not more than
about 10 percent, not more than about 5 percent of the total amount of
acetoacetate introduced into second distillation column 120 via line 130. The
second bottoms stream in line 30 may comprise not more than about 15
weight percent, not more than about 10 weight percent, not more than about 5
weight percent of the acetoacetate, based on the total weight of the second
bottoms stream.

[0035] The second overhead stream withdrawn from second distillation
column 120 in line 32 can be enriched in acetoacetate and depleted of one or
more high-boiling impurities as discussed previously. The second overhead
stream in line 32 can include at least about 40 percent, at least about 50
percent, at least about 60 percent, at least about 70 percent, at least about 80
percent, at least about 90 percent of the total amount of acetoacetate
introduced into second distillation column 120 and comprise at least about 50
weight percent, at least about 65 weight percent, at least about 75 weight
percent, at least about 80 weight percent, at least about 85 weight percent, at
least about 90 weight percent of acetoacetate, based on the total weight of
the stream. Additionally, the second overhead stream in line 32 may also
include one or more impurities, but the total impurities content of this stream
can be no more than about 15 weight percent, not more than about 10 weight
percent, not more than about 5 weight percent, not more than about 2 weight
percent, based on the total weight of the stream. The ratio of the total weight

of acetoacetate in the second bottoms stream in line 30 to the total weight of
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acetoacetate in the second overhead stream in line 32 can be at least about
0.01:1, at least about 0.05:1, at least about 0.10:1 and/or not more than about
0.25:1, not more than about 0.20:1, not more than about 0.15:1, or in the
range of from about 0.01:1 to about 0.25:1, about 0.01:1 to about 0.20:1,
about 0.01:1 to about 0.15:1, about 0.05:1 to about 0.25:1, about 0.05:1 to
about 0.20:1, about 0.05:1 to about 0.15:1, about 0.10:1 to about 0.25:1,
about 0.10:1 to about 0.20:1, about 0.10:1 to about 0.15:1.

[0036] Turning back to FIG. 1, at least a portion of the purified reaction
mixture in line 32, which can comprise at least a portion of the second
overhead stream in line 128 withdrawn from the second distillation column
120 shown in FIG. 2, may be routed to hydrogenation zone 18 shown in FIG.
1. In hydrogenation zone 18, at least a portion of the purified reaction mixture
can be contacted with a hydrogen-containing gas, introduced via line 34, in
order to reduce at least a portion of the acetoacetate to produce the alkyl 3-
hydroxybutyrate, as discussed in detail previously. Hydrogen-containing gas
in line 34 can include at least about 50 mole percent, at least about 75 mole
percent, at least about 85 mole percent, at least about 90 mole percent, at
least about 95 mole percent, or at least about 97 mole percent hydrogen,
based on the total moles of hydrogen-containing gas in line 34.

[0037] At least a portion of the contacting in hydrogenation zone 18
may be carried out in the presence of a hydrogenation catalyst. The catalyst
can be a heterogeneous catalyst and may comprise one or more catalytic
metals supported in, on, and/or within a catalyst support. The catalytic metal
may be selected from the group consisting of palladium, nickel, platinum, and
ruthenium and may be present in an amount of at least about 1 weight
percent, at least about 2 weight percent, at least about 3 weight percent
and/or not more than about 10 weight percent, not more than about 8 weight
percent, not more than about 6 weight percent, or in an amount in the range
of from about 1 to about 10 weight percent, about 1 to about 8 weight percent,
about 1 to about 6 weight percent, about 2 to about 10 weight percent, about

2 to about 8 weight percent, about 2 to about 6 weight percent, about 3 to
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about 10 weight percent, about 3 to about 8 weight percent, about 3 to about
6 weight percent, based on the total weight of the catalyst. Although catalysts
including more than one catalytic metal may be used, the catalyst may
alternatively include only a single catalytic metal.

[0038] The catalyst support may be formed of a material selected from
the group consisting of silica, alumina, aluminosilicate, and carbon.
Preferably, the catalyst support may be non-acidic and does not include silica
or alumina. The catalyst support may comprise or consist essentially of
carbon. Catalysts and supports any suitable particle size and pore
configuration may be used and the specific particle size may depend, at least
in part, on the type of hydrogenation reactor employed. The hydrogenation
reactor may comprise a fixed bed reactor, a fluidized bed reactor, or a hybrid
thereof, with a fixed bed reactor being preferred.

[0039] The hydrogenation reaction conditions in hydrogenation zone 18
can include a temperature of at least about 60°C, at least about 65°C, at least
about 70°C and/or not more than about 100°C, not more than about 95°C, not
more than about 90°C or in the range of from about 60 to about 100°C, about
60 to about 95°C, about 60 to about 90°C, about 65 to about 100°C, about 65
to about 95°C, about 65 to about 90°C, about 70 to about 100°C, about 70 to
about 95°C, about 70 to about 90°C. The hydrogenation conditions may also
include a pressure of at least about 300 psig, at least about 500 psig, at least
about 800 psig and/or not more than about 2000 psig, not more than about
1500 psig, not more than about 1000 psig or a pressure in the range of from
about 300 to about 2000 psig, about 300 to about 1500 psig, about 300 to
about 1000 psig, about 500 to about 2000 psig, about 500 to about 1500 psig,
about 500 to about 1000 psig, about 800 to about 2000 psig, about 800 to
about 1500 psig, about 800 to about 1000 psig. Additionally, during
hydrogenation, the pH of the reaction mixture can be generally neutral and
may be at least about 6, at least about 6.5, at least about 7 and/or not more
than about 8, not more than about 7.5, not more than about 7.25 or in the

range of from about 6 to about 8, about 6 to about 7.5, about 6 to about 7.25,
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about 6.5 to about 8, about 6.5 to about 7.5, about 6.5 to about 7.25, about 7
to about 8, about 7 to about 7.5, about 7 to about 7.25.

[0040] The hydrogenation may be carried out for a period of time of at
least about 30 minutes, at least about 1 hour, at least about 2 hours and/or
not more than about 8 hours, not more than about 6 hours, not more than
about 4 hours or a period of time in the range of from about 30 minutes to
about 8 hours, about 30 minutes to about 6 hours, about 30 minutes to about
4 hours, about 1 to about 8 hours, about 1 to about 6 hours, about 1 to about
4 hours, about 2 to about 8 hours, about 2 to about 6 hours, about 2 to about
4 hours. The actual yield of alkyl 3-hydroxybutyrate resulting from the
hydrogenation step may be at least about 50 percent, at least about 60
percent, at least about 70 percent, at least about 80 percent, at least about 85
percent, at least about 90 percent, at least about 95 percent, as compared to
theoretical. The resulting product mixture in line 36 can comprise at least
about 50 weight percent, at least about 65 weight percent, at least about 75
weight percent, at least about 80 weight percent, at least about 85 weight
percent, at least about 90 weight percent of the alkyl 3-hydroxybutyrate,
based on the total weight of the product mixture.

[0041] The product mixture in line 36 may optionally be subjected to a
post-hydrogenation purification step, as represented by purification zone 20 in
FIG. 1, before being removed as a product stream in line 38. During the
purification step, at least a portion of one or more residual impurities may be
removed from the product mixture using, for example, one or more stages of
filtration, distillation, drying, or combinations thereof. The resulting product
stream in line 38 may include the product alkyl 3-hydroxybutyrate in an
amount of at least about 65 weight percent, at least about 75 weight percent,
at least about 80 weight percent, at least about 85 weight percent, at least
about 90 weight percent, aal 95 weight percent, based on the total weight of
the product stream.

[0042] The resulting alkyl 3-hydroxybutyrate may have a vapor
pressure, measured via ASTM D1160 at 20°C, not more than about 0.20 torr,

18



WO 2015/017177 PCT/US2014/047528

not more than about 0.18 torr, not more than about 0.16 torr, or not more than
about 0.12 torr. In some cases, the alkyl 3-hydroxybutyrate may have a vapor
pressure at 20°C of at least about 0.05 torr, at least about 0.055 torr, at least
about 0.06 torr, and/or not more than about 0.10 torr, not more than about
0.09 torr, not more than about 0.08 torr, not more than about 0.075 torr. The
alkyl 3-hydroxybutyrate can have a vapor pressure, measured at 20°C, in the
range of from about 0.05 to about 0.10 torr, about 0.05 to about 0.09 torr,
about 0.05 to about 0.08 torr, about 0.05 to about 0.075 torr, about 0.055 to
about 0.10 torr, about 0.055 to about 0.09 torr, about 0.055 to about 0.08 torr,
about 0.055 to about 0.075 torr, about 0.06 to about 0.10 torr, about 0.06 to
about 0.09 torr, about 0.06 to about 0.08 torr, about 0.06 to about 0.075 torr.
[0043] The alkyl 3-hydroxybutyrate can also have a boiling point,
measured at atmospheric pressure using a Mettler FP81HT MBC cell
equipped with photocell detection, of at least about 150°C, at least about
200°C, at least about 210°C, at least about 215°C, at least about 216°C, or at
least about 217 °C and/or not more than about 230°C, not more than about
225°C, or not more than about 220°C. The boiling point of the alkyl 3-
hydroxybutyrate can be in the range of from about 150 to about 230°C, about
150 to about 225°C, about 150 to about 220°C, about 200 to about 230°C,
about 200 to about 225°C, about 200 to about 220°C, about 210 to about
230°C, about 210 to about 225°C, about 210 to about 220°C, about 215 to
about 230°C, about 215 to about 225°C, about 215 to about 220°C, about 216
to about 230°C, about 216 to about 225°C, about 216 to about 220°C, about
217 to about 230°C, about 217 to about 225°C, about 217 to about 220°C.
[0044] The alkyl 3-hydroxybutyrate can have a flash point, measured
by ASTM D7236-07 with a Setaflash closed cup instrument, of at least about
80°C, at least about 85°C, at least about 90°C, at least about 95°C and/or not
more than about 115°C, not more than about 110°C, not more than about
105°C and/or may have an auto-ignition temperature, measured according to
ASTM E659-78 (2005), of at least about 290°C, at least about 295°C, at least
about 300°C and/or not more than about 345°C, not more than about 335°C,
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or not more than about 330°C. The alkyl 3-hydroxybutyrate may have a flash
point in the range of from about 80 to about 115°C, about 80 to about 110°C,
about 80 to about 105°C, about 85 to about 115°C, about 85 to about 110°C,
about 85 to about 105°C, about 90 to about 115°C, about 90 to about 110°C,
about 90 to about 105°C, from about 95 to about 115°C, about 95 to about
110°C, about 95 to about 105°C and/or an auto-ignition temperature in the
range of from about 290 to about 345°C, about 290 to about 335°C, about 290
to about 330°C, about 295 to about 345°C, about 295 to about 335°C, about
295 to about 330°C, about 300 to about 345°C, about 300 to about 335°C,
about 300 to about 330°C.

[0045] The alkyl 3-hydroxybutyrate may also have a density, measured
according to ASTM D4052-11 at 20°C, of at least about 0.955 g/mL, at least
about 0.960 g/mL, at least about 0.965 g/mL, at least about 0.970 g/mL and/or
not more than about 0.985 g/mL, not more than about 0.980 g/mL, or not
more than about 0.975 g/mL. The alkyl 3-hydroxybutyrate may have a density
in the range of from about 0.955 to about 0.985 g/mL, about 0.955 to about
0.980 g/mL, about 0.955 to 0.975 g/mL, 0.960 to about 0.985 g/mL, about
0.960 to about 0.980 g/mL, about 0.960 to 0.975 g/mL, 0.965 to about 0.985
g/mL, about 0.965 to about 0.980 g/mL, about 0.965 to 0.975 g/mL, 0.970 to
about 0.985 g/mL, about 0.970 to about 0.980 g/mL, about 0.970 to 0.975
g/mL.

[0046] The alkyl 3-hydroxybutyrate can have a solubility limit in
deionized water at 23°C of at least about 2 weight percent, at least about 2.5
weight percent, at least about 3 weight percent, at least about 3.5 weight
percent, at least about 3.75 weight percent and/or not more than about 20
weight percent, not more than about 15 weight percent, not more than about
10 weight percent, not more than about 5 weight percent. The solubility limit
of the alkyl 3-hydroxybutyrate in deionized water at 23°C can be in the range
of from about 2 to about 20 weight percent, about 2 to about 15 weight
percent, about 2 to about 10 weight percent, about 2 to about 5 weight

percent, about 2.5 to about 20 weight percent, about 2.5 to about 15 weight
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percent, about 2.5 to about 10 weight percent, about 2.5 to about 5 weight
percent, about 3 to about 20 weight percent, about 3 to about 15 weight
percent, about 3 to about 10 weight percent, about 3 to about 5 weight
percent, about 3.5 to about 20 weight percent, about 3.5 to about 15 weight
percent, about 3.5 to about 10 weight percent, about 3.5 to about 5 weight
percent, about 3.75 to about 20 weight percent, about 3.75 to about 15 weight
percent, about 3.75 to about 10 weight percent, about 3.75 to about 5 weight
percent.

[0047] The solubility limit of deionized water at 23°C in the alkyl 3-
hydroxybutyrate may be at least about 6 weight percent, at least about 8
weight percent, at least about 10 weight percent and/or not more than about
25 weight percent, not more than about 20 weight percent, not more than
about 12 weight percent. The solubility limit of deionized water at 23°C in the
alkyl 3-hydroxybutyrate can be in the range of from about 6 to about 25 weight
percent, about 6 to about 15 weight percent, about 6 to about 12 weight
percent, about 8 to about 25 weight percent, about 8 to about 15 weight
percent, about 8 to about 12 weight percent, about 10 to abo ut 25 weight
percent, about 10 to about 15 weight percent, about 10 to about 12 weight
percent.

[0048] Additionally, the alkyl 3-hydroxybutyrate may be described by
one or more of the following Hansen solubility parameters. For example, the
alkyl 3-hydroxybutyrate may have a Hansen polar solubility parameter (o, or
“P parameter”) of at least about 2.50 (cal/cm®'?, at least about 2.75

(cal/cm®) 2, at least about 2.80 (cal/cm®)"?, at least about 2.95 (cal/cm?®)"2

1/2 1/2

, at

and/or not more
1/2

least about 3.00 (cal/cm®)'?, at least about 3.10 (cal/cm®)

than about 3.4 (cal/cm®)'2, not more than about 3.30 (cal/cm®)"2, not more
than about 3.25 (cal/cm®)"?, calculated using the “Hansen Solubility
Parameters in Practice” software package 3" ed., version 3.1, by S. Abbott
and C. Hansen.

[0049] The Hansen polar solubility parameter, which measures the

permanent dipole moment and permanent dipole interactions of a molecule,
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can be in the range of from about 2.5 to about 3.4 (cal/cm®)"?, about 2.5 to
about 3.3 (cal/cm®)"?, about 2.5 to about 3.25 (cal/cm®)"?, 2.75 to about 3.4
(cal/cm®)2, about 2.75 to about 3.3 (cal/cm®)"2, about 2.75 to about 3.25
(cal/cm®)'2, 2.8 to about 3.4 (cal/cm®) 2, about 2.8 to about 3.3 (cal/cm®)'?,
about 2.8 to about 3.25 (cal/cm®)"2, 2.95 to about 3.4 (cal/cm®)"?, about 2.95
to about 3.3 (cal/cm®)'2, about 2.95 to about 3.25 (cal/cm®)"?, 3.0 to about 3.4
(cal/cm®) 2, about 3.0 to about 3.3 (cal/cm®)'2, about 3.0 to about 3.25
(cal/cm®)'2, 3.1 to about 3.4 (cal/cm®) 2, about 3.1 to about 3.3 (cal/cm®)'?,
about 3.1 to about 3.25 (cal/cm®)"?for the alkyl 3-hydroxybutyrate.

[0050] The alkyl 3-hydroxybutyrate can have a Hansen hydrogen
bonding solubility parameter (o or “H parameter”) of at least about 5.40

(cal/cm®)'2, at least about 5.40 (cal/cm®)"?, at least about 5.60 (cal/cm®)"2

1/2

, at

and/or not more
1/2
)

least about 5.65 (cal/cm®)"?, at least about 5.70 (cal/cm®)

)1/2

than about 6.10 (cal/cm®)"2, not more than about 5.95 (cal/cm®)"2, not more

than about 5.90 (cal/cm®)"?, not more than about 5.85 (cal/cm®)"?

, calculated
as described above.

[0051] The Hansen hydrogen bonding solubility parameter, which
measures electron exchange, can be in the range of from about 5.40 to about
6.10 (cal/cm®)"?, about 5.40 to about 5.95 (cal/cm®) 2, about 5.40 to about
5.90 (cal/cm®)"2, about 5.40 to about 5.85 (cal/cm®)?about 5.60 to about 6.10
(cal/cm®) 2, about 5.60 to about 5.95 (cal/cm®)"2, about 5.60 to about 5.90
(cal/cm®) 2, about 5.60 to about 5.85 (cal/cm®)"’?, about 5.65 to about 6.10
(cal/cm®) 2, about 5.65 to about 5.95 (cal/cm®)"’2, about 5.65 to about 5.90
(cal/cm®) 2, about 5.65 to about 5.85 (cal/cm®)"’?, about 5.70 to about 6.10
(cal/cm®) 2, about 5.70 to about 5.95 (cal/cm®)"’2, about 5.70 to about 5.90
(cal/cm®) 2, about 5.70 to about 5.85 (cal/cm®)"? for the alkyl 3-
hydroxybutyrate.

[0052] The alkyl 3-hydroxybutyrate can have a Hansen dispersion

1/2

solubility parameter (og or “D parameter”) of at least about 7.50 (cal/cm®)'2, at

1/2

least about 7.75 (cal/cm®)"?, at least about 8.00 (cal/cm®)"?, at least about

1/2

8.03 (cal/cm®)"? and/or not more than about 8.15 (cal/cm®)'?, not more than
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)2, not more than

about 8.10 (cal/cm®)2, not more than about 8.05 (cal/cm?®
about 8.00 (cal/cm®)"?, calculated as described above.

[0053] The Hansen dispersion solubility parameter, which measures
nonpolar interactions derived from atomic forces, of the alkyl 3-
hydroxybutyrate can be in the range of from about 7.50 to about 8.15
(cal/cm®)2, about 7.50 to about 8.10 (cal/cm®)"’2, about 7.50 to about 8.05
(cal/cm®)2, about 7.50 to about 8.0 (cal/cm®)"2, about 7.75 to about 8.15
(cal/cm®) 2, about 7.75 to about 8.10 (cal/cm®)"2, about 7.75 to about 8.05
(cal/cm®) 2, about 7.75 to about 8.0 (cal/cm®)"?, about 8.0 to about 8.15
(cal/cm®)'2, about 8.0 to about 8.10 (cal/cm®)"?, about 8.0 to about 8.05
(cal/cm®)'2, about 8.03 to about 8.15 (cal/cm®)"’?, about 8.03 to about 8.10
(cal/cm®)2, about 8.03 to about 8.05 (cal/cm®)"2.

[0054] The alkyl 3-hydroxybutyrate can have a total Hansen solubility

)1/2,

parameter of at least about 10.1 (cal/cm®)"2, at least about 10.2 (cal/cm®)'?, at

2 2 and/or not more

1/2

least about 10.25 (cal/cm®)"?, at least about 10.3 (cal/cm?)

than about 10.5 (cal/cm®)", not more than about 10.45 (cal/cm®)"?, not more
than about 10.40 (cal/cm®) ', calculated as described above. The total
Hansen solubility parameter of the alkyl 3-hydroxybutyrate can be in the range
of from about 10.1 to about 10.5 (cal/cm®)"?, about 10.1 to about 10.45
cal/cm®"2, about 10.1 to about 10.40 (cal/cm®)"?, about 10.2 to about 10.5
cal/cm® "2, about 10.2 to about 10.45 (cal/cm®)"?, about 10.2 to about 10.40
cal/cm® "2 about 10.25 to about 10.5 (cal/cm®)"?, about 10.25 to about 10.45
cal/cm®) "2, about 10.25 to about 10.40 (cal/cm®)"?, about 10.3 to about 10.5
)

(
(
(
(
(cal/cm®) 2, about 10.3 to about 10.45 (cal/cm®)'2, about 10.3 to about 10.40
(cal/cm®)'2.

[0055] The alkyl 3-hydroxybutyrate can have a surface tension,
measured using the ring pull method with a Kriss K100 tensiometer, of at
least about 24.5 dynes/cm, at least about 25.0 dynes/cm, at least about 25.5
dynes/cm, and/or not more than about 30 dynes/cm, not more than about 29
dynes/cm, not more than about 28 dynes/cm, not more than about 27

dynes/cm, not more than about 26.5 dynes/cm. The surface tension of the
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alkyl 3-hydroxybutyrate can be in the range of from about 24.5 to about 30
dynes/cm, about 24.5 to about 29 dynes/cm, about 24.5 to about 28
dynes/com, about 24.5 to about 27 dynes/cm, about 24.5 to about 26.5
dynes/cm, about 25 to about 30 dynes/cm, about 25 to about 29 dynes/cm,
about 25 to about 28 dynes/com, about 25 to about 27 dynes/cm, about 25 to
about 26.5 dynes/cm, about 25.5 to about 30 dynes/cm, about 25.5 to about
29 dynes/cm, about 25.5 to about 28 dynes/com, about 25.5 to about 27
dynes/cm, about 25.5 to about 26.5 dynes/cm.

[0056] The alkyl 3-hydroxybutyrate may also have the ability to bring
together and homogenize two immiscible liquids, for example, an oil and
water. This ability is called “coupling efficiency” and can be measured by
adding the alkyl 3-hydroxybutyrate to 1.0 gram of an oil and 1.0 gram of de-
ionized water with vigorous stirring or shaking until the mixture becomes clear.
The result can then be expressed as the number of grams of solvent divided
by the total grams of oil and water. The alkyl 3-hydroxybutyrate can have a
corn oil-water coupling efficiency measured at 23°C of at least about 5 grams
of alkyl 3-hydroxybutyrate per total grams of oil and water (g/g), at least about
6 g/g, at least about 7 g/g and/or not more than about 15 g/g, not more than
about 12 g/g, or not more than about 10 g/g. The alkyl 3-hydroxybutyrate may
also have a corn oil-water coupling efficiency in the range of from about 5 to
about 15 g/g, about 5 to about 12 g/g, about 5 to about 10 g/g, about 6 to
about 15 g/g, about 6 to about 12/g/g, about 6 to about 10 g/g, about 7 to
about 15 g/g, about 7 to about 12 g/g, about 7 to about 10 g/g.

[0057] The alkyl 3-hydroxybutyrate prepared according to a method of
the present invention may be suitable for use in a variety of end applications.
For example, the alkyl 3-hydroxybutyrate produced as described herein may
be used as a solvent in an aqueous cleaning composition. Such cleaning
compositions, which may further include water and an optional surfactant
and/or additive, may effectively remove different types of soil from a variety of
substrates, including, for example, those including hard surfaces made of

metal, glass, plastic, ceramic, porcelain, fiberglass, stone, concrete, plaster,
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brick, marble, vinyl, natural or composite wood, wall board, or combinations
thereof. Such cleaning compositions may take many forms, including
solutions, gels, emulsions, foams, aerosols, pastes, and/or slurries and may
be used as or in descaling compositions, a bathroom cleaners, a glass
cleaners, a floor cleaners, a biocidal cleaners, an automotive cleaners, a
wood cleaners, a plastic cleaners, a paint strippers, a degreasing
compositions, a desoiling compositions, and/or an all-purpose general
cleaners used on floors, walls, tiles, windows, sinks, showers, bathtubs,
shower curtains, wash basins, drains, dishes, fixtures, fittings, counter tops,
cabinets, stove tops, appliance surfaces, such as internal and external
surfaces of refrigerators, microwave ovens, convection ovens, freezers,
dishwashers, washing machines, and dryers.

[0058] The following examples are intended to be illustrative of the
present invention in order to teach one of ordinary skill in the art to make and
use the invention and are not intended to limit the scope of the invention in

any way.

EXAMPLES

Example 1: Synthesis of n-Butyl Acetoacetate from Diketene

[0059] A charge of 5,600 grams of n-butanol was placed ina 22 L,
jacketed reaction flask equipped with an overhead stirrer, reflux condenser,
thermocouple, and a liquid feed pump. A glycol-water mixture maintained at a
set temperature of 70°C was circulated through the reactor jacket from a bath
reservoir to bring the reactor contents to 50°C. When the reactor reached
50°C, 365 mL of triethylamine was added. Diketene, in an amount of 6,049
grams, was then added at a rate of 15 mL/min. The reactor temperature was
increased slowly during the addition of diketene. When the reactor reached
55°C, the circulating liquid bath temperature was lowered to cool the reactor
and to maintain the reaction temperature in the range of from about 55 to
about 57°C. The addition of the entire charge of diketene, (4.1 kg) required 8
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hours. The reaction mixture was then allowed to cool slowly to 35°C with
continued agitation. The crude reaction product was then purified by
fractional distillation at a pressure of 6 torr and provided pure n-butyl
acetoacetate as a clear, colorless liquid.

Example 2: Synthesis of Butyl 3-Hydroxybutyrate from n-Butyl
Acetoacetate

[0060] A charge of 150 g of n-butyl acetoacetate, prepared as
described in Example 1 above, and 4.5 g of a 5 percent ruthenium-on-carbon
catalyst (as a water wet solid, 50 percent solids) were sealed in a 300 mL
high-pressure autoclave and were pressurized to 55.2 bars gauge (800 psig)
with hydrogen. The reactor contents were heated to 65°C with stirring over a
period of 20 min and allowed to stir at this temperature until hydrogen uptake
ceased (1.25 h). The reactor was then allowed to cool to room temperature
and the reaction mixture was filtered through a pad of diatomaceous earth to
remove the catalyst. A light yellow crude solution was obtained that contained
n-butyl 3-hydroxybutyrate as well as trace amounts of water and the ester
dimer (4-butoxy-4-oxobutan-2-yl 3-hydroxybutyrate), as determined by gas
chromatographic analysis. Fractional distillation of the crude n-butyl 3-
hydroxybutyrate solution at a pressure of 6 torr produced pure n-butyl 3-
hydroxybutyrate as a colorless liquid.

Example 3 (Prophetic): Synthesis of Butyl 3-Hydroxybutyrate from
Diketene

[0061] This prophetic example relates to the production of n-butyl 3-
hydroxybutyrate by reacting diketene with n-butanol and the hydrogenating
the resulting n-butyl acetoacetate to form n-butyl 3-hydroxybutyrate. This
prophetic example is described with respect to the schematic process flow
diagrams provided in FIGS. 1 and 2.

[0062] A stream of n-butanol in line 20 is added to a reaction vessel

(not shown) disposed within reaction zone 14 of production facility 10. The n-
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butanol (n-BuOH) is combined with a stream of triethylamine (TEA) catalyst
introduced into reaction zone 14 via line 22. The mass flow rate of the n-
butanol, which has a minimum purity of 99.8 weight percent, is approximately
27,400 kg/day. The triethylamine is added to the reaction mixture to achieve
a 5 weight percent loading, based on the total weight of the reaction mixture.
The contents of the reaction vessel are stirred and a stream of diketene,
optionally purified from a stream of crude diketene in an upstream purification
zone 12, is added to the reaction vessel via line 24 at a mass flow rate of
approximately 27,700 kg/day. During the addition of diketene, the contents of
the heat-jacketed reaction vessel are maintained at a temperature between
about 75°C and about 92°C.

[0063] The reaction product stream, which contains the n-butyl
acetoacetate (nBAA) intermediate formed by the reaction of diketene and n-
butanol, is withdrawn from reaction zone 14 via line 26. The stream is then
introduced into a separation zone 16, wherein the reaction byproducts and
other impurities are separated from the n-butyl acetoacetate using a two-
column distillation system as shown in FIG. 2. First distillation column 110,
which operates at a top temperature between about 30°C and about 50°C and
an overhead pressure of about 15 torr, separates a variety of low-boiling
components, including acetone, n-butanol, and butyl acetate, in an overhead
stream withdrawn from first distillation column 110 via line 28. The bottoms
stream withdrawn from first distillation column 110 in line 130 is routed to a
second distillation column 120, which operates at a top temperature between
about 80°C and about 82°C and a top pressure of about 10 torr. Second
distillation column 120 removes higher-boiling components, including the
dimer 4-butoxy-4-oxobutan-2-yl 3-hydroxybutyrate, as a bottoms stream in
line 30. The n-butyl acetoacetate-enriched overhead stream withdrawn from
the second distillation column 120 via line 32 is routed to a hydrogenation
zone 18, as shown in FIG. 1.

[0064] In hydrogenation zone 18, the stream in line 32 exiting

separation zone 16 is contacted with a hydrogen-containing gas introduced
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into hydrogenation zone 18 via line 34. The hydrogen-containing gas includes
99 volume percent hydrogen, with the balance being trace amounts of
methane (not more than 1 volume percent), nitrogen (not more than 0.5
volume percent), carbon monoxide (not more than 30 ppm) and sulfur (not
more than 0.1 ppm). The contacting is carried out in the presence of 70 kg of
a hydrogenation catalyst comprising 5 weight percent ruthenium on a carbon
support. During hydrogenation, the temperature is maintained at about 80°C
and the pressure is kept between 800 psig and 1000 psig. Hydrogenation is
carried out for approximately 3 hours. The resulting crude product stream
withdrawn from hydrogenation zone via line 36 is filtered in a purification zone
20 to provide the final n-butyl 3-hydroxybutyrate product stream in line 38.
Compositions of select streams shown in FIGS. 1 and 2 are provided in Table
2, below.

Table 2: Compositions of Select Streams in 3-Hydroxybutyrate
Production Facility 10 in FIG. 1

Component Stream
26 28 32 36
NBUOH (wt %) 5-7 32-38 | <05 <0.80
NBAA (wt %) 75-85 |12-18 |98 -100 |<0.1
NBHB (wt %) - - - 95 -99
TEA (wt %) 1-3 5-10 |<0.1 -
Diketene (wt %) 1-3 - - -
High boilers (wt %) 5-7 - - -
Acetic acid (wt %) - <1 <0.2 -
Acetone (wt %) - 10-15 | <1 -
Butyl acetate (wt %) - 20-30 | 1-2 -
4-butoxy-4-oxobutan-2-yl ] ] ] 01— 0.8
3-hydroxybutyrate (wt %)
Water (wt %) - - - 0.5-1

[0065] The preferred forms of the invention described above are to be
used as illustration only, and should not be used in a limiting sense to

interpret the scope of the present invention. Obvious modifications to the
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exemplary one embodiment, set forth above, could be readily made by those
skilled in the art without departing from the spirit of the present invention.
[0066] The inventors hereby state their intent to rely on the Doctrine of
Equivalents to determine and assess the reasonably fair scope of the present
invention as pertains to any apparatus not materially departing from but
outside the literal scope of the invention as set forth in the following claims.
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Claims
We claim:

1. A method of making an alkyl 3-hydroxybutyrate, said method
comprising:

(@)  reacting an alkyl alcohol with diketene under reaction conditions
sufficient to provide a first reaction mixture comprising an alkyl acetoacetate;
and

(b) contacting at least a portion of said first reaction mixture with a
hydrogen-containing gas under hydrogenation conditions sufficient to
hydrogenate at least a portion of said alkyl acetoacetate to thereby provide a
product comprising alkyl 3-hydroxybutyrate.

2. The method of claim 1, wherein the alkyl group of said alkyl 3-
hydroxybutyrate is selected from the group consisting of isobutyl, n-butyl, and
2-butyl.

3. The method of claim 1, wherein at least a portion of said
reacting is carried out in the presence of a catalyst that has a vapor pressure
in the range of from about 45 torr to about 75 torr measured at 25°C and is
present in an amount of 0.1 to 10 weight percent, based on the total weight of

said reaction mixture.

4. The method of claim 1, wherein said reaction conditions include
a temperature in the range of from about 55 to about 105°C, and a pressure

within about 2 pounds per square inch (psi) of atmospheric.

5. The method of claim 1, further comprising, prior to said reacting,
combining said catalyst with said alkyl alcohol to form a precursor reaction
mixture and adding said diketene to said precursor reaction mixture to initiate
said reacting, wherein during the addition of said diketene to said precursor

reaction mixture, the average temperature of said precursor reaction mixture
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is maintained at a target temperature in the range of from about 65 to about
105°C.

6. The method of claim 1, further comprising prior to said
contacting, separating at least one impurity from said first reaction mixture to
provide a purified reaction mixture and contacting at least a portion of said

purified reaction mixture with said hydrogen.

7. The method of claim 7, wherein at least a portion of said
separating is carried out at a temperature in the range of from about 15 to

about 70°C and a pressure in the range of from about 1 to about 30 torr.

8. The method of claim 7, wherein said impurity comprises a
component selected from the group consisting of acetic acid, acetone, alkyl

acetate, dimers of acetoacetate, alkyl butyrate, and combinations thereof.

9. The method of claim 1, wherein said hydrogenation conditions
include a pressure in the range of from about 300 psig to about 1200 psig and

a temperature in the range of from about 60°C to about 100°C.

10.  The method of claim 1, wherein at least a portion of said
contacting is carried out in the presence of a catalyst, wherein said catalyst is
a heterogeneous catalyst comprising at least one catalytic metal supported
on, in, and/or within a catalytic support, wherein said catalyst support is not

acidic.

11.  The method of claim 1, wherein at least one of said reacting and

at least one of said contacting are carried out continuously.

12. A method for producing an alkyl 3-hydroxybutyrate, said method

comprising:
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(a) separating a feed stream comprising at least one alkyl
acetoacetate into at least one impurities-enriched stream and at least one
impurities-depleted stream; and

(b) contacting at least a portion of said impurities-depleted stream
with a hydrogen-containing gas in a hydrogenation zone under conditions
sufficient to hydrogenate at least a portion of said alkyl acetoacetate to

thereby form an alkyl 3-hydroxybutyrate.

13.  The method of claim 12, wherein the alkyl group of said alkyl 3-
hydroxybutyrate is selected from the group consisting of isopropyl, isobutyl, n-
butyl, and 2-butyl.

14.  The method of claim 12, wherein said at least a portion of said
impurities-depleted heavies stream contacted with hydrogen comprises at
least 50 percent of the total amount of alkyl acetoacetate present in said feed

stream.

15.  The method of claim 12, wherein said separating includes
introducing said feed stream into a first distillation column and separating said
feed stream into a first overhead stream and a first bottoms stream, wherein
said impurities-enriched stream comprises at least a portion of said first
overhead stream and said impurities-depleted stream comprises at least a

portion of said first bottoms stream.

16.  The method of claim 15, wherein the first distillation column is
operated at a temperature in the range of from about 15 to about 70°C and a
pressure in the range of from about 1 to about 30 torr, wherein the molar ratio
of the amount of acetoacetate in said first overhead stream to the amount of
acetoacetate in said first bottoms stream is in the range of from about 0.01:1
to about 0.25:1.
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17.  The method of claim 15, wherein said first bottoms stream
comprises at least about 75 percent of the total amount of alkyl acetoacetate

present in said feed stream introduced into said first distillation column.

18.  The method of claim 17, wherein said first overhead stream
comprises one or more impurities selected from the group consisting of acetic

acid, acetone, an alkyl alcohol, an alkyl acetate, and combination thereof.

19.  The method of claim 17, further comprising, separating at least a
portion of said first bottoms stream into a second overhead stream and a
second bottoms stream in a second distillation column, wherein said
impurities-depleted stream contacted with said hydrogen-containing gas
comprises said second overhead stream.

20. The method of claim 19, wherein said second overhead stream

has a total impurities content of not more than 1 weight percent, based on the
total weight of said second overhead stream.
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