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(57) ABSTRACT

Processes for producing an o, -unsaturated carboxylic acid,
such as acrylic acid, or a salt thereof, using treated solid
oxides are disclosed. The treated solid oxides can be cal-
cined solid oxides, metal-treated solid oxides, or metal-
treated chemically-modified solid oxides, illustrative
examples of which can include sodium-treated alumina,
calcium-treated alumina, zinc-treated alumina, sodium-
treated sulfated alumina, sodium-treated fluorided silica-
coated alumina, and similar materials.
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METHODS FOR THE PRODUCTION OF
ALPHA,BETA-UNSATURATED
CARBOXYLIC ACIDS AND SALTS THEREOF

REFERENCE TO RELATED APPLICATION

[0001] This application is a continuation-in-part applica-
tion of co-pending U.S. patent application Ser. No. 14/509,
082, filed on Oct. 8, 2014, the disclosure of which is
incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

[0002] The majority of industrially synthesized chemical
compounds are prepared from a limited set of precursors,
whose sources are ultimately fossil fuels. It would be
beneficial to use a renewable resource, such as carbon
dioxide, which is a non-toxic, abundant, and economical C,
synthetic unit. The coupling of carbon dioxide and olefins
holds tremendous promise as one could envision the direct
preparation of acrylates and carboxylic acids through this
method. Currently, acrylic acid is produced via a two-stage
oxidation of propylene. The production of acrylic acid
directly from carbon dioxide and ethylene would represent
a significant improvement due to the greater availability of
ethylene and carbon dioxide versus propylene, the use of a
renewable material (CO,) in the synthesis, and the replace-
ment of the two-step oxygenation process currently being
practiced. Accordingly, it is to these ends that the present
invention is directed.

SUMMARY OF THE INVENTION

[0003] Processes for producing an a,f-unsaturated car-
boxylic acid, or a salt thereof, are disclosed herein. These
processes represent an improvement over homogeneous
processes that result in poor yields and have challenging
separation/isolation procedures, due in part to the reaction
being conducted in an organic solvent, making isolation of
the desired a,p-unsaturated carboxylic acid (e.g., acrylic
acid) difficult. In contrast, the processes disclosed herein
utilize a solid promoter (or solid activator, such as a treated
solid oxide), providing a heterogeneous system that has a
distinct advantage in ease of separation of the desired
product from the catalytic promoter. Moreover, the solid
promoters can result in surprisingly high yields of the
desired acrylate or a,p-unsaturated carboxylic acid, such as
acrylic acid.

[0004] In accordance with aspects of the present inven-
tion, one such process for producing an a,f-unsaturated
carboxylic acid, or a salt thereof, can comprise:

[0005] (1) contacting

[0006] (a) a metallalactone;

[0007] (b) a diluent; and

[0008] (c) a solid promoter (e.g., a treated solid oxide);
[0009] (2) forming an adduct of an a,fp-unsaturated car-

boxylic acid adsorbed onto the solid promoter; and

[0010] (3) treating the adduct adsorbed onto the solid
promoter to produce the a,f-unsaturated carboxylic acid, or
the salt thereof.

[0011] In another aspect of this invention, a process for
producing an o,f-unsaturated carboxylic acid, or a salt
thereof, is provided, and in this aspect, the process can
comprise:
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[0012] (I) contacting
[0013] (i) a transition metal-ligand complex;
[0014] (ii) an olefin;
[0015] (iii) carbon dioxide (CO,);
[0016] (iv) a diluent; and
[0017] (v) a solid promoter (e.g., a treated solid oxide);
and
[0018] (ID) forming the a,p-unsaturated carboxylic acid, or

the salt thereof.
[0019] Yet, in another aspect of this invention, a process
for performing a metallalactone elimination reaction is pro-
vided, and in this aspect, the process can comprise:
[0020] (1) contacting

[0021] (a) a metallalactone;

[0022] (b) a diluent; and

[0023] (c) a solid promoter (e.g., a treated solid oxide);

and

[0024] (2) forming an a,f-unsaturated carboxylic acid, or
a salt thereof.
[0025] In these and other aspects, the processes disclosed
herein can be used to produce, for instance, acrylic acid or
a salt thereof.
[0026] Both the foregoing summary and the following
detailed description provide examples and are explanatory
only. Accordingly, the foregoing summary and the following
detailed description should not be considered to be restric-
tive. Further, features or variations may be provided in
addition to those set forth herein. For example, certain
aspects may be directed to various feature combinations and
sub-combinations described in the detailed description.

Definitions

[0027] To define more clearly the terms used herein, the
following definitions are provided. Unless otherwise indi-
cated, the following definitions are applicable to this dis-
closure. If a term is used in this disclosure but is not
specifically defined herein, the definition from the IUPAC
Compendium of Chemical Terminology, 2"¢ Ed (1997) can
be applied, as long as that definition does not conflict with
any other disclosure or definition applied herein, or render
indefinite or non-enabled any claim to which that definition
is applied. To the extent that any definition or usage provided
by any document incorporated herein by reference conflicts
with the definition or usage provided herein, the definition or
usage provided herein controls.

[0028] While compositions and methods are described in
terms of “comprising” various components or steps, the
compositions and methods can also “consist essentially of”
or “consist of” the various components or steps, unless
stated otherwise. For example, a step in certain processes
consistent with the present invention can contact compo-
nents comprising a metallalactone, a diluent, and a treated
solid oxide; alternatively, can contact components consisting
essentially of a metallalactone, a diluent, and a treated solid
oxide; or alternatively, can contact components consisting of
a metallalactone, a diluent, and a treated solid oxide.
[0029] The terms “a,” “an,” and “the” are intended to
include plural alternatives, e.g., at least one. For instance,
the disclosure of*“a solid promoter,” “a treated solid oxide,”
or “a diluent,” is meant to encompass one, or mixtures or
combinations of more than one, solid promoter, treated solid
oxide, or diluent, respectively, unless otherwise specified.
[0030] Generally, groups of elements are indicated using
the numbering scheme indicated in the version of the
periodic table of elements published in Chemical and Engi-
neering News, 63(5), 27, 1985. In some instances, a group
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of elements can be indicated using a common name assigned
to the group; for example, alkali metals for Group 1 ele-
ments, alkaline earth metals for Group 2 elements, transition
metals for Group 3-12 elements, and halogens or halides for
Group 17 elements.

[0031] The term “hydrocarbon” refers to a compound
containing only carbon and hydrogen. Other identifiers may
be utilized to indicate the presence of particular groups in the
hydrocarbon, for instance, a halogenated hydrocarbon indi-
cates the presence of one or more halogen atoms replacing
an equivalent number of hydrogen atoms in the hydrocar-
bon.

[0032] As used herein, the term “a,p-unsaturated carbox-
ylic acid” and its derivatives refer to a carboxylic acid
having a carbon atom of a carbon-carbon double bond
attached to the carbonyl carbon atom (the carbon atom
bearing the double bonded oxygen atom). Optionally, the
a,p-unsaturated carboxylic acid may contain other func-
tional groups and/or heteroatoms.

[0033] For any particular compound or group disclosed
herein, any name or structure presented is intended to
encompass all conformational isomers, regioisomers, ste-
reoisomers, and mixtures thereof that may arise from a
particular set of substituents, unless otherwise specified. The
name or structure also encompasses all enantiomers, diaste-
reomers, and other optical isomers (if there are any) whether
in enantiomeric or racemic forms, as well as mixtures of
stereoisomers, as would be recognized by a skilled artisan,
unless otherwise specified. For example, a general reference
to pentane includes n-pentane, 2-methyl-butane, and 2,2-
dimethylpropane; and a general reference to a butyl group
includes a n-butyl group, a sec-butyl group, an iso-butyl
group, and a t-butyl group.

[0034] Various numerical ranges are disclosed herein.
When a range of any type is disclosed or claimed, the intent
is to disclose or claim individually each possible number
that such a range could reasonably encompass, including
end points of the range as well as any sub-ranges and
combinations of sub-ranges encompassed therein, unless
otherwise specified. Moreover, all numerical end points of
ranges disclosed herein are approximate. As a representative
example, it is disclosed in an aspect of the invention that one
or more steps in the processes of this invention can be
conducted at a temperature in a range from 10° C. to 75° C.
This range should be interpreted as encompassing tempera-
tures in a range from “about” 10° C. to “about” 75° C.
[0035] The term “substituted” when used to describe a
group, for example, when referring to a substituted analog of
a particular group, is intended to describe the compound or
group wherein any non-hydrogen moiety formally replaces
hydrogen in that group or compound, and is intended to be
non-limiting. A compound or group can also be referred to
herein as “unsubstituted” or by equivalent terms such as
“non-substituted,” which refers to the original group or
compound. Unless otherwise specific, “substituted” is
intended to be non-limiting and include inorganic substitu-
ents or organic substituents as specified and as understood
by one of ordinary skill in the art.

[0036] The terms “contact product,” “contacting,” and the
like, are used herein to describe compositions and methods
wherein the components are combined or contacted together
in any order, in any manner, and for any length of time,
unless otherwise specified. For example, the components
can be contacted by blending or mixing. Further, unless
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otherwise specified, the contacting of any component can
occur in the presence or absence of any other component of
the compositions and methods described herein. Combining
additional materials or components can be done by any
suitable method. Further, the term “contact product”
includes mixtures, blends, solutions, slurries, reaction prod-
ucts, and the like, or combinations thereof. Although “con-
tact product” can, and often does, include reaction products,
it is not required for the respective components to react with
one another. Similarly, the term “contacting” is used herein
to refer to materials which can be blended, mixed, slurried,
dissolved, reacted, treated, or otherwise combined or con-
tacted in some other manner.

[0037] Although any methods and materials similar or
equivalent to those described herein can be used in the
practice or testing of the invention, the typical methods and
materials are herein described.

[0038] All publications and patents mentioned herein are
incorporated herein by reference for the purpose of describ-
ing and disclosing, for example, the constructs and meth-
odologies that are described in the publications, which might
be used in connection with the presently described inven-
tion.

DETAILED DESCRIPTION OF THE
INVENTION

[0039] The present invention is directed generally to meth-
ods for forming a,f-unsaturated carboxylic acids, or salts
thereof. An illustrative example of a suitable o,f-unsatu-
rated carboxylic acid is acrylic acid.

[0040] As disclosed herein, the heterogeneous processes
of this invention can provide a distinct advantage over
homogeneous systems in the ease of separation (e.g., solid-
liquid separation techniques) of the desired reaction product
from the solid catalytic promoter (e.g., the treated solid
oxide). Moreover, and while not wishing to be bound by the
following theory, it is believed that the processes of this
invention are also advantageous in that an additional or
auxiliary liquid base (e.g., an alkoxide, hydride, or amine) is
not needed to perform the disclosed processes. Further, a
transition metal complex that is covalently bound or immo-
bilized on a solid support (e.g., with a linking moiety) is not
needed to perform the disclosed processes. Further, a het-
erogeneous base comprising an organic basic moiety that is
covalently bound or immobilized on a solid support (e.g.,
with a linking moiety) is not needed to perform the disclosed
processes. Further, a consumable heterogeneous alkalinity
reservoir (e.g., NaH) with an organic base dissolved in a
reaction media is not needed to perform the disclosed
processes. And lastly, an aryloxide (e.g., a fluorophenolate)
is not needed to perform the disclosed processes.

[0041] Moreover, and while not wishing to be bound by
the following theory, it is believed that the combined acid
and base functionality (e.g., the combined Lewis acid and
Brensted base characteristics) of certain treated solid oxides
disclosed herein may result in the surprisingly high yields in
both the metallalactone elimination reactions and the car-
boxylic acid forming reactions.

Solid Promoters

[0042] Generally, the solid promoter used in the processes
disclosed herein can comprise (or consist essentially of, or
consist of) a solid oxide, a clay or pillared clay, or combi-
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nations thereof. For instance, it is contemplated that mix-
tures or combinations of two or more solid promoters can be
employed in certain aspects of the invention. Generally, the
term solid promoter is used interchangeably herein with
solid activator.

[0043] In accordance with one aspect, the solid promoter
can comprise a basic promoter, for instance, a solid promoter
that can act as a base. Representative and non-limiting
examples of basic promoters can include alumina, titania,
zirconia, magnesia, boria, calcia, zinc oxide, silica-alumina,
silica-coated alumina, silica-titania, silica-zirconia, silica-
magnesia, alumina-titania, alumina-zirconia, zinc-alumi-
nate, alumina-boria, silica-boria, aluminum phosphate, alu-
minophosphate,  aluminophosphate-silica, = magnesium
aluminate, titania-zirconia, and the like, as well as combi-
nations thereof. In accordance with another aspect, the solid
promoter can comprise a Lewis acid promoter. Representa-
tive and non-limiting examples of Lewis acid promoters can
include silica, alumina, titania, zirconia, magnesia, boria,
calcia, zinc oxide, silica-alumina, silica-coated alumina,
silica-titania, silica-zirconia, silica-magnesia, alumina-tita-
nia, alumina-zirconia, zinc-aluminate, alumina-boria, silica-
boria, aluminum phosphate, aluminophosphate, alumino-
phosphate-silica, magnesium aluminate, titania-zirconia,
and the like, as well as combinations thereof. In accordance
with yet another aspect, the solid promoter can comprise a
Brensted base promoter. Representative and non-limiting
examples of Brensted base promoters can include alumina,
titania, zirconia, magnesia, boria, calcia, zinc oxide, silica-
coated alumina, silica-titania, silica-zirconia, silica-magne-
sia, alumina-titania, alumina-zirconia, zinc-aluminate, alu-
mina-boria, silica-boria, aluminum phosphate,
aluminophosphate, aluminophosphate-silica, magnesium
aluminate, titania-zirconia, and the like, as well as combi-
nations thereof. In accordance with still another aspect, the
solid promoter can comprise a Brensted base and Lewis acid
promoter. Representative and non-limiting examples of
Brensted base and Lewis acid promoters can include alu-
mina, titania, zirconia, magnesia, boria, calcia, zinc oxide,
silica-coated alumina, silica-titania, silica-zirconia, silica-
magnesia, alumina-titania, alumina-zirconia, zinc-alumi-
nate, alumina-boria, silica-boria, aluminum phosphate, alu-
minophosphate,  aluminophosphate-silica, = magnesium
aluminate, titania-zirconia, and the like, as well as combi-
nations thereof.

[0044] Consistent with aspects of this invention, the solid
promoter can comprise (or consist essentially of, or consist
of) a solid oxide. Generally, the solid oxide can comprise
oxygen and one or more elements selected from Group 1, 2,
3,4,5,6,7,8,9,10, 11, 12, 13, 14, or 15 of the periodic
table, or comprise oxygen and one or more elements selected
from the lanthanide or actinide elements (See: Hawley’s
Condensed Chemical Dictionary, 117 Ed., John Wiley &
Sons, 1995; Cotton, F. A., Wilkinson, G., Murillo, C. A., and
Bochmann, M., Advanced Inorganic Chemistry, 67 Ed.,
Wiley-Interscience, 1999). For example and not limited
thereto, the solid oxide can comprise oxygen and an ele-
ment, or elements, selected from Al, B, Be, Bi, Cd, Co, Cr,
Cu, Fe, Ga, La, Mn, Mo, Ni, Sb, Si, Sn, Sr, Th, Ti, V, W, P,
Y, Zn, Zr, Na, K, Cs, Ca, Ba, and Li.

[0045] Illustrative examples of solid oxides that can be
used as solid promoters as described herein can include, but
are not limited to, Al,O;, B,O;, BeO, Bi,0;, BaO, MgO,
Ca0, CdO, Ce,0;, Co;0,, Cr,0;, CuO, Fe,0;, Ga,0;,
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K,O0, La,0;, Mn,O;, MoO;, Na,O, NiO, P,0,, Sb,Os,
SiO,, SnO,, SrO, ThO,, TiO,, V,05, WO;, Y,0;, ZnO,
Zr0O,, and the like, including mixed oxides thereof, and
combinations thereof. In addition, solid oxide is meant to
encompass carbonates and hydroxides of the above ele-
ments, either alone or in combination. Illustrative and non-
limiting examples of carbonates include sodium carbonate,
sodium bicarbonate, potassium carbonate, cesium carbon-
ate, and the like.

[0046] In an aspect, the solid oxide can comprise silica,
alumina, titania, zirconia, magnesia, boria, calcia, zinc
oxide, silica-alumina, silica-coated alumina, silica-titania,
silica-zirconia, silica-magnesia, alumina-titania, alumina-
zirconia, zinc-aluminate, alumina-boria, silica-boria, alumi-
num phosphate, aluminophosphate, aluminophosphate-
silica, magnesium aluminate, titania-zirconia, and the like,
or a combination thereof; alternatively, silica; alternatively,
alumina; alternatively, titania; alternatively, zirconia; alter-
natively, magnesia; alternatively, boria; alternatively, calcia;
alternatively, zinc oxide; alternatively, silica-alumina; alter-
natively, silica-coated alumina; alternatively, silica-titania;
alternatively, silica-zirconia; alternatively, silica-magnesia;
alternatively, alumina-titania; alternatively, alumina-zirco-
nia; alternatively, zinc-aluminate; alternatively, alumina-
boria; alternatively, silica-boria; alternatively, aluminum
phosphate; alternatively, aluminophosphate; alternatively,
aluminophosphate-silica; alternatively, magnesium alumi-
nate; or alternatively, titania-zirconia. In another aspect, the
solid oxide can comprise magnesium aluminate, calcium
aluminate, zinc aluminate, zirconium aluminate, sodium
aluminate, magnesium zirconium oxide, sodium zirconium
oxide, calcium zirconium oxide, lanthanum chromium
oxide, barium titanium oxide, and the like, or a combination
thereof; alternatively, magnesium aluminate; alternatively,
calcium aluminate; alternatively, zinc aluminate; alterna-
tively, zirconium aluminate; alternatively, sodium alumi-
nate; alternatively, magnesium zirconium oxide; alterna-
tively, sodium zirconium oxide; alternatively, calcium
zirconium oxide; alternatively, lanthanum chromium oxide;
or alternatively, barium titanium oxide. Various methods for
producing suitable solid oxides and mixed solid oxides, such
as co-gelling, doping or impregnating are disclosed in, for
example, U.S. Pat. Nos. 6,107,230, 6,165,929, 6,294,494,
6,300,271, 6,316,553, 6,355,594, 6,376,415, 6,388,017,
6,391,816, 6,395,666, 6,524,987, 6,548,441, 6,548,442,
6,576,583, 6,613,712, 6,632,894, 6,667,274, 6,750,302,
7,294,599, 7,601,665, 7,884,163, and 8,309,485, which are
incorporated herein by reference in their entirety. Other
suitable processes and procedures for preparing solid oxides
that can be used as solid promoters are well known to those
of skill in the art.

[0047] As disclosed herein, the solid oxide can comprise
silica-coated alumina, as described in U.S. Pat. No. 7,884,
163 (e.g., Sasol Siral® 28 or Sasol Siral® 40). Such silica-
coated alumina solid oxide materials often are alumina-rich,
with the weight ratio of alumina to silica (alumina:silica) in
the silica-coated alumina typically falling in a range from
1.05:1 to 50:1, from 1.1:1 to 25:1, from 1.2:1 to 12:1, from
1.2:1 to 4:1, from 1.3:1 to 6:1, or from 1.3:1 to 3:1.

[0048] Consistent with aspects of this invention, the solid
promoter can comprise (or consist essentially of, or consist
of) a clay or a pillared clay. The clay or pillared clay
materials that can be employed as a solid promoter in the
disclosed processes can encompass clay materials either in
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their natural state or that have been treated with various ions
by wetting, ion exchange, pillaring, or other processes. In
some aspects, the clay or pillared clay material can comprise
clays that have been ion exchanged with large cations,
including polynuclear, highly charged metal complex cat-
ions. In other aspects, the clay or pillared clay material can
comprise clays that have been ion exchanged with simple
salts, including, but not limited to, salts of AI(III), Fe(I),
Fe(Ill), and Zn(Il) with ligands such as halide, acetate,
sulfate, nitrate, nitrite, and the like.

[0049] In another aspect, the clay or pillared clay material
can comprise a pillared clay. The term “pillared clay” can be
used to refer to clay materials that have been ion exchanged
with large, typically polynuclear, highly charged metal com-
plex cations. Examples of such ions include, but are not
limited to, Keggin ions which can have charges such as 7+,
various polyoxometallates, and other large ions. Thus, the
term pillaring generally refers to a simple exchange reaction
in which the exchangeable cations of a clay material can be
replaced with large, highly charged ions, such as Keggin
ions. These polymeric cations are then immobilized within
the interlayers of the clay, and when calcined can be
converted to metal oxide “pillars,” effectively supporting the
clay layers as column-like structures. Thus, once the clay has
been dried and calcined to produce the supporting pillars
between clay layers, the expanded lattice structure can be
maintained and the porosity can be enhanced. The resulting
pores can vary in shape and size as a function of the pillaring
material and the parent clay material used, among other
variables. Examples of pillaring and pillared clays are found
in: T. J. Pinnavaia, Science 220 (4595), 365-371 (1983); J.
M. Thomas, Intercalation Chemistry, (S. Whittington and A.
Jacobson, eds.) Ch. 3, pp. 55-99, Academic Press, Inc.,
(1972); U.S. Pat. No. 4,452,910; U.S. Pat. No. 5,376,611,
and U.S. Pat. No. 4,060,480; the disclosures of which are
incorporated herein by reference in their entirety.

[0050] In some aspects, the clay or pillared clay can
comprise montmorillonite, bentonite, nontronite, hectorite,
halloysite, vermiculite, mica, fluoromica, chlorite, sepiolite,
attapulgite, palygorskite, illite, saponite, allophone, smec-
tite, kaolinite, pyrophyllite, and the like, or any combination
thereof. In other aspects, the clay or pillared clay can
comprise montmorillonite; alternatively, bentonite; alterna-
tively, nontronite; alternatively, hectorite; alternatively, hal-
loysite; alternatively, vermiculite; alternatively, mica; alter-
natively, fluoromica; alternatively, chlorite; alternatively,
sepiolite; alternatively, attapulgite; alternatively, palygor-
skite; alternatively, illite; alternatively, saponite; alterna-
tively, allophone; alternatively, smectite; alternatively, kao-
linite; or alternatively, pyrophyllite.

[0051] In accordance with an aspect of this invention, the
solid promoter can comprise silica, alumina, silica-alumina,
aluminum phosphate, alumina-boria, silica-magnesia, silica-
titania, zirconia, magnesia, magnesium aluminate, sepiolite,
titania, palygorskite, montmorillonite, talc, kaolinite, hal-
loysite, pyrophyllite, and the like, as well as combinations
thereof. In accordance with another aspect, the solid pro-
moter can comprise silica, alumina, silica-alumina, alumi-
num phosphate, alumina-boria, silica-magnesia, silica-tita-
nia, zirconia, magnesia, magnesium aluminate, titania, and
the like, as well as combinations thereof. In accordance with
yet another aspect, the solid promoter can comprise sepi-
olite, palygorskite, montmorillonite, talc, kaolinite, hal-
loysite, pyrophyllite, and the like, as well as combinations
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thereof. In accordance with still another aspect, the solid
promoter can comprise alumina, zirconia, magnesia, mag-
nesium aluminate, sepiolite, and the like, as well as combi-
nations thereof; alternatively, alumina; alternatively, zirco-
nia; alternatively, magnesia; alternatively, magnesium
aluminate; or alternatively, sepiolite.

[0052] The solid promoters contemplated herein can have
any suitable surface area, pore volume, and particle size, as
would be recognized by those of skill in the art. For instance,
the solid promoter can have a pore volume in a range from
0.1 mL/g to 2.5 mL/g, or alternatively, from 0.5 mL./g to 2.5
ml/g. In a further aspect, the promoter can have a pore
volume from 1 ml/g to 2.5 mL/g, or from 0.1 mL./g to 1.5
ml./g. Alternatively, the pore volume can be from 0.1 mL/g
to 1.0 mL/g, or from 0.2 mL/g to 1.0 mL/g. Additionally, or
alternatively, the solid promoter can have a BET surface area
in a range from 10 m*/g to 750 m*/g; alternatively, from 100
m?/g to 750 m*/g; alternatively, from 100 m*/g to 500 m*/g;
or alternatively, from 30 m*g to 200 m*g. In a further
aspect, the solid promoter can have a surface area of from 20
m?/g to 500 m*/g, from 30 m*/g to 350 m*/g, from 100 m*/g
to 400 m*/g, from 200 m*/g to 450 m*/g, or from 150 m*/g
to 350 m*/g. The average particle size of the solid promoter
can vary greatly depending upon the process specifics,
however, average particle sizes in the range of from 5
microns to 500 microns, from 10 microns to 250 microns, or
from 25 microns to 200 microns, are often employed.
Alternatively, % inch to %4 inch pellets or beads can be used.
[0053] Prior to use, these solid promoters can be calcined.
The calcining step can be conducted at a variety of tem-
peratures and time periods, and in a variety of atmospheres
(an inert atmosphere, an oxidizing atmosphere, a reducing
atmosphere). For instance, the calcining step can be con-
ducted at a peak calcining temperature in a range from 150°
C. to 1000° C.; alternatively, from 250° C. to 1000° C.;
alternatively, from 200° C. to 750° C.; alternatively, from
200° C. to 600° C.; alternatively, from 250° C. to 950° C.;
alternatively, from 250° C. to 750° C.; alternatively, from
400° C. to 700° C.; alternatively, from 300° C. to 650° C.;
or alternatively, from 400° C. to 600° C. In these and other
aspects, these temperature ranges also are meant to encom-
pass circumstances where the calcining step is conducted at
a series of different temperatures (e.g., an initial calcining
temperature, a peak calcining temperature), instead of at a
single fixed temperature, falling within the respective
ranges. For instance, the calcining step can start at an initial
calcining temperature, and subsequently, the temperature of
the calcining step can be increased to the peak calcining
temperature, for example, a peak calcining temperature in a
range from 500° C. to 1000° C., or from 250° C. to 750° C.
[0054] The duration of the calcining step is not limited to
any particular period of time. Hence, the calcining step can
be conducted, for example, in a time period ranging from as
little as 15-45 minutes to as long as 12-24 hours, or more.
The appropriate calcining time can depend upon, for
example, the initial/peak calcining temperature, and the
atmosphere under which calcining is conducted, among
other variables. Generally, however, the calcining step can
be conducted in a time period that can be in a range from 45
minutes to 18 hours, such as, for example, from 45 minutes
to 15 hours, from 1 hour to 12 hours, from 2 hours to 10
hours, from 3 hours to 10 hours, or from 4 hours to 10 hours.
[0055] In accordance with the present invention, the solid
promoter can comprise (or consist essentially of, or consist
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of) a treated solid oxide. For example, the treated solid oxide
can be a calcined solid oxide, a metal-treated solid oxide, a
metal-treated chemically-modified solid oxide, or a combi-
nation thereof. The solid oxide of the treated solid oxide can
be any suitable solid oxide, or any solid oxide disclosed
herein, such as alumina, silica-alumina, silica-coated alu-
mina, aluminophosphate, sodium carbonate, or sodium
bicarbonate, and the like. Combinations of more than one
treated solid oxide, if desired, can be used in the processes
of this invention. In a particular aspect of this invention, the
solid oxide can comprise alumina, silica-alumina, silica-
coated alumina, or a mixture thereof.

[0056] Consistent with aspects of this invention, the
treated solid oxide can be characterized as a Lewis acid.
Additionally or alternatively, the treated solid oxide can be
characterized as a Brensted base. Accordingly, in some
aspects, the treated solid oxide can be characterized as both
a Bronsted base and a Lewis acid.

[0057] As disclosed herein, the treated solid oxide can be
a calcined solid oxide. Generally, prior to step (1) or step (I)
of'the processes of this invention, the treated solid oxide can
be formed by calcining at any suitable temperature, or at a
temperature in any range disclosed herein. Calcining tem-
peratures in a range from 150° C. to 1000° C., from 200° C.
to 750° C., or from 200° C. to 600° C., often can be used.
Iustrative and non-limiting examples of treated solid
oxides in this aspect of the invention can include calcined
sodium carbonate, calcined sodium bicarbonate, calcined
potassium carbonate, calcined cesium carbonate, calcined
alumina, calcined zirconia, calcined magnesia, and the like,
as well as combinations thereof.

[0058] As disclosed herein, the treated solid oxide can be
a metal-treated solid oxide. The term “metal-treated” solid
oxide is meant to encompass solid oxides that may be
described alternatively as one or more of metal-containing
solid oxides, metal-impregnated solid oxides, metal-modi-
fied solid oxides, and/or metal-enriched solid oxides. Gen-
erally, prior to step (1) or step (I) of the processes of this
invention, the metal-treated solid oxide can be produced by
a process comprising contacting any suitable solid oxide and
any suitable metal-containing compound and calcining. The
calcining can be performed concurrently with this contacting
step and/or subsequent to this contacting step, and can be
performed at any suitable conditions or at any calcining
conditions disclosed herein.

[0059] The metal-treated solid oxide can comprise an
alkali metal, an alkaline earth metal, a transition metal, or
any combination thereof (e.g., a transition metal and an
alkali metal). When the metal-treated solid oxide comprises
an alkali metal, the treated solid oxide can be referred to as
an alkali metal-treated solid oxide, and the alkali metal often
comprises sodium, potassium, or cesium, either singly or in
combination. Illustrative and non-limiting examples of
alkali-metal treated solid oxides can include sodium-treated
alumina, potassium-treated alumina, cesium-treated alu-
mina, sodium-treated aluminophosphate, and the like, as
well as combinations thereof. When the metal-treated solid
oxide comprises an alkaline earth metal, the treated solid
oxide can be referred to as an alkaline earth metal-treated
solid oxide, and the alkaline earth metal often comprises
magnesium, calcium, or barium, either singly or in combi-
nation. [llustrative and non-limiting examples of alkaline
earth metal-treated solid oxides can include magnesium-
treated alumina, calcium-treated alumina, barium-treated
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alumina, and the like, as well as combinations thereof. When
the metal-treated solid oxide comprises a transition metal,
the treated solid oxide can be referred to as a transition
metal-treated solid oxide, and the transition metal can com-
prise any transition metal disclosed herein, such as titanium,
zirconium, hafnium, tungsten, or zinc, and either singly or in
combination. [llustrative and non-limiting examples of tran-
sition metal-treated solid oxides can include zinc-treated
alumina, zirconium-treated alumina, sodium-tungsten-
treated alumina, and the like, as well as combinations
thereof.

[0060] As disclosed herein, the treated solid oxide can be
a metal-treated chemically-modified solid oxide. Generally,
prior to step (1) or step (I) of the processes of this invention,
the metal-treated chemically-modified solid oxide can be
produced by a process comprising contacting any suitable
solid oxide and any electron-withdrawing anion and calcin-
ing (concurrently and/or subsequently) to form the chemi-
cally-modified solid oxide, and then contacting the chemi-
cally-modified solid oxide with any suitable metal-
containing compound. Optionally, a further calcining step
can be used.

[0061] The metal-treated chemically-modified solid oxide
can comprise an alkali metal, an alkaline earth metal, a
transition metal, or any combination thereof (e.g., a transi-
tion metal and an alkali metal). When the metal-treated
chemically-modified solid oxide comprises an alkali metal,
the treated solid oxide can be referred to as an alkali
metal-treated chemically-modified solid oxide, and the
alkali metal often comprises sodium, potassium, or cesium,
either singly or in combination. When the metal-treated
chemically-modified solid oxide comprises an alkaline earth
metal, the treated solid oxide can be referred to as an alkaline
earth metal-treated chemically-modified solid oxide, and the
alkaline earth metal often comprises magnesium, calcium, or
barium, either singly or in combination. When the metal-
treated chemically-modified solid oxide comprises a transi-
tion metal, the treated solid oxide can be referred to as a
transition metal-treated chemically-modified solid oxide,
and the transition metal can comprise any transition metal
disclosed herein, such as titanium, zirconium, hafnium,
tungsten, or zinc, and either singly or in combination.
Ilustrative and non-limiting examples of metal-treated
chemically-modified solid oxides can include sodium-
treated chlorided alumina, sodium-treated sulfated alumina,
sodium-treated sulfated silica-coated alumina, sodium-
treated fluorided silica-coated alumina, sodium-treated fluo-
rided silica-alumina, sodium-treated fluorided-chlorided
silica-coated alumina, and the like, as well as combinations
thereof.

[0062] When present, any metal in a metal-treated solid
oxide or a metal-treated chemically-modified solid oxide
often is present in an amount of at least 0.5 wt. %, or at least
1 wt. %. For instance, the metal-treated solid oxide (or
metal-treated chemically-modified solid oxide) generally
can contain from 1 to 30 wt. % of the metal, based on the
weight of the metal-treated solid oxide (or metal-treated
chemically-modified solid oxide). In particular aspects pro-
vided herein, the metal-treated solid oxide (or metal-treated
chemically-modified solid oxide) can contain from 1 to 25
wt. %, from 2 to 30 wt. %, from 2 to 25 wt. %, from 5 to 30
wt. %, from 5 to 25 wt. %, from 3 to 15 wt. %, from 5 to 12
wt. %, or from 6 to 18 wt. %, of the metal, based on the total
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weight of the metal-treated solid oxide (or metal-treated
chemically-modified solid oxide).

[0063] In the processes disclosed herein, any suitable
chemically-modified solid oxide can be employed in this
invention, whether one chemically-modified solid oxide or a
mixture or combination of two or more different chemically-
modified solid oxides. The chemically-modified solid oxide
can comprise a solid oxide contacted with an electron-
withdrawing anion, for instance, any solid oxide and any
electron-withdrawing anion disclosed herein. In an aspect,
the chemically-modified solid oxide can comprise a solid
oxide contacted with an electron-withdrawing anion, the
solid oxide containing a Lewis-acidic metal ion. Non-lim-
iting examples of suitable chemically-modified solid oxides
are disclosed in, for instance, U.S. Pat. Nos. 7,294,599,
7,601,665, 7,884,163, 8,309,485, 8,623,973, 8,703,886, and
9,023,959, incorporated herein by reference in their entirety.
[0064] The electron-withdrawing component used to treat
or modify the solid oxide can be any component that can
increase the Lewis or Brensted acidity of the solid oxide
upon treatment (as compared to the solid oxide that is not
treated with at least one electron-withdrawing anion).
According to one aspect, the electron-withdrawing compo-
nent can be an electron-withdrawing anion derived from a
salt, an acid, or other compound, such as a volatile organic
compound, that serves as a source or precursor for that
anion. Examples of electron-withdrawing anions can
include, but are not limited to, sulfate, bisulfate, fluoride,
chloride, bromide, iodide, fluorosulfate, fluoroborate, phos-
phate, fluorophosphate, trifluoroacetate, triflate, fluorozir-
conate, fluorotitanate, phospho-tungstate, tungstate, and
molybdate, including mixtures and combinations thereof. In
addition, other ionic or non-ionic compounds that serve as
sources for these electron-withdrawing anions also can be
employed. It is contemplated that the electron-withdrawing
anion can be, or can comprise, fluoride, chloride, bromide,
phosphate, triflate, bisulfate, or sulfate, or any combination
thereof, in some aspects provided herein. In other aspects,
the electron-withdrawing anion can comprise sulfate, bisul-
fate, fluoride, chloride, bromide, iodide, fluorosulfate, fluo-
roborate, phosphate, fluorophosphate, trifluoroacetate, tri-
flate, fluorozirconate, fluorotitanate, or combinations
thereof. Yet, in other aspects, the electron-withdrawing
anion can comprise sulfate, fluoride, chloride, or combina-
tions thereof; alternatively, sulfate; alternatively, fluoride
and chloride; or alternatively, fluoride.

[0065] The chemically-modified solid oxide generally can
contain from 1 to 30 wt. % of the electron-withdrawing
anion, based on the weight of the chemically-modified solid
oxide. In particular aspects provided herein, the chemically-
modified solid oxide can contain from 1 to 20 wt. %, from
2 to 20 wt. %, from 3 to 20 wt. %, from 2 to 15 wt. %, from
3 to 15 wt. %, from 3 to 12 wt. %, from 4 to 10 wt. %, or
from 5 to 9 wt. %, of the electron-withdrawing anion, based
on the total weight of the chemically-modified solid oxide.
[0066] In one aspect, the chemically-modified solid oxide
can comprise fluorided alumina, chlorided alumina, bro-
mided alumina, sulfated alumina, fluorided silica-alumina,
chlorided silica-alumina, bromided silica-alumina, sulfated
silica-alumina, fluorided silica-zirconia, chlorided silica-
zirconia, bromided silica-zirconia, sulfated silica-zirconia,
fluorided silica-titania, fluorided silica-coated alumina, fluo-
rided-chlorided silica-coated alumina, sulfated silica-coated
alumina, or phosphated silica-coated alumina, as well as any
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mixture or combination thereof. In another aspect, the
chemically-modified solid oxide employed in the processes
described herein can be, or can comprise, a fluorided solid
oxide and/or a sulfated solid oxide, non-limiting examples
of which can include fluorided alumina, sulfated alumina,
fluorided silica-alumina, sulfated silica-alumina, fluorided
silica-zirconia, fluorided silica-coated alumina, fluorided-
chlorided silica-coated alumina, or sulfated silica-coated
alumina, as well as combinations thereof. In yet another
aspect, the chemically-modified solid oxide can comprise
fluorided alumina; alternatively, chlorided alumina; alterna-
tively, sulfated alumina; alternatively, fluorided silica-alu-
mina; alternatively, sulfated silica-alumina; alternatively,
fluorided silica-zirconia; alternatively, chlorided silica-zir-
conia; alternatively, sulfated silica-coated alumina; alterna-
tively, fluorided-chlorided silica-coated alumina; or alterna-
tively, fluorided silica-coated alumina. In some aspect, the
chemically-modified solid oxide can comprise a fluorided
solid oxide, while in other aspects, the chemically-modified
solid oxide can comprise a sulfated solid oxide.

[0067] Various processes can be used to form chemically-
modified solid oxides useful in the present invention. Meth-
ods of contacting the solid oxide with the electron-with-
drawing component, suitable electron withdrawing
components and addition amounts, impregnation with met-
als or metal ions (e.g., zinc, nickel, vanadium, titanium,
silver, copper, gallium, tin, tungsten, molybdenum, zirco-
nium, or combinations thereof), various calcining proce-
dures and conditions (e.g., calcining temperatures in a range
from 150° C. to 1000° C., from 200° C. to 750° C., or from
400° C. to 700° C.), calcination times (e.g., calcination times
in a range from 1 minute to 24 hours, from 5 minutes to 10
hours, or from 20 minutes to 6 hours), calcination equipment
(e.g., calcination equipment such as a rotary kiln, muffle
furnace, or fluidized bed, among other methods of convey-
ing heat), and calcination atmospheres (e.g., dry or humid
calcination atmospheres, oxidizing calcination atmospheres
such as air or oxygen, reducing calcination atmospheres
such as carbon monoxide or hydrogen, or non-reactive
calcination atmospheres like nitrogen or argon) are disclosed
in, for example, U.S. Pat. Nos. 6,107,230, 6,165,929, 6,294,
494, 6,300,271, 6,316,553, 6,355,594, 6,376,415, 6,388,017,
6,391,816, 6,395,666, 6,524,987, 6,548,441, 6,548,442,
6,576,583, 6,613,712, 6,632,894, 6,667,274, 6,750,302,
7,294,599, 7,601,665, 7,884,163, and 8,309,485, which are
incorporated herein by reference in their entirety. Other
suitable processes and procedures for preparing chemically-
modified solid oxides (e.g., sulfated alumina, fluorided
silica-alumina, and fluorided silica-coated alumina, among
others) are well known to those of skill in the art.

Diluents

[0068] The processes disclosed herein typically are con-
ducted in the presence of a diluent. Mixtures and/or com-
binations of diluents can be utilized in these processes. The
diluent can comprise, consist essentially of, or consist of,
any suitable solvent or any solvent disclosed herein, unless
otherwise specified. For instance, in accordance with one
aspect of this invention, the diluent can comprise a non-
protic solvent. Representative and non-limiting examples of
non-protic solvents can include tetrahydrofuran (THF), 2,5-
Me,THF, acetone, toluene, chlorobenzene, pyridine, carbon
dioxide, and the like, as well as combinations thereof. In
accordance with another aspect, the diluent can comprise a
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weakly coordinating or non-coordinating solvent. Represen-
tative and non-limiting examples of weakly coordinating or
non-coordinating solvents can include toluene, chloroben-
zene, paraffins, halogenated paraffins, and the like, as well as
combinations thereof. In accordance with yet another aspect,
the diluent can comprise a carbonyl-containing solvent, for
instance, ketones, esters, amides, and the like, as well as
combinations thereof. Representative and non-limiting
examples of carbonyl-containing solvents can include
acetone, ethyl methyl ketone, ethyl acetate, propyl acetate,
butyl acetate, isobutyl isobutyrate, methyl lactate, ethyl
lactate, N,N-dimethylformamide, and the like, as well as
combinations thereof. In still another aspect, the diluent can
comprise THF, 2,5-Me,THF, methanol, acetone, toluene,
chlorobenzene, pyridine, or a combination thereof; alterna-
tively, THF; alternatively, 2,5-Me,THF; alternatively,
methanol; alternatively, acetone; alternatively, toluene;
alternatively, chlorobenzene; or alternatively, pyridine.
[0069] In an aspect, the diluent can comprise (or consist
essentially of, or consist of) an aromatic hydrocarbon sol-
vent. Non-limiting examples of suitable aromatic hydrocar-
bon solvents that can be utilized singly or in any combina-
tion include benzene, toluene, xylene (inclusive of ortho-
xylene, meta-xylene, para-xylene, or mixtures thereof), and
ethylbenzene, or combinations thereof; alternatively, ben-
zene; alternatively, toluene; alternatively, xylene; or alter-
natively, ethylbenzene.

[0070] In an aspect, the diluent can comprise (or consist
essentially of, or consist of) a halogenated aromatic hydro-
carbon solvent. Non-limiting examples of suitable haloge-
nated aromatic hydrocarbon solvents that can be utilized
singly or in any combination include chlorobenzene, dichlo-
robenzene, and combinations thereof, alternatively, chlo-
robenzene; or alternatively, dichlorobenzene.

[0071] In an aspect, the diluent can comprise (or consist
essentially of, or consist of) an ether solvent. Non-limiting
examples of suitable ether solvents that can be utilized
singly or in any combination include dimethyl ether, diethyl
ether, diisopropyl ether, di-n-propyl ether, di-n-butyl ether,
diphenyl ether, methyl ethyl ether, methyl t-butyl ether,
dihydrofuran, tetrahydrofuran (THF), 2,5-Me,THF, 1,2-di-
methoxyethane, 1,4-dioxane, and combinations thereof;
alternatively, diethyl ether, dibutyl ether, THF, 2,5-Me, THF,
1,2-dimethoxyethane, 1.4-dioxane, and combinations
thereof; alternatively, THF; or alternatively, diethyl ether.

Metallalactones and Transition Metal-Ligand Complexes

[0072] Generally, the processes disclosed herein employ a
metallalactone or a transition metal-ligand complex. The
transition metal of the metallalactone, or of the transition
metal-ligand complex, can be a Group 3 to Group 8 transi-
tion metal or, alternatively, a Group 8 to Group 11 transition
metal. In one aspect, for instance, the transition metal can be
Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag, Ir, Pt, or Au, while in another
aspect, the transition metal can be Fe, Ni, or Rh. Alterna-
tively, the transition metal can be Fe; alternatively, the
transition metal can be Co; alternatively, the transition metal
can be Ni; alternatively, the transition metal can be Cu;
alternatively, the transition metal can be Ru; alternatively,
the transition metal can be Rh; alternatively, the transition
metal can be Pd; alternatively, the transition metal can be
Ag; alternatively, the transition metal can be Ir; alternatively,
the transition metal can be Pt; or alternatively, the transition
metal can Au.
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[0073] In particular aspects contemplated herein, the tran-
sition metal can be Ni. Hence, the metallalactone can be a
nickelalactone and the transition metal-ligand complex can
be a Ni-ligand complex in these aspects.

[0074] The ligand of the metallalactone, or of the transi-
tion metal-ligand complex, can be any suitable neutral
electron donor group and/or Lewis base. For instance, the
suitable neutral ligands can include sigma-donor solvents
that contain a coordinating atom (or atoms) that can coor-
dinate to the transition metal of the metallalactone (or of the
transition metal-ligand complex). Examples of suitable
coordinating atoms in the ligands can include, but are not
limited to, O, N, S, and P, or combinations of these atoms.
In some aspects consistent with this invention, the ligand can
be a bidentate ligand.

[0075] In an aspect, the ligand used to form the metalla-
lactone or the transition metal-ligand complex can be an
ether, an organic carbonyl, a thioether, an amine, a nitrile, or
a phosphine. In another aspect, the ligand used to form the
metallalactone or the transition metal-ligand complex can be
an acyclic ether, a cyclic ether, an acyclic organic carbonyl,
a cyclic organic carbonyl, an acyclic thioether, a cyclic
thioether, a nitrile, an acyclic amine, a cyclic amine, an
acyclic phosphine, or a cyclic phosphine.

[0076] Suitable ethers can include, but are not limited to,
dimethyl ether, diethyl ether, dipropyl ether, dibutyl ether,
methyl ethyl ether, methyl propyl ether, methyl butyl ether,
diphenyl ether, ditolyl ether, tetrahydrofuran, 2-methyltet-
rahydrofuran, 2,5-dimethyltetrahydrofuran, 2,3-dihydro-
furan, 2,5-dihydrofuran, furan, benzofuran, isobenzofuran,
dibenzofuran, tetrahydropyran, 3,4-dihydro-2H-pyran, 3,6-
dihydro-2H-pyran, 2H-pyran, 4H-pyran, 1,3-dioxane, 1,4-
dioxane, morpholine, and the like, including substituted
derivatives thereof.

[0077] Suitable organic carbonyls can include ketones,
aldehydes, esters, and amides, either alone or in combina-
tion, and illustrative examples can include, but are not
limited to, acetone, acetophonone, benzophenone, N,N-
dimethylformamide, = N,N-dimethylacetamide, = methyl
acetate, ethyl acetate, and the like, including substituted
derivatives thereof.

[0078] Suitable thioethers can include, but are not limited
to, dimethyl thioether, diethyl thioether, dipropyl thioether,
dibutyl thioether, methyl ethyl thioether, methyl propyl
thioether, methyl butyl thioether, diphenyl thioether, ditolyl
thioether, thiophene, benzothiophene, tetrahydrothiophene,
thiane, and the like, including substituted derivatives
thereof.

[0079] Suitable nitriles can include, but are not limited to,
acetonitrile, propionitrile, butyronitrile, benzonitrile,
4-methylbenzonitrile, and the like, including substituted
derivatives thereof.

[0080] Suitable amines can include, but are not limited to,
methyl amine, ethyl amine, propyl amine, butyl amine,
dimethyl amine, diethyl amine, dipropyl amine, dibutyl
amine, trimethyl amine, triethyl amine, tripropyl amine,
tributyl amine, aniline, diphenylamine, triphenylamine,
tolylamine, xylylamine, ditolylamine, pyridine, quinoline,
pyrrole, indole, 2-methylpyridine, 3-methylpyridine,
4-methylpyridine, 2,5-dimethylpyrrole, 2,5-diethylpyrrole,
2,5-dipropylpyrrole, 2,5-dibutylpyrrole, 2,4-dimethylpyr-
role, 2,4-diethylpyrrole, 2,4-dipropylpyrrole, 2.4-dibu-
tylpyrrole, 3,4-dimethylpyrrole, 3,4-diethylpyrrole, 3.4-
dipropylpyrrole,  3.4-dibutylpyrrole,  2-methylpyrrole,
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2-ethylpyrrole, 2-propylpyrrole, 2-butylpyrrole, 3-methyl-
pyrrole, 3-ethylpyrrole, 3-propylpyrrole, 3-butylpyrrole,
3-ethyl-2,4-dimethylpyrrole, 2,3.4,5-tetramethylpyrrole,
2,3,4,5-tetraethylpyrrole, 2,2'-bipyridine, 1,8-diazabicyclo
[5.4.0lundec-7-ene, di(2-pyridyl)dimethylsilane, N,N,N',N'-
tetramethylethylenediamine, 1,10-phenanthroline, 2,9-dim-
ethyl-1,10-phenanthroline, glyoxal-bis(mesityl)-1,2-diimine
and the like, including substituted derivatives thereof.
[0081] Suitable amines can be primary amines, secondary
amines, or tertiary amines. Suitable phosphines and other
phosphorus compounds can include, but are not limited to,
trimethylphosphine, triethylphosphine, tripropylphosphine,
tributylphosphine, phenylphosphine, tolylphosphine, diphe-
nylphosphine, ditolylphosphine, triphenylphosphine, tri-
tolylphosphine, methyldiphenylphosphine, dimethylphenyl-
phosphine, ethyldiphenylphosphine,
diethylphenylphosphine, tricyclohexylphosphine, trimethyl
phosphite, triethyl phosphite, tripropyl phosphite, triisopro-
pyl phosphite, tributyl phosphite and tricyclohexyl phos-
phite, 2-(di-t-butylphosphino)biphenyl, 2-di-t-butylphos-
phino-1,1'-binaphthyl, 2-(di-t-butylphosphino)-3,6-
dimethoxy-2',4',6'-tri-i-propyl-1,1'-biphenyl, 2-di-t-
butylphosphino-2'-methylbiphenyl, 2-(di-t-
butylphosphinomethyl)pyridine, 2-di-t-butylphosphino-2',
4'.6'-tri-i-propyl-1,1'-biphenyl, 2-(dicyclohexylphosphino)
biphenyl, (S)-(+)-(3,5-dioxa-4-phospha-cycloheptal2,1-a;3,
4-a'|dinaphthalen-4-yl)dimethylamine,
2-(diphenylphosphino)-2'-methoxy-1,1'-binaphthyl, 1,2,3.4,
S-pentaphenyl-1'-(di-t-butylphosphino)ferrocene,  2,2'-bis
(diphenylphosphino)-1,1'-binaphthyl (BINAP), 1,2-bis(dim-
ethylphosphino)ethane,  1,2-bis(diethylphosphino)ethane,
1,2-bis(dipropylphosphino)-ethane, 1,2-bis(diisopropyl-
phosphino)ethane, 1,2-bis(dibutyl-phosphino)ethane, 1,2-
bis(di-t-butyl-phosphino)ethane, 1,2-bis(dicyclohexylphos-
phino)ethane, 1,3- b1s(dlcyclohexylphosphmo)propane 1,3-
bls(d11sopropylphosphlno)propane 1 3-bls
(diphenylphosphino)propane, 1,3 bls(di-t-butylphosphino)
propane, l,4-bis(diisopropylphosphino)butane, 1,4-bis
(diphenylphosphino)butane, 2,2'-bis[bis(3,5-
dimethylphenyl)phosphino]-4,4',6,6'-tetramethoxybiphenyl,
2,6-bis(di-t-butylphosphinomethyl)pyridine, 2,2'-bis(dicy-
clohexylphosphino)-1,1'-biphenyl, bis(2-dicyclohexylphos-
phinophenyl)ether, 5,5'-bis(diphenylphosphino)-4,4'-bi-1,3-
benzodioxole,  2-t-butylphosphinomethylpyridine,  bis
(diphenylphosphino)ferrocene, bis(diphenylphosphino)
methane, bis(dicyclohexylphosphino)methane, bis(di-t-
butylphosphino)methane, and the like, including substituted
derivatives thereof.

[0082] In other aspects, the ligand used to form the met-
allalactone or the transition metal-ligand complex can be a
carbene, for example, a N-heterocyclic carbene (NHC)
compound. Representative and non-limiting examples of
suitable N-heterocyclic carbene (NHC) materials include the
following:

Me Me

<

Me N N
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[0083] Illustrative and non-limiting examples of metalla-
lactone complexes (representative nickelalactones) suitable
for use as described herein include the following compounds
(Cy=cyclohexyl, ‘Bu=tert-butyl):

CYZ ’Buz
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[0084] The transition metal-ligand complexes correspond-
ing to these illustrative metallalactones are shown below:

Cyz ’Buz ’Buz ZBHZ

o OO
Ni Ni
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-continued
Bu,
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[0085] Metallalactones can be synthesized according to
the following general reaction scheme (illustrated with
nickel as the transition metal; Ni(COD), is bis(1,5-cyclooc-

tadiene)nickel(0)):
Ln—Ni
\
0 0.

and according to suitable procedures well known to those of
skill in the art.

[0086] Suitable ligands, transition metal-ligand com-
plexes, and metallalactones are not limited solely to those
ligands, transition metal-ligand complexes, and metallalac-
tones disclosed herein. Other suitable ligands, transition
metal-ligand complexes, and/or metallalactones are
described, for example, in U.S. Pat. Nos. 7,250,510, 8,642,
803, and 8,697,909; WO 2015/173276; WO 2015/173277,
Journal of Organometallic Chemistry, 1983, 251, C51-C53;
Z. Anorg. Allg. Chem., 1989, 577, 111-114; Journal of
Organometallic Chemistry, 2004, 689, 2952-2962; Organo-
metallics, 2004, Vol. 23, 5252-5259; Chem. Commun.,
2006, 2510-2512; Organometallics, 2010, Vol. 29, 2199-
2202; Chem. Eur. J., 2012, 18, 14017-14025; Organometal-
lics, 2013, 32 (7), 2152-2159; and Chem. Eur. J., 2014, Vol.
20, 11, 3205-3211; the disclosures of which are incorporated
herein by reference in their entirety.

Ni(CODY,

C + 0, ————>
2ty 2 Ligand (Ln)

Producing o,p-Unsaturated Carboxylic Acids and Salts
Thereof

[0087] Generally, the features of the processes disclosed
herein (e.g., the metallalactone, the diluent, the solid pro-
moter (e.g., the treated solid oxide), the o,f-unsaturated
carboxylic acid or salt thereof, the transition metal-ligand
complex, the olefin, and the conditions under which the
a,p-unsaturated carboxylic acid, or a salt thereof, is formed,
among others) are independently described, and these fea-
tures may be combined in any combination to further
describe the disclosed processes.
[0088] In accordance with an aspect of the present inven-
tion, a process for performing a metallalactone elimination
reaction is disclosed. This process can comprise (or consist
essentially of, or consist of):
[0089] (1) contacting

[0090] (a) a metallalactone;

[0091] (b) a diluent; and

[0092] (c) a solid promoter (e.g., a treated solid oxide);

and

[0093] (2) forming an a,f-unsaturated carboxylic acid, or
a salt thereof.
[0094] Suitable metallalactones, diluents, and solid pro-
moters (e.g., treated solid oxides) are disclosed hereinabove.
In this process for performing a metallalactone elimination
reaction, for instance, at least a portion of the diluent can
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comprise the a,p-unsaturated carboxylic acid, or the salt
thereof, that is formed in step (2) of this process.
[0095] In accordance with another aspect of the present
invention, a process for producing an a,f-unsaturated car-
boxylic acid, or a salt thereof, is disclosed. This process can
comprise (or consist essentially of, or consist of):

[0096] (1) contacting

[0097] (a) a metallalactone;

[0098] (b) a diluent; and

[0099] (c) a solid promoter (e.g., a treated solid oxide);
[0100] (2) forming an adduct of an a.fp-unsaturated car-

boxylic acid adsorbed onto the solid promoter; and

[0101] (3) treating the adduct adsorbed onto the solid
promoter to produce the a,f-unsaturated carboxylic acid, or
the salt thereof.

[0102] In this process for producing an o,f-unsaturated
carboxylic acid or a salt thereof, for instance, at least a
portion of the diluent comprising a transition metal of the
metallalactone can be removed after step (2), and before step
(3), of this process. Suitable metallalactones, diluents, and
solid promoters (e.g., treated solid oxides) are disclosed
hereinabove.

[0103] In some aspects, the contacting step—step (1)—of
these processes can include contacting, in any order, the
metallalactone, the diluent, and the solid promoter (e.g., the
treated solid oxide), and additional unrecited materials. In
other aspects, the contacting step can consist essentially of,
or consist of, the metallalactone, the diluent, and the solid
promoter (e.g., the treated solid oxide) components. Like-
wise, additional materials or features can be employed in the
forming step—step (2)—of these processes, and/or in the
treating step—step (3)—of the process for producing the
a,p-unsaturated carboxylic acid, or the salt thereof. Further,
it is contemplated that these processes for performing a
metallalactone elimination reaction and for producing an
a,p-unsaturated carboxylic acid, or a salt thereof, can
employ more than one metallalactone and/or more than one
solid promoter (e.g., a mixture of two treated solid oxides).
Additionally, a mixture or combination of two or more
diluents can be employed, if desired.

[0104] Any suitable reactor, vessel, or container can be
used to contact the metallalactone, diluent, and solid pro-
moter (e.g., treated solid oxide), non-limiting examples of
which can include a flow reactor, a continuous reactor, a
fixed bed reactor, and a stirred tank reactor, including more
than one reactor in series or in parallel, and including any
combination of reactor types and arrangements. In particular
aspects consistent with this invention, the metallalactone
and the diluent contact a fixed bed of the solid promoter
(e.g., the treated solid oxide), for instance, in a suitable
vessel, such as in a continuous fixed bed reactor. In further
aspects, combinations of more than one solid promoter can
be used, such as a mixed bed of a first treated solid oxide and
a second treated solid oxide, or sequential beds of a first
treated solid oxide and a second treated solid oxide. In these
and other aspects, the feed stream can flow upward or
downward through the fixed bed. For instance, the metalla-
lactone and the diluent can contact the first treated solid
oxide and then the second treated solid oxide in a downward
flow orientation, and the reverse in an upward flow orien-
tation. In a different aspect, the metallalactone and the solid
promoter (e.g., the treated solid oxide) can be contacted by
mixing or stirring in the diluent, for instance, in a suitable
vessel, such as a stirred tank reactor.
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[0105] Step (2) of the process for producing an o.,p-
unsaturated carboxylic acid, or a salt thereof, recites forming
an adduct of the o,f-unsaturated carboxylic acid adsorbed
onto the solid promoter (e.g., the treated solid oxide). This
adduct can contain all or a portion of the o,f-unsaturated
carboxylic acid, and is inclusive of salts of the a,f-unsatu-
rated carboxylic acid.

[0106] In step (3) of the process for producing an c.,p-
unsaturated carboxylic acid or a salt thereof, the adduct
adsorbed onto the solid promoter (e.g., the treated solid
oxide) is treated to produce the a,p-unsaturated carboxylic
acid, or the salt thereof. Various methods can be used to
liberate or desorb the o, -unsaturated carboxylic acid, or the
salt thereof, from the solid promoter (e.g., the treated solid
oxide). In one aspect, for instance, the treating step can
comprise contacting the adduct adsorbed onto the solid
promoter (e.g., the treated solid oxide) with an acid. Rep-
resentative and non-limiting examples of suitable acids can
include HCI, acetic acid, sodium bisulfate, and the like, as
well as combinations thereof. In another aspect, the treating
step can comprise contacting the adduct adsorbed onto the
solid promoter (e.g., the treated solid oxide) with a base.
Representative and non-limiting examples of suitable bases
can include carbonates (e.g., Na,CO;, Cs,CO;, MgCO;),
hydroxides (e.g., Mg(OH),, Na(OH), alkoxides (e.g.,
Al(O'Pr);, Na(OBu), Mg(OE),), and the like, as well as
combinations  thereof (‘Pr=isopropyl, ‘Bu=tert-butyl,
Et=ethyl). In yet another aspect, the treating step can com-
prise contacting the adduct adsorbed onto the solid promoter
(e.g., the treated solid oxide) with a suitable solvent. Rep-
resentative and non-limiting examples of suitable solvents
can include carbonyl-containing solvents such as ketones,
esters, or amides (e.g., acetone, ethyl acetate, or N,N-
dimethylformamide, as described herein above), alcohol
solvents, water, and the like, as well as combinations
thereof. In still another aspect, the treating step can comprise
heating the adduct adsorbed onto the solid promoter (e.g.,
the treated solid oxide) to any suitable temperature. This
temperature can be in a range, for example, from 50° C. to
1000° C., from 100° C. to 800° C., from 150° C. to 600° C.,
from 250° C. to 1000° C., from 250° C. to 550° C., or from
150° C. to 500° C. The duration of this heating step is not
limited to any particular period of time, as long of the period
of time is sufficient to liberate the a,f-unsaturated carbox-
ylic acid from the solid promoter (e.g., the treated solid
oxide). As those of skill in the art recognize, the appropriate
treating step depends upon several factors, such as the
particular diluent used in the process, and the particular solid
promoter (e.g., treated solid oxide) used in the process,
amongst other considerations.

[0107] In these processes for performing a metallalactone
elimination reaction and for producing an o,-unsaturated
carboxylic acid (or a salt thereof), additional process steps
can be conducted before, during, and/or after any of the steps
described herein. As an example, these processes can further
comprise a step (e.g., prior to step (1)) of contacting a
transition metal-ligand complex with an olefin and carbon
dioxide (CO,) to form the metallalactone. Transition metal-
ligand complexes are described hereinabove. [llustrative and
non-limiting examples of suitable olefins can include eth-
ylene, propylene, butene (e.g., 1-butene), pentene, hexene
(e.g., 1-hexene), heptene, octene (e.g., 1-octene), styrene,
and the like, as well as combinations thereof.
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[0108] Yet, in accordance with another aspect of the
present invention, a process for producing an o,f-unsatu-
rated carboxylic acid, or a salt thereof, is disclosed. This
process can comprise (or consist essentially of, or consist
of):

[0109] (I) contacting

[0110] (i) a transition metal-ligand complex;
[0111] (ii) an olefin;
[0112] (iii) carbon dioxide (CO,);
[0113] (iv) a diluent; and
[0114] (v) a solid promoter (e.g., a treated solid oxide);
and
[0115] (II) forming the a,B-unsaturated carboxylic acid, or

the salt thereof.

[0116] Suitable transition metal-ligands, olefins, diluents,
and solid promoters (e.g., treated solid oxides) are disclosed
hereinabove. In some aspects, the contacting step—step
(I)—of this process can include contacting, in any order, the
transition metal-ligand, the olefin, the diluent, the solid
promoter (e.g., the treated solid oxide), and carbon dioxide,
and additional unrecited materials. In other aspects, the
contacting step can consist essentially of, or consist of,
contacting, in any order, the transition metal-ligand, the
olefin, the diluent, the solid promoter (e.g., the treated solid
oxide), and carbon dioxide. Likewise, additional materials
or features can be employed in the forming step—step
(II)—of this process. Further, it is contemplated that this
process for producing an o, -unsaturated carboxylic acid, or
a salt thereof, can employ more than one transition metal-
ligand complex, and/or more than one solid promoter (e.g.,
a mixture of two treated solid oxides), and/or more than one
olefin. Additionally, a mixture or combination of two or
more diluents can be employed. As above, any suitable
reactor, vessel, or container can be used to contact the
transition metal-ligand, olefin, diluent, solid promoter (e.g.,
treated solid oxide), and carbon dioxide, whether using a
fixed bed of the solid promoter (e.g., the treated solid oxide),
a stirred tank for contacting (or mixing), or some other
reactor configuration and process. While not wishing to be
bound by the following theory, a proposed and illustrative
reaction scheme for this process is provided below (R is H,
Na, or K, although not limited thereto):

+ —_—
CoHy €02 Ligand (Ln)

Solid Promoter

[0117] Independently, the contacting and forming steps of
any of the processes disclosed herein (i.e., for performing a
metallalactone elimination reaction, for producing an o.,f3-
unsaturated carboxylic acid, or a salt thereof), can be con-
ducted at a variety of temperatures, pressures, and time
periods. For instance, the temperature at which the compo-
nents in step (1) or step (I) are initially contacted can be the
same as, or different from, the temperature at which the
forming step is performed. As an illustrative example, in the
contacting step, the components can be contacted initially at
temperature T1 and, after this initial combining, the tem-
perature can be increased to a temperature T2 for the
forming step (e.g., to form the a,f-unsaturated carboxylic
acid, or the salt thereof). Likewise, the pressure can be
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different in the contacting step and the forming step. Often,
the time period in the contacting step can be referred to as
the contact time, while the time period in forming step can
be referred to as the reaction time. The contact time and the
reaction time can be, and often are, different.

[0118] In an aspect, the contacting step and/or the forming
step of the processes disclosed herein can be conducted at a
temperature in a range from 0° C. to 250° C.; alternatively,
from 20° C. to 200° C.; alternatively, from 0° C. to 95° C.;
alternatively, from 10° C. to 75° C.; alternatively, from 10°
C. to 50° C.; or alternatively, from 15° C. to 70° C. In these
and other aspects, after the initial contacting, the tempera-
ture can be changed, if desired, to another temperature for
the forming step. These temperature ranges also are meant to
encompass circumstances where the contacting step and/or
the forming step can be conducted at a series of different
temperatures, instead of at a single fixed temperature, falling
within the respective ranges.

[0119] In an aspect, the contacting step and/or the forming
step of the processes disclosed herein can be conducted at a
pressure in a range from 5 to 10,000 psig, such as, for
example, from 5 to 2500 psig. In some aspects, the pressure
can be in a range from 5 to 500 psig; alternatively, from 25
to 3000 psig; alternatively, from 45 to 1000 psig; or alter-
natively, from 50 to 250 psig.

[0120] The contacting step of the processes is not limited
to any particular duration of time. That is, the respective
components can be initially contacted rapidly, or over a
longer period of time, before commencing the forming step.
Hence, the contacting step can be conducted, for example, in
a time period ranging from as little as 1-30 seconds to as
long as 1-12 hours, or more. In non-continuous or batch
operations, the appropriate reaction time for the forming step
can depend upon, for example, the reaction temperature, the
reaction pressure, and the ratios of the respective compo-
nents in the contacting step, among other variables. Gener-
ally, however, the forming step can occur over a time period
that can be in a range from 1 minute to 96 hours, such as, for
example, from 2 minutes to 96 hours, from 5 minutes to 72
hours, from 10 minutes to 72 hours, or from 15 minutes to
48 hours.

[0121] If the process employed is a continuous process,
then the metallalactone/solid promoter catalyst contact/re-
action time (or the transition metal-ligand/solid promoter
catalyst contact/reaction time) can be expressed in terms of
weight hourly space velocity (WHSV)—the ratio of the
weight of the metallalactone (or transition metal-ligand
complex) which comes in contact with a given weight of
solid promoter (e.g., treated solid oxide) per unit time. While
not limited thereto, the WHSV employed, based on the
amount of the solid promoter (e.g., the treated solid oxide),
can be in a range from 0.05 to 100, from 0.05 to 50, from
0.075 to 50, from 0.1 to 25, from 0.5 to 10, from 1 to 25, or
from 1 to 5.

[0122] In the processes disclosed herein, the molar yield
of the a,p-unsaturated carboxylic acid, or the salt thereof),
based on the metallalactone (or based on the transition metal
of the transition metal-ligand complex) is at least 2%, and
more often can be at least 5%, at least 10%, or at least 15%.
In particular aspects of this invention, the molar yield can be
at least 25%, at least 50%, at least 75%, at least 100%, at
least 125%, at least 150%, at least 200%, or at least 350%,
and often can range up to 10,000%, or 100,000%, or
1,000,000%, as catalytic efficiencies are realized.
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[0123] The specific a,p-unsaturated carboxylic acid (or
salt thereof) that can be formed or produced using the
processes of this invention is not particularly limited. Illus-
trative and non-limiting examples of the a,p-unsaturated
carboxylic acid can include acrylic acid, methacrylic acid,
2-ethylacrylic acid, cinnamic acid and the like, as well as
combinations thereof. Illustrative and non-limiting
examples of the salt of the a,p-unsaturated carboxylic acid
can include sodium acrylate, magnesium acrylate, sodium
methacrylate, and the like, as well as combinations thereof.
[0124] Once formed, the o,f-unsaturated carboxylic acid
(or salt thereof) can be purified and/or isolated and/or
separated using suitable techniques which can include, but
are not limited to, evaporation, distillation, chromatography,
crystallization, extraction, washing, decanting, filtering, dry-
ing, and the like, including combinations of more than one
of these techniques. In an aspect, the process for performing
a metallalactone elimination reaction (or the process for
producing an o,f-unsaturated carboxylic acid, or a salt
thereof) can further comprise a step of separating or isolat-
ing the a,f-unsaturated carboxylic acid (or salt thereof)
from other components, such as the diluent and/or the solid
promoter (e.g., the treated solid oxide). For instance, a
solid-liquid separations technique can be used.

EXAMPLES

[0125] The invention is further illustrated by the following
examples, which are not to be construed in any way as
imposing limitations to the scope of this invention. Various
other aspects, modifications, and equivalents thereof which,
after reading the description herein, may suggest themselves
to one of ordinary skill in the art without departing from the
spirit of the present invention or the scope of the appended
claims.

[0126] The following nickelalactone complexes, which
can be derived from CO,-ethylene coupling, were used to
evaluate various homogeneous and heterogeneous (solid)
promoters in certain examples that follow.

“A”

«p»

“«o»
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[0127] The general nickelalactone elimination reaction
was performed as follows. A flask was charged with 10 mg
of nickelalactone (A, B, or C), promoter, and approximately
10 mL of diluent. The reaction mixture was heated with
vigorous stirring on an oil bath under conditions described
in the examples below. The reaction mixture was allowed to
cool to ambient temperature, then acidified. The yield of
acrylic acid was determined by '‘H NMR in Dy-acetone
versus an internal standard sorbic acid stock solution.

Examples 1-8

Evaluation of Homogeneous Activators/Promoters
Acrylate Elimination

[0128] For Examples 1-8, 5 equivalents of the activator/
promoter (per Ni) were incubated with the nickelalactone
(A, B, or C) at 50° C. for 3 hours, followed by eventual acid
hydrolysis and extraction to quantify the amount of acrylic
acid by "H NMR against an internal standard, as reflected in
the following reaction scheme:

e}

HO)J\/ .

L 5 eq discrete/
\ homogeneous activator
/N HCI
L ¢} 0

[0129] The results of the evaluation of the homogeneous
activators/promoters are summarized in Table I. The diluents
employed in Example 1 and Examples 2-7 were 5:1 tetra-
hydrofuran/acetone and tetrahydrofuran, respectively.
Example 8 was investigated in tetrahydrofuran, methanol,
and acetone. The homogeneous promoter of Example 5 was
a solution of methylaluminoxane in toluene, while the
homogeneous promoter of Example 6 was a mixture of
Mg("Bu), and methanol, which results in an alkoxide. As
shown in Table I, the homogeneous activators/promoters of
Examples 1-8 failed to yield any acrylic acid with any of the
nickelalactones investigated.

TABLE 1

Molar Yields of Examples 1-8.

b=
w
o]

Example Promoter

Na,(CO3)
Al(CH,CH;)3
Al(OCH,CHj3);
Ti(O'Pr),
(Al(CH3)0),
Mg("Bu), + MeOH
Ca(OMe),
Mg(OH),

[ N R R T S
OO OO O O OO

Notes:
Me = methyl; Pr = isopropyl; "Bu = n-butyl.

Examples 9-12

Evaluation of Solid/Heterogeneous
Activators/Promoters Acrylate Elimination

[0130] Examples 9-12 were performed in a manner similar
to that of Examples 2-7, as reflected in the following
reaction scheme (25 equivalents per Ni were based on site
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concentration (mmol/g) of the solid activator/promoter; HC1
was used to liberate the acrylic acid for analysis):

HO)I\/ '

L 1) "25 eq" solid activator
\ THF, 24 hrs, 55° C.
Ni
L/ \ 2) HCl
0 0

[0131] The results of the evaluation of the solid/heteroge-
neous activators/promoters (calcined at 400° C.) are sum-
marized in Table II. Unexpectedly, in contrast with the
homogeneous Al and Mg promoters of Examples 2-3, 5-6,
and 8, the solid promoters of Examples 9-12 produced a
measurable amount of acrylic acid. More surprisingly,
Example 11A and 11C (zirconia) and Example 12A and 12C
(magnesia) provided significant molar yields of acrylic acid
(from 20% to 90%).

TABLE 1I

Molar Yields of Examples 9-12.

Site
cone.
Example  Promoter (mmol/g) A B C
9 alumina 5.4 0 0 11
10 silica-magnesia 53 Trace 0 0
11 zirconia 1.3 23 0 23
12 magnesia 1.1 88 6 58

Examples 13-24

Evaluation of Solid/Heterogeneous
Activators/Promoters Acrylate Elimination

[0132] Examples 13-24 were performed in a manner simi-
lar to that of Examples 9-12, with only nickelalactone A, as
reflected in the following reaction scheme (25 equivalents
per Ni were based on site concentration (mmol/g) of the
solid activator/promoter; HCl was used to liberate the
acrylic acid for analysis):

O
IC)yZ 1) "25 eq" solid activator
\ THEF, 24 hrs, 55° C. s
Ni HO
/N 2)HCl
P O
Cy2 0
[0133] The results of the evaluation of the solid/heteroge-

neous activators/promoters (calcined at 400° C.) in different
diluents/solvents are summarized in Table III. Unexpectedly,
alumina, zirconia, magnesia, magnesium aluminate, and
sepiolite produced significant amounts of acrylic acid using
different diluents, with generally from 5% to 90% molar
yield.

[0134] Magnesium aluminate was further tested under
different calcining conditions. At 400° C. in THF diluent, the
yield was 37%. Calcining at 250° C. reduced the yield to
6%, while calcining at 550° C. increased the yield to 47%.
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Examples 25-33

Evaluation of Treated Solid Oxides—Acrylate Elimination

[0135] Examples 25-33 were performed by mixing 18
umol of the nickel compound, 18 umol of the diphosphine
ligand, 5 mL of diluent (THF or toluene), and the treated
solid oxide (200 mg for Examples 25-30, 50 mg for
Examples 31-33) at 60° C. for 30 to 60 minutes, as reflected
in the following reaction scheme:

\ i
N, 1) Treated solid oxide, dilute,
[ N 30-60 min, 60° C. OH.
/' \ idi i
/T 0 o 2) acidic workup, extraction
[0136] Aqueous sodium bisulfate was used to liberate the

acrylic acid for analysis, followed by extraction into D,0O/
acetone-dg to quantify the amount of acrylic acid by 'H
NMR spectroscopy relative to an internal sorbic acid stan-
dard.

[0137] The alumina used in Example 30, and used as the
base material for Examples 25-29, 34-37, 39, and 41, had a
pore volume of 1.3 mL/g and a surface area of 330 m*/g. For
Example 30, the alumina was calcined at 500° C. in dry air
for 3 hours.

[0138] The zinc-treated alumina of Example 25 was pre-
pared by mixing 10 g of alumina with 30 mL of an aqueous
solution containing 2.5 g of zinc chloride. After removing
the water in a vacuum oven at 90° C. overnight, the dried
powder was calcined at 500° C. in dry air for three hours.
The calcium-treated aluminas of Examples 27 and 29 were
prepared similarly, except that calcining was performed at
600° C. in dry air for 3 hours.

[0139] The chlorided alumina of Example 26 was pre-
pared by injecting 3 mL of CCl, liquid (and vaporizing the
CCl,) over a period of less than 1 minute into a nitrogen gas
stream used to calcine the alumina at 500° C. for three hours,
resulting in chlorided alumina.

[0140] The sodium-treated alumina of Example 28 was
prepared by mixing 22.8 g of alumina with 60 mL of an
aqueous solution containing 4.6 g of sodium bicarbonate.
After removing the water in a vacuum oven at 90° C.
overnight, the dried powder was calcined at 200° C. in dry
air for three hours.

[0141] In Example 31 and Example 32, sodium bicarbon-
ate and cesium carbonate, respectively, were calcined at
200° C. in dry air for 6 hours, while in Example 33, sodium
carbonate was not calcined (untreated).

[0142] The results of the evaluation of the treated solid
oxides and untreated sodium carbonate of Examples 25-33
are summarized in Table IV. Unexpectedly, in contrast with
the chlorided alumina of Example 26, the treated solid
oxides of Examples 25 and 27-30 produced significant
amounts of acrylic acid, with molar yields ranging from
approximately 3% to 27%. Also unexpectedly, the calcined
carbonates of Examples 31-32 yielded acrylic acid, while the
uncalcined Example 33 did not.
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Examples 34-41

Evaluation of Treated Solid Oxides—Direct Conversion of
CO, and Ethylene to Acrylate

[0143] Examples 34-41 were performed by mixing 0.1
mmol of the nickel compound, 0.11 mmol of the diphos-
phine ligand, 500 mL of the diluent, and 1 g of the treated
solid oxide in a reactor equilibrated with 150 psig ethylene,
followed by 300 psig carbon dioxide, and then heating to
100° C. for 6 hours, as reflected in the following reaction
scheme:

Dilute, Treated Solid
Oxide, CO,, Ethylene,

100° C., 6 hours

PCy,
NICOD), + Csz/\/

e}

OM.

[0144] The reaction product was extracted into D,O/ac-
etone-d, for acrylate yield determination by ‘H NMR spec-
troscopy relative to an internal sorbic acid standard.
[0145] The sodium-treated sulfated alumina of Example
34 was prepared by mixing alumina with a solution of
sulfuric acid in methanol, to result in approximately 15 wt.
% sulfate based on the weight of the sulfated alumina. After
drying under vacuum at 110° C. overnight, the dried powder
was calcined at 600° C. in dry air for three hours. After
cooling, 4.2 g of the sulfated alumina and 2 g of sodium
tert-butoxide were combined in 60 mL of toluene, forming
a yellow suspension. The mixture was stirred at ambient
temperature for 18 hours, filtered, and washed with 10 mL
of toluene, forming the colorless solid (sodium-treated sul-
fated alumina) of Example 34.

[0146] The sodium-treated chlorided alumina of Example
36 was prepared using the chlorided alumina of Example 26,
and following the same sodium treatment procedure used in
Example 34.

[0147] The fluorided silica-coated alumina of Example 41
was prepared by first contacting alumina with tetraethyl-
orthosilicate in isopropanol to equal 25 wt. % SiO,. After
drying, the silica-coated alumina was calcined at 600° C. for
3 hours. Next, the fluorided silica-coated alumina (7 wt. %
F) was prepared by impregnating the calcined silica-coated
alumina with an ammonium bifluoride solution in methanol,
drying, and then calcining at 600° C. for 3 hours. The
sodium-treated fluorided silica-coated alumina of Example
35 was prepared using the fluorided silica-coated alumina of
Example 41, and following the same sodium treatment
procedure used in Example 34.

[0148] The sodium-treated sulfated silica-coated alumina
(8 wt. % sulfate) of Example 37 was prepared using silica-
coated alumina prepared as described in Example 41, and
then sulfating and sodium treating in the manner described
in Example 34.

[0149] The sodium-treated fluorided silica-alumina of
Example 38 used a silica-alumina having 13% alumina by
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weight, a surface area of 400 m*/g, and a pore volume of 1.2
ml./g, as a base material. This material was mixed with an
aqueous solution containing ammonium hydrogen fluoride,
dried under vacuum at 110° C. overnight, and calcined at
450° C. in dry air for three hours. The fluorided silica-
alumina was then sodium treated in the same manner as
described in Example 34.

[0150] The sodium-treated tungsten alumina of Example
39 was prepared by first saturating 12.91 g of alumina
(surface area of 300 m?, pore volume of 1.2 mL/g, average
particle size of 100 microns) with an aqueous solution of
6.341 g of ammonium metatungstate hydrate in 50 mL of
deionized water to give a wet sand consistency. After
isolating and drying the solid, the solid was calcined at 600°
C. for 3 hours. The sodium treatment was performed in the
same manner as described in Example 34.

[0151] The sodium-treated aluminophosphate of Example
40 was prepared by first adding 100 mL of deionized water
to 1 mole of aluminum nitrate nonahydrate, and heating the
mixture to 60° C., which resulted in a uniform clear liquid.
Then, 0.9 mol of ammonium phosphate dibasic was added
and dissolved into the solution. After 1 hour of stirring at 60°
C., concentrated ammonium hydroxide was added until
gelation occurred, forming a hard solid. The solid was
broken up into smaller pieces, and washed three times in 4
L of warm deionized water. A final wash was accomplished
in 4 L of n-propanol, followed by filtration, and then drying
in a vacuum oven at 110° C. The dried powder was then
calcined at 600° C. for 3 hours, and subsequently sodium
treated in the manner described in Example 34.

[0152] The results of the evaluation of the treated solid
oxides of Examples 34-41 are summarized in Table V.
Unexpectedly, in contrast with the fluorided silica-coated
alumina of Example 41 (which produced no acrylic acid),
the treated solid oxides of Examples 34-40 produced sig-
nificant amounts of acrylic acid, with from 38% to 181%
molar yield. The metal-treated chemically-modified solid
oxides of Examples 34-35 and 37-38 were particularly
successful in catalytically producing acrylic acid directly
from CO, and ethylene, with molar yields in excess of 100%
(based on the transition metal of the transition metal-ligand
complex).

TABLE III
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TABLE IV

Examples 25-33.

Calcination Acrylic Acid

Temperature Molar Yield
Example Treated Solid Oxide °C) Diluent (%)
25 ZnCl,-alumina 500 THF 2.8
26 CCly-alumina 500 THF 1.3
27 Ca(NOj3),-alumina 600 THF 13.8
28 NaHCO;-alumina 200 Toluene 8.5

29 Ca(NO;3),-alumina 600 Toluene 27
30 alumina 500 Toluene 7.1
31 NaHCO; 200 Toluene 6.2
32 CsCO; 200 Toluene 2.8
33 Untreated Na,COj3 N/A Toluene 0
TABLE V
Examples 34-41.
Acrylate

Molar Yield
Example Treated Solid Oxide Diluent (%)
34 NaO"Bu sulfated alumina Toluene 102
35 NaOBu fluorided silica-coated Toluene 131

alumina
36 NaO"Bu chlorided alumina Toluene 38
37 NaO"Bu sulfated silica-coated Toluene 181
alumina

38 NaOBu fluorided silica-alumina ~ Toluene 118
39 NaO'Bu tungsten alumina Toluene 76
40 NaOBu aluminophosphate Toluene 95
41 fluorided silica-coated alumina Toluene 0

[0153] The invention is described above with reference to
numerous aspects and specific examples. Many variations
will suggest themselves to those skilled in the art in light of
the above detailed description. All such obvious variations
are within the full intended scope of the appended claims.
Other aspects of the invention can include, but are not
limited to, the following (aspects typically are described as
“comprising” but, alternatively, can “consist essentially of”
or “consist of”” unless specifically stated otherwise):

Molar Yields of Examples 13-24.

Site conc.

Example Promoter (mmol/g) THF 2,5-Me,THF Methanol Acetone Toluene Chlorobenzene
13 Silica 1.0 0 — — 0 0 0
14 Alumina 5.4 10 — 0 12 12 38
15 silica-alumina 5.0 4 — — 0 0 0
16 aluminum phosphate 4.0 0 — — 0 0 0
17 alumina-boria 5.4 trace — — 0 0 trace
18 silica-magnesia 53 trace — 0 trace 0 0
19 silica-titania 5.4 6 — — 0 0 0
20 Zirconia 1.3 23 — 0 5 0 —
21 Magnesia 1.1 88 27 0 33 18 45
22 magnesium aluminate 1.1 37 30 — — 43 41
23 Sepiolite 2.2 17 — — 0 trace 12
24 Titania 14 0 — 0 0 0
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[0154] Aspect 1. A process for performing a metallalac-
tone elimination reaction, the process comprising:
[0155] (1) contacting
[0156] (a) a metallalactone;
[0157] (b) a diluent; and
[0158] (c) a treated solid oxide; and
[0159] (2) forming an a,f-unsaturated carboxylic acid, or
a salt thereof.
[0160] Aspect 2. The process defined in aspect 1, wherein
at least a portion of the diluent comprises the a,f-unsatu-
rated carboxylic acid, or the salt thereof, formed in step (2).
[0161] Aspect 3. A process for producing an a,f-unsatu-
rated carboxylic acid, or a salt thereof, the process compris-
ing:
[0162]
[0163]
[0164]

(1) contacting

(a) a metallalactone;

(b) a diluent; and

[0165] (c) a treated solid oxide;
[0166] (2) forming an adduct of an a,fp-unsaturated car-
boxylic acid adsorbed onto the treated solid oxide; and
[0167] (3) treating the adduct adsorbed onto the treated
solid oxide to produce the a,f-unsaturated carboxylic acid,
or the salt thereof.
[0168] Aspect 4. The process defined in aspect 3, wherein
at least a portion of the diluent comprising a transition metal
of the metallalactone is removed after step (2).
[0169] Aspect 5. The process defined in any one of aspects
1-4, wherein in step (1), the metallalactone and the diluent
contact a fixed bed of the treated solid oxide.
[0170] Aspect 6. The process defined in any one of aspects
1-4, wherein in step (1), the metallalactone and the treated
solid oxide are contacted by mixing/stirring in the diluent.
[0171] Aspect 7. The process defined in any one of aspects
3-6, wherein the treating step comprises contacting the
adduct adsorbed onto the treated solid oxide with any
suitable acid, or any acid disclosed herein, e.g., HCI, sodium
bisulfate, or acetic acid.
[0172] Aspect 8. The process defined in any one of aspects
3-6, wherein the treating step comprises contacting the
adduct adsorbed onto the treated solid oxide with any
suitable base, or any base disclosed herein, e.g., carbonates
(e.g., Na,COj;, Cs,CO;, MgCO,), hydroxides (e.g., Mg(OH)
5, NaOH), or alkoxides (e.g., Al(O'Pr),, Na(O'Bu), Mg(OEt)
2)-
[0173] Aspect 9. The process defined in any one of aspects
3-6, wherein the treating step comprises contacting the
adduct adsorbed onto the treated solid oxide with any
suitable solvent, or any solvent disclosed herein, e.g., car-
bonyl-containing solvents such as ketones, esters, or amides
(e.g., acetone, ethyl acetate, N,N-dimethylformamide), alco-
hol solvents, or water.
[0174] Aspect 10. The process defined in any one of
aspects 3-6, wherein the treating step comprises heating the
adduct adsorbed onto the treated solid oxide to any suitable
temperature, or a temperature in any range disclosed herein,
e.g., from 50° C. to 1000° C., from 100° C. to 800° C., from
150° C. to 600° C., or from 250° C. to 550° C.
[0175] Aspect 11. The process defined in any one of the
preceding aspects, further comprising a step of contacting a
transition metal-ligand complex with an olefin and carbon
dioxide (CO,) to form the metallalactone.
[0176] Aspect 12. A process for producing an a,f-unsatu-
rated carboxylic acid, or a salt thereof, the process compris-
ing:

May 10, 2018

[0177] (I) contacting
[0178] (i) a transition metal-ligand complex;
[0179] (ii) an olefin;
[0180] (iii) carbon dioxide (CO,);
[0181] (iv) a diluent; and
[0182] (v) a treated solid oxide; and
[0183] (ID) forming the a,p-unsaturated carboxylic acid, or

the salt thereof.

[0184] Aspect 13. The process defined in aspect 11 or 12,
wherein the olefin comprises any suitable olefin or any olefin
disclosed herein, e.g., ethylene, propylene, or 1-butene.
[0185] Aspect 14. The process defined in any one of
aspects 1-13, wherein the o,f-unsaturated carboxylic acid,
or a salt thereof, comprises any suitable o,f-unsaturated
carboxylic acid, or any o,f-unsaturated carboxylic acid
disclosed herein, or a salt thereof, e.g., acrylic acid, meth-
acrylic acid, 2-ethylacrylic acid, cinnamic acid, sodium
acrylate, magnesium acrylate, or sodium methacrylate.
[0186] Aspect 15. The process defined in any one of
aspects 1-14, wherein the molar yield of the o, f-unsaturated
carboxylic acid, or the salt thereof, based on the metalla-
lactone (or based on the transition metal of the transition
metal-ligand complex) is in any range disclosed herein, e.g.,
at least 5%, at least 10%, at least 15%, at least 25%, at least
50%, at least 100%, at least 150%, or at least 200%.

[0187] Aspect 16. The process defined in any one of
aspects 1-15, wherein the process further comprises a step of
isolating the a,f-unsaturated carboxylic acid, or the salt
thereof, e.g., using any suitable separation/purification pro-
cedure or any separation/purification procedure disclosed
herein, e.g., evaporation, distillation, or chromatography.
[0188] Aspect 17. The process defined in any one of
aspects 1-16, wherein the contacting step and/or the forming
step is/are conducted at any suitable pressure or at any
pressure disclosed herein, e.g., from 5 psig to 10,000 psig,
or from 45 psig to 1000 psig.

[0189] Aspect 18. The process defined in any one of
aspects 1-17, wherein the contacting step and/or the forming
step is/are conducted at any suitable temperature or at any
temperature disclosed herein, e.g., from 0° C. to 250° C.,
from 0° C. to 95° C., or from 15° C. to 70° C.

[0190] Aspect 19. The process defined in any one of
aspects 1-18, wherein the contacting step is conducted at any
suitable weight hourly space velocity (WHSV) or any
WHSYV disclosed herein, e.g., from 0.05 to 50, from 1 to 25,
or from 1 to 5, based on the amount of the treated solid
oxide.

[0191] Aspect 20. The process defined in any one of
aspects 1-19, wherein the treated solid oxide is a Lewis acid.
[0192] Aspect 21. The process defined in any one of
aspects 1-19, wherein the treated solid oxide is a Brensted
base.

[0193] Aspect 22. The process defined in any one of
aspects 1-19, wherein the treated solid oxide is a Brensted
base and a Lewis acid.

[0194] Aspect 23. The process defined in any one of
aspects 1-22, wherein the treated solid oxide comprises any
suitable solid oxide, or any solid oxide disclosed herein.
[0195] Aspect 24. The process defined in aspect 23,
wherein the solid oxide comprises Al,O;, B,O;, BeO,
Bi,0;, CdO, Co,0,, Cr,0,, CuO, Fe,0;, Ga,0;, La,0;,
Mn,0;, MoO,, Na,O, NiO, P,0s, Sb,0s, SiO,, Sn0O,, SrO,
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ThO,, TiO,, V,05, WO;, Y,0;, Zn0O, ZrO,, K,0, CaO,
La,0;, or Ce,O;, including mixed oxides thereof, and
combinations thereof.

[0196] Aspect 25. The process defined in aspect 23,
wherein the solid oxide comprises silica, alumina, titania,
zirconia, magnesia, boria, calcia, zinc oxide, silica-alumina,
silica-coated alumina, silica-titania, silica-zirconia, silica-
magnesia, alumina-titania, alumina-zirconia, zinc-alumi-
nate, alumina-boria, silica-boria, aluminum phosphate, alu-
minophosphate,  aluminophosphate-silica, = magnesium
aluminate, titania-zirconia, or a combination thereof.
[0197] Aspect 26. The process defined in aspect 23,
wherein the solid oxide comprises magnesium aluminate,
calcium aluminate, zinc aluminate, zirconium aluminate,
sodium aluminate, magnesium zirconium oxide, sodium
zirconium oxide, calcium zirconium oxide, lanthanum chro-
mium oxide, barium titanium oxide, or a combination
thereof.

[0198] Aspect 27. The process defined in aspect 23,
wherein the solid oxide comprises sodium carbonate,
sodium bicarbonate, potassium carbonate, cesium carbon-
ate, or a combination thereof.

[0199] Aspect 28. The process defined in any one of
aspects 1-27, wherein the treated solid oxide is a calcined
solid oxide.

[0200] Aspect 29. The process defined in any one of
aspects 1-28, wherein prior to step (1) or step (1), the treated
solid oxide is formed by calcining at any suitable tempera-
ture, or at a temperature in any range disclosed herein, e.g.
from 150° C. to 1000° C., from 200° C. to 750° C., or from
200° C. to 600° C.

[0201] Aspect 30. The process defined in any one of
aspects 1-27, wherein the treated solid oxide is a metal-
treated solid oxide.

[0202] Aspect 31. The process defined in aspect 30,
wherein prior to step (1) or step (I), the metal-treated solid
oxide is produced by a process comprising contacting any
suitable solid oxide and any suitable metal-containing com-
pound and calcining (concurrently and/or subsequently).
[0203] Aspect 32. The process defined in aspect 30 or 31,
wherein the metal-treated solid oxide comprises an alkali
metal, an alkaline earth metal, a transition metal, or any
combination thereof, and generally at an amount in a range
from 1 to 30 wt. %, from 5 to 25 wt. %, or from 6 to 18 wt.
%, based on the total weight of the metal-treated solid oxide.

[0204] Aspect 33. The process defined in any one of
aspects 30-32, wherein the metal-treated solid oxide com-
prises an alkali metal (an alkali metal-treated solid oxide),
e.g., sodium, potassium, or cesium, as well as combinations
thereof.

[0205] Aspect 34. The process defined in any one of
aspects 30-32, wherein the metal-treated solid oxide com-
prises an alkaline earth metal (an alkaline earth metal-treated
solid oxide), e.g., magnesium, calcium, or barium, as well as
combinations thereof.

[0206] Aspect 35. The process defined in any one of
aspects 30-32, wherein the metal-treated solid oxide com-
prises a transition metal (a transition metal-treated solid
oxide), e.g., titanium, zirconium, hafnium, tungsten, or zinc,
as well as combinations thereof.

[0207] Aspect 36. The process defined in any one of
aspects 1-27, wherein the treated solid oxide is a metal-
treated chemically-modified solid oxide.
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[0208] Aspect 37. The process defined in aspect 36,
wherein prior to step (1) or step (I), the metal-treated
chemically-modified solid oxide is produced by a process
comprising contacting any suitable solid oxide and any
suitable electron-withdrawing anion and calcining (concur-
rently and/or subsequently) to form the chemically-modified
solid oxide, and contacting the chemically-modified solid
oxide with any suitable metal-containing compound.
[0209] Aspect 38. The process defined in aspect 36 or 37,
wherein the metal-treated chemically-modified solid oxide
comprises an alkali metal, an alkaline earth metal, a transi-
tion metal, or any combination thereof, and generally at an
amount in a range from 1 to 30 wt. %, from 5 to 25 wt. %,
or from 6 to 18 wt. %, based on the total weight of the
metal-treated chemically-modified solid oxide.

[0210] Aspect 39. The process defined in any one of
aspects 36-38, wherein the metal-treated chemically-modi-
fied solid oxide comprises an alkali metal (an alkali metal-
treated chemically-modified solid oxide), e.g., sodium,
potassium, or cesium, as well as combinations thereof.
[0211] Aspect 40. The process defined in any one of
aspects 36-38, wherein the metal-treated chemically-modi-
fied solid oxide comprises an alkaline earth metal (an
alkaline earth metal-treated chemically-modified solid
oxide), e.g., magnesium, calcium, or barium, as well as
combinations thereof.

[0212] Aspect 41. The process defined in any one of
aspects 36-38, wherein the metal-treated chemically-modi-
fied solid oxide comprises a transition metal (a transition
metal-treated chemically-modified solid oxide), e.g., tita-
nium, zirconium, hafnium, tungsten, or zinc, as well as
combinations thereof.

[0213] Aspect 42. The process defined in any one of
aspects 36-41, wherein the chemically-modified solid oxide
comprises a solid oxide contacted with an electron-with-
drawing anion, e.g., any solid oxide and any electron-
withdrawing anion disclosed herein.

[0214] Aspect 43. The process defined in aspect 42,
wherein (a) the solid oxide comprises silica, alumina, silica-
alumina, silica-coated alumina, aluminum phosphate, alu-
minophosphate, heteropolytungstate, titania, zirconia, mag-
nesia, boria, zinc oxide, a mixed oxide thereof, or any
mixture thereof, and (b) the electron-withdrawing anion
comprises sulfate, bisulfate, fluoride, chloride, bromide,
iodide, fluorosulfate, fluoroborate, phosphate, fluorophos-
phate, trifluoroacetate, triflate, fluorozirconate, fluorotitan-
ate, phospho-tungstate, tungstate, or any combination
thereof.

[0215] Aspect 44. The process defined in any one of
aspects 36-43, wherein the solid oxide comprises alumina,
silica-alumina, silica-coated alumina, or a mixture thereof.
[0216] Aspect 45. The process defined in any one of
aspects 36-44, wherein the electron-withdrawing anion com-
prises sulfate, fluoride, chloride, or any combination thereof.
[0217] Aspect 46. The process defined in any one of
aspects 36-44, wherein the electron-withdrawing anion com-
prises sulfate.

[0218] Aspect 47. The process defined in any one of
aspects 36-44, wherein the electron-withdrawing anion com-
prises fluoride, chloride, or both.

[0219] Aspect 48. The process defined in any one of
aspects 36-43, wherein the chemically-modified solid oxide
comprises fluorided alumina, chlorided alumina, bromided
alumina, sulfated alumina, tungstated alumina, fluorided
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silica-alumina, chlorided silica-alumina, bromided silica-
alumina, sulfated silica-alumina, fluorided silica-zirconia,
chlorided silica-zirconia, bromided silica-zirconia, sulfated
silica-zirconia, fluorided silica-titania, fluorided silica-
coated alumina, fluorided-chlorided silica-coated alumina,
sulfated silica-coated alumina, phosphated silica-coated alu-
mina, or any combination thereof.

[0220] Aspect 49. The process defined in any one of
aspects 36-43, wherein the chemically-modified solid oxide
comprises chlorided alumina, fluorided silica-alumina, fluo-
rided silica-coated alumina, fluorided-chlorided silica-
coated alumina, sulfated alumina, sulfated silica-coated alu-
mina, or a combination thereof.

[0221] Aspect 50. The process defined in any one of
aspects 1-29, wherein the treated solid oxide comprises
calcined sodium carbonate, calcined sodium bicarbonate,
calcined potassium carbonate, calcined cesium carbonate, or
a combination thereof.

[0222] Aspect 51. The process defined in any one of
aspects 1-31, wherein the treated solid oxide comprises
sodium-treated  alumina, potassium-treated alumina,
cesium-treated alumina, sodium-treated aluminophosphate,
or a combination thereof.

[0223] Aspect 52. The process defined in any one of
aspects 1-31, wherein the treated solid oxide comprises
magnesium-treated alumina, calcium-treated alumina,
barium-treated alumina, or a combination thereof.

[0224] Aspect 53. The process defined in any one of
aspects 1-31, wherein the treated solid oxide comprises
zinc-treated alumina, zirconium-treated alumina, sodium-
tungsten-treated alumina, or a combination thereof.

[0225] Aspect 54. The process defined in any one of
aspects 1-31, wherein the treated solid oxide comprises
sodium-treated chlorided alumina, sodium-treated sulfated
alumina, sodium-treated tungstated alumina, sodium-treated
sulfated silica-coated alumina, sodium-treated fluorided
silica-coated alumina, sodium-treated fluorided silica-alu-
mina, sodium-treated fluorided-chlorided silica-coated alu-
mina, or a combination thereof.

[0226] Aspect 55. The process defined in any one of
aspects 1-54, wherein the treated solid oxide has any suitable
surface area, or a surface area in any range disclosed herein,
e.g., from 10 m*/g to 750 m*/g, from 20 m*/g to 500 m*/g,
or from 30 m*/g to 350 m%/g.

[0227] Aspect 56. The process defined in any one of
aspects 1-55, wherein the treated solid oxide has any suitable
pore volume, or a pore volume in any range disclosed herein,
e.g., from 0.1 ml./gto 2.5 mL/g, from 0.1 mL/gto 1.5 mL/g,
or from 0.2 ml/g to 1.0 mL/g.

[0228] Aspect 57. The process defined in any one of
aspects 1-56, wherein the diluent comprises any suitable
non-protic solvent, or any non-protic solvent disclosed
herein.

[0229] Aspect 58. The process defined in any one of
aspects 1-56, wherein the diluent comprises any suitable
weakly coordinating or non-coordinating solvent, or any
weakly coordinating or non-coordinating solvent disclosed
herein.

[0230] Aspect 59. The process defined in any one of
aspects 1-56, wherein the diluent comprises any suitable
carbonyl-containing solvent, or any carbonyl-containing
solvent disclosed herein, e.g., ketones, esters, or amides
(e.g., acetone, ethyl acetate, or N,N-dimethylformamide).
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[0231] Aspect 60. The process defined in any one of
aspects 1-56, wherein the diluent comprises any suitable
ether solvent, or any ether solvent disclosed herein, e.g.,
THEF, dimethyl ether, diethyl ether, or dibutyl ether.
[0232] Aspect 61. The process defined in any one of
aspects 1-56, wherein the diluent comprises any suitable
aromatic hydrocarbon solvent, or any aromatic hydrocarbon
solvent disclosed herein, e.g., benzene, xylene, or toluene.
[0233] Aspect 62. The process defined in any one of
aspects 1-56, wherein the diluent comprises any suitable
halogenated aromatic hydrocarbon solvent, or any haloge-
nated aromatic hydrocarbon solvent disclosed herein, e.g.,
chlorobenzene or dichlorobenzene.
[0234] Aspect 63. The process defined in any one of
aspects 1-56, wherein the diluent comprises THF, 2,5-
Me,THF, methanol, acetone, toluene, chlorobenzene, pyri-
dine, or a combination thereof.
[0235] Aspect 64. The process defined in any one of
aspects 1-63, wherein the transition metal of the metallalac-
tone (or of the transition metal-ligand complex) is a Group
8-11 transition metal.
[0236] Aspect 65. The process defined in any one of
aspects 1-63, wherein the transition metal of the metallalac-
tone (or of the transition metal-ligand complex) is Fe, Co,
Ni, Cu, Ru, Rh, Pd, Ag, Ir, Pt, or Au.
[0237] Aspect 66. The process defined in any one of
aspects 1-63, wherein the transition metal of the metallalac-
tone (or of the transition metal-ligand complex) is Ni, Fe, or
Rh.
[0238] Aspect 67. The process defined in any one of
aspects 1-63, wherein the metallalactone is a nickelalactone,
e.g., any suitable nickelalactone or any nickelalactone dis-
closed herein.
[0239] Aspect 68. The process defined in any one of
aspects 1-67, wherein the ligand of the metallalactone (or of
the transition metal-ligand complex) is any suitable neutral
electron donor group and/or Lewis base, or any neutral
electron donor group and/or Lewis base disclosed herein.
[0240] Aspect 69. The process defined in any one of
aspects 1-67, wherein the ligand of the metallalactone (or of
the transition metal-ligand complex) is a bidentate ligand.
[0241] Aspect 70. The process defined in any one of
aspects 1-69, wherein the ligand of the metallalactone (or of
the transition metal-ligand complex) comprises at least one
of a nitrogen, phosphorus, sulfur, or oxygen heteroatom.
[0242] Aspect 71. The process defined in any one of
aspects 1-69, wherein the ligand of the metallalactone (or of
the transition metal-ligand complex) is any suitable carbene
group or any carbene group disclosed herein.
[0243] Aspect 72. The process defined in any one of
aspects 1-69, wherein the metallalactone, ligand, or transi-
tion metal-ligand complex is any suitable metallalactone,
ligand, or transition metal-ligand complex, or is any metal-
lalactone, ligand, or transition metal-ligand complex dis-
closed herein.
1-20. (canceled)
21. A process for producing an a,f-unsaturated carbox-
ylic acid, or a salt thereof, the process comprising:
(D contacting
(1) a transition metal-ligand complex;
(ii) an olefin;
(iii) carbon dioxide (CO,);
(iv) a diluent; and
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(v) a treated solid oxide comprising a transition metal-
treated solid oxide, a transition metal-treated chemi-
cally-modified solid oxide, or a combination thereof;
and

(II) forming the a,B-unsaturated carboxylic acid, or the

salt thereof;,

wherein the treated solid oxide does not have an organic

basic moiety that is covalently bound with a linking

moiety to the treated solid oxide; and

wherein the molar yield of the a,-unsaturated carboxylic

acid, or the salt thereof, based on the transition metal of

the transition metal-ligand complex, is at least 50%.

22. The process of claim 21, wherein:

the a,B-unsaturated carboxylic acid, or the salt thereof,

comprises acrylic acid, methacrylic acid, 2-ethylacrylic

acid, cinnamic acid, sodium acrylate, magnesium acry-
late, sodium methacrylate, or a combination thereof;
and

the molar yield of the a,f-unsaturated carboxylic acid, or

the salt thereof, based on the transition metal of the

transition metal-ligand complex, is from 75% to

10,000%.

23. The process of claim 21, wherein:

the olefin comprises ethylene; and

the o,fp-unsaturated carboxylic acid comprises acrylic

acid.

24. The process of claim 23, wherein the molar yield of
the o,fp-unsaturated carboxylic acid, or the salt thereof,
based on the transition metal of the transition metal-ligand
complex, is from 75% to 10,000%.

25. The process of claim 21, wherein the transition metal
of the transition metal-ligand complex is a Group 8-11
transition metal, and the ligand of the transition metal-ligand
complex is a neutral electron donor group or Lewis base.

26. The process of claim 21, wherein the treated solid
oxide comprises a transition metal-treated solid oxide.

27. The process of claim 26, wherein the transition
metal-treated solid oxide comprises a solid oxide selected
from alumina, titania, zirconia, magnesia, boria, calcia, zinc
oxide, silica-alumina, silica-coated alumina, silica-titania,
silica-zirconia, silica-magnesia, alumina-titania, alumina-
zirconia, zinc-aluminate, alumina-boria, silica-boria, alumi-
num phosphate, aluminophosphate, aluminophosphate-
silica, magnesium aluminate, titania-zirconia, or any
combination thereof.

28. The process of claim 26, wherein the transition
metal-treated solid oxide comprises a transition metal
selected from titanium, zirconium, hafnium, tungsten, zinc,
or any combination thereof.

29. The process of claim 21, wherein the treated solid
oxide comprises a transition metal-treated chemically-modi-
fied solid oxide.

30. The process of claim 29, wherein the transition
metal-treated chemically-modified solid oxide comprises a
transition metal-treated fluorided solid oxide and/or a tran-
sition metal-treated sulfated solid oxide.

31. The process of claim 29, wherein the transition
metal-treated chemically-modified solid oxide comprises a
chemically-modified solid oxide selected from fluorided
alumina, chlorided alumina, bromided alumina, sulfated
alumina, fluorided silica-alumina, chlorided silica-alumina,
bromided silica-alumina, sulfated silica-alumina, fluorided
silica-zirconia, chlorided silica-zirconia, bromided silica-
zirconia, sulfated silica-zirconia, fluorided silica-titania,
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fluorided silica-coated alumina, fluorided-chlorided silica-
coated alumina, sulfated silica-coated alumina, phosphated
silica-coated alumina, or any combination thereof.

32. The process of claim 29, wherein the transition
metal-treated chemically-modified solid oxide comprises a
transition metal selected from titanium, zirconium, hathium,
tungsten, zinc, or any combination thereof.

33. A process for performing a metallalactone elimination
reaction, the process comprising:

(1) contacting

(a) a metallalactone;

(b) a diluent; and

(c) a treated solid oxide comprising a transition metal-
treated solid oxide, a transition metal-treated chemi-
cally-modified solid oxide, or a combination thereof;
and

(2) forming an o,-unsaturated carboxylic acid, or a salt

thereof;

wherein the treated solid oxide does not have an organic

basic moiety that is covalently bound with a linking
moiety to the treated solid oxide; and

wherein the molar yield of the a,p-unsaturated carboxylic

acid, or the salt thereof, based on the metallalactone, is
at least 5%.

34. The process of claim 33, wherein in step (1), the
metallalactone and the diluent contact a fixed bed of the
treated solid oxide.

35. The process of claim 33, wherein:

the molar yield of the a,f-unsaturated carboxylic acid, or

the salt thereof, based on the metallalactone, is from
50% to 10,000%;

the metallalactone is a nickelalactone; and

the o,f-unsaturated carboxylic acid comprises acrylic

acid.

36. The process of claim 33, wherein the treated solid
oxide comprises a transition metal-treated solid oxide.

37. The process of claim 36, wherein the process further
comprises, prior to step (1), a step of contacting a solid oxide
and a transition metal-containing compound and calcining to
form the transition metal-treated solid oxide.

38. The process of claim 37, wherein:

the solid oxide comprises alumina, titania, zirconia, mag-

nesia, boria, calcia, zinc oxide, silica-alumina, silica-
coated alumina, silica-titania, silica-zirconia, silica-

magnesia, alumina-titania, alumina-zirconia, zinc-
aluminate, alumina-boria, silica-boria, aluminum
phosphate, aluminophosphate, aluminophosphate-

silica, magnesium aluminate, titania-zirconia, or any
combination thereof; and

the transition metal-containing compound comprises tita-

nium, zirconium, hathium, tungsten, zinc, or any com-
bination thereof.

39. The process of claim 33, wherein the treated solid
oxide comprises a transition metal-treated chemically-modi-
fied solid oxide.

40. The process of claim 39, wherein the process further
comprises, prior to step (1), the steps of:

contacting a solid oxide and an electron-withdrawing

anion and calcining to form a chemically-modified
solid oxide; and

contacting the chemically-modified solid oxide with a

transition metal-containing compound and calcining to
form the transition metal-treated chemically-modified
solid oxide.
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41. The process of claim 40, wherein the electron-with-
drawing anion comprises fluoride and/or sulfate.

42. The process of claim 40, wherein:

the chemically-modified solid oxide comprises fluorided
alumina, chlorided alumina, bromided alumina, sul-
fated alumina, fluorided silica-alumina, chlorided
silica-alumina, bromided silica-alumina, sulfated
silica-alumina, fluorided silica-zirconia, chlorided
silica-zirconia, bromided silica-zirconia, sulfated
silica-zirconia, fluorided silica-titania, fluorided silica-
coated alumina, fluorided-chlorided silica-coated alu-
mina, sulfated silica-coated alumina, phosphated silica-
coated alumina, or any combination thereof; and

the transition metal-containing compound comprises tita-
nium, zirconium, hafnium, tungsten, zinc, or any com-
bination thereof.

#* #* #* #* #*



