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CATALYST COMPOSITIONS FOR HYDROFORMYLATION AND METHODS OF USE
THEREOF

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This Application claims the benefit of U.S. Provisional Application No. 62/682,192, filed

on June 8, 2018, which is incorporated herein by reference in its entirety.

BACKGROUND OF THE DISCLOSURE

[0002] Hydroformylation is a reaction that converts alkenes, CO, and H into aldehyde

products with linear and branched regioselectivities. Side reactions include alkene
isomerization and hydrogenation. ExxonMobil has a hydroformylation plant in Baton Rouge
that uses the well-known HCo(CO)4 catalyst system, which was originally discovered by Otto
Roelen in Germany in 1938. HCo(CO)4 is considered the most active cobalt catalyst system
known, but has a major weakness in that it decomposes to inactive cobalt metal unless high
enough pressures of CO gas are used. As the temperature of the reaction increases, the CO
partial pressure used must increase logarithmically in order to keep HCo(CO)s; from
decomposing to cobalt metal. ExxonMobil runs their hydroformylation process using a mixture
of branched internal alkenes (Cs to C+2) around 180 °C and 250-300 bar of H./CO. Under
these conditions, aldehydes can be produced with about a 2:1 linear to branched (L:B)
selectivity. This is often called the high-pressure or unmodified cobalt technology. Because
the HCo(CO)4 catalyst has low hydrogenation activity, the aldehydes are hydrogenated to
alcohols in a subsequent catalytic step.

[0003] Shell Chemical discovered that the addition of an alkylated phosphine ligand to the
cobalt catalyst system generated a less active but far more regioselective catalyst for
producing linear aldehydes. The phosphine ligand keeps the cobalt catalyst, HCo(CO)s(PR3),
from decomposing as easily to cobalt metal. This allows Shell to run their hydroformylation
plant under milder pressures and temperatures: 180-200 °C and 60-70 bar. The phosphine
ligand increased the aldehyde L:B selectivity to 8:1, which is very desirable for Shell’s market.
The phosphine ligand also increases the activity of the cobalt catalyst fairly dramatically for
hydrogenating the aldehyde to alcohol, which is also Shell’s desired product. One moderately
serious problem with the Shell catalyst is that it also hydrogenates alkene into alkane,
consuming about 15-20% of the valuable alkene starting material to semi-worthless alkane.
[0004] Despite advances in research directed to catalysts and methods for hydroformylation,
there remain a need for improved, efficient, and accessible catalysts and methods for this

reaction. These needs and other needs are satisfied by the present disclosure.

SUMMARY

1
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[0005] In accordance with the purpose(s) of the disclosure, as embodied and broadly
described herein, the disclosure, in one aspect, relates to compositions comprising cationic
transition metal phosphine complexes, both mono- and bimetallic, e.g., a cobalt phosphine
complex, that can be used to catalyze hydroformylation reactions, and methods of making
same. The disclosed catalysts can be utilized in methods that provide reaction processes that
are hundreds of times faster than high pressure HCo(CO)s or phosphine-modified
HCo(CO)3(PR3) catalysts and operate at considerably lower pressures and temperatures.

[0006] Disclosed are compounds of formula I, or a salt, solvate, or sterecisomer thereof:

— (L1)n (Lz)m n p+

| |

- — formula I;

wherein in formula I: X is selected from the group consisting of O, NR®, and CR°R'® wherein
R® R® and R'° can be the same or different and are each independently selected from the
group consisting of H, C:1—Csalkyl, C>—Cs alkenyl, C1—Cs alkoxy, Ci1—Cxz alcohol, Cs—
Cs cycloalkyl, Cs—Cs cycloalkoxy, Ce—C1oaryl, Ce—Cio alkaryl, Ce—Cioaralkyl, Cs-C1o
heteroaryl, and combinations thereof; or optionally R® and R'® can together form a Cs—Cs
cycloalkyl ring; each occurrence of Y independently represents a divalent linking group
selected from the group consisting of C1-Cs alkyl, C1-Cs alkenyl, Cs-C14 aryl, C4-C14 heteroaryl,
O, NR*, and combinations thereof; each occurrence of R', R?, R® and R* is independently
selected from the group consisting of Ci—Cy alkyl, C1—Cs alkoxy, C1—Cz alcohol, Cs—
Cs cycloalkyl, Cs—Cs cycloalkoxy, Ce—Cioaryl, Ce—Cio alkaryl, CsCioaralkyl, CsCio
heteroaryl, and combinations thereof; or R? and R® may optionally be joined together to form
a ring; or optionally one of R" and one of either R® or R'® may together form a ring; M' and M?
each independently represent a transition metal selected from the group consisting of Fe, Co,
Ni, Cu, Ru, Rh, Pd, Ir, and Pt, and M' and M? can be the same or different; n is an integer
between 0 and 4, wherein the value of the number n for the ligand L' depends on the transition
metal M" and is selected such that the transition metal M" has 14, 15, 16, 17, 18, or 19 valence
electrons; m is an integer between 0 and 4, wherein the value of the number m for the ligand
L2 depends on the transition metal M? and is selected such that the transition metal M? has
14,15, 16, 17, 18, or 19 valence electrons; p is an integer between 0 and 4; and L" and L? can
be the same or different and each occurrence is independently selected from the group
consisting of trialkylphosphine, tricycloalkylphosphine, diethyl ether, tetrahydrofuran, H-O,

CO, acetylacetonate, acetate, C1-Cs alkoxide, acetonitrile, cyclooctadiene, N(R');, N(R'™),,
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C+-Ce alkyl, C4-C1o heteroaryl, Cs-C1o heterocycle, H, Cl, Br, |, and F; wherein R'" is H, alkyl,
cyclcoalkyl, heteroalkyl, or heterocyclic.
[0007] Also disclosed are compounds of formula (ll), or a salt, solvate, or sterecisomer

thereof:

{Lyo 7] q+

|
\/\/F‘5
R*“‘/\ /\R“’

formula (1);
wherein in formula (I1): each occurrence of R® and R® is independently selected from the group
consisting of C1—Cyo alkyl, C1—Cs alkoxy, C1—Cxoalcohol, C3—Cs cycloalkyl, Cs—Cs cycloalkoxy,
Ce—Cro aryl, Ce—C1o alkaryl, Ce—C1o aralkyl, or combinations thereof, or R®> and R® may
optionally be joined together to form a ring; Z represents a divalent linking group selected from
the group consisting of C+-Cs alkyl, C+-Cs alkenyl, Ce-C14 aryl, C4-C14 heteroaryl, O, NR*, and
combinations thereof; M is a transition metal selected from the group consisting of Fe, Co, Ni,
Cu, Ru, Rh, Pd, Ir, and Pt; o is an integer between 0 and 4, wherein the value of the number
o for the ligand L depends on the transition metal M and is selected such that the transition
metal M has 14, 15, 16, 17, 18, or 19 valence electrons; q is an integer between 0 and 4; and
each occurrence of L can be the same or different and is selected from the group consisting
of trialkylphosphine, tricycloalkylphosphine, diethyl ether, tetrahydrofuran, H.O, CO,
acetylacetonate, acetate, C4-Cs alkoxide, acetonitrile, cyclooctadiene, N(R"")s, N(R")z, C+-Ce
alkyl, C4-C1o heteroaryl, Cs-C1o heterocycle, H, CI, Br, |, and F; wherein R is H, alkyl,
cyclcoalkyl, heteroalkyl, or heterocyclic.
[0008] Also disclosed are methods of making the compounds of formula | and formula Il.
[0009] Also disclosed are methods of preparing an aldehyde-containing compound, the
method comprising contacting an alkene-containing compound with a disclosed cationic
transition metal phosphine complexes, e.g., a compound of formula | and/or formula Il, in the
presence of hydrogen (H>) and carbon monoxide (CO), whereby the alkene is converted to an
aldehyde.
[0010] Other systems, methods, features, and advantages of the present disclosure will be or
become apparent to one with skill in the art upon examination of the following drawings and
detailed description. It is intended that all such additional systems, methods, features, and
advantages be included within this description, be within the scope of the present disclosure,
and be protected by the accompanying claims. In addition, all optional and preferred features

and modifications of the described embodiments are usable in all aspects of the disclosure
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taught herein. Furthermore, the individual features of the dependent claims, as well as all
optional and preferred features and modifications of the described embodiments are

combinable and interchangeable with one another.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Many aspects of the present disclosure can be better understood with reference to the

following drawings. The components in the drawings are not necessarily to scale, emphasis
instead being placed upon clearly illustrating the principles of the present disclosure.
Moreover, in the drawings, like reference numerals designate corresponding parts throughout
the several views.

[0012] FIG. 1 depicts a hydroformylation reaction.

[0013] FIG. 2 comprising FIGs. 2A-2B, depicts the structure of exemplary highly active
cationic cobalt hydroformylation catalyst precursors of the present disclosure. FIG. 2A depicts
the structure of Co(acac).(rac-et,ph-P4-Ph)]?*. FIG. 2B depicts the structure of
[Co(acac){(PEt.)2(1,2-CeH4)}]*. Both catalysts have BF 4~ counter ions.

[0014] FIG. 3 depicts the crystal structure of Ni(F)(CHs)[d(iPr)pe] showing stick and space-
filling models with the same orientation.

[0015] FIG. 4, comprising FIGs. 4A and 4B, shows the effect of odd electron counts and
reactivity. FIG. 4A is a scheme depicting an equilibrium between exemplary catalyst
precursors of the present disclosure and carbon monoxide (CO). FIG. 4B is a scheme showing
reactivity differences for substitution reactions for 18e- and 17e- complexes.

[0016] FIG. 5 is a scheme showing an updated proposed mechanism for cationic Co(ll)
hydroformylation with bisphosphine ligands that do not block the axial coordination sites. Only
production of the linear aldehyde product is shown, although a similar mechanism to make the
branched aldehyde may also be used.

[0017] FIG. 6 shows chemical structures for representative disclosed catalyst precursors and
ligands and associated ligand abbreviations.

[0018] FIG. 7 shows chemical structures for representative disclosed biphenphos ligand.
[0019] FIG. 8 shows representative data for a high pressure infrared (IR) spectroscopic study
of the [Co(acac)(DPPBz)](BF4) catalyst precursor under various pressures of pure carbon
monoxide as indicated. The IR peaks for CO and the catalyst precursors are as indicated in
the figure.

[0020] Additional advantages of the disclosure will be set forth in part in the description which
follows, and in part will be obvious from the description, or can be learned by practice of the
disclosure. The advantages of the disclosure will be realized and attained by means of the
elements and combinations particularly pointed out in the appended claims. It is to be

understood that both the foregoing general description and the following detailed description
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are exemplary and explanatory only and are not restrictive of the disclosure, as claimed.

DETAILED DESCRIPTION

[0021] Many modifications and other embodiments disclosed herein will come to mind to one

skilled in the art to which the disclosed compositions and methods pertain having the benefit
of the teachings presented in the foregoing descriptions and the associated drawings.
Therefore, it is to be understood that the disclosures are not to be limited to the specific
embodiments disclosed and that modifications and other embodiments are intended to be
included within the scope of the appended claims. The skilled artisan will recognize many
variants and adaptations of the aspects described herein. These variants and adaptations are
intended to be included in the teachings of this disclosure and to be encompassed by the
claims herein.

[0022] Although specific terms are employed herein, they are used in a generic and
descriptive sense only and not for purposes of limitation.

[0023] As will be apparent to those of skill in the art upon reading this disclosure, each of the
individual embodiments described and illustrated herein has discrete components and
features which may be readily separated from or combined with the features of any of the
other several embodiments without departing from the scope or spirit of the present disclosure.
[0024] Any recited method can be carried out in the order of events recited or in any other
order that is logically possible. That is, unless otherwise expressly stated, it is in no way
intended that any method or aspect set forth herein be construed as requiring that its steps be
performed in a specific order. Accordingly, where a method claim does not specifically state
in the claims or descriptions that the steps are to be limited to a specific order, it is no way
intended that an order be inferred, in any respect. This holds for any possible non-express
basis for interpretation, including matters of logic with respect to arrangement of steps or
operational flow, plain meaning derived from grammatical organization or punctuation, or the
number or type of aspects described in the specification.

[0025] All publications mentioned herein are incorporated herein by reference to disclose and
describe the methods and/or materials in connection with which the publications are cited. The
publications discussed herein are provided solely for their disclosure prior to the filing date of
the present application. Nothing herein is to be construed as an admission that the present
invention is not entitled to antedate such publication by virtue of prior invention. Further, the
dates of publication provided herein can be different from the actual publication dates, which
can require independent confirmation.

[0026] While aspects of the present disclosure can be described and claimed in a particular
statutory class, such as the system statutory class, this is for convenience only and one of skill

in the art will understand that each aspect of the present disclosure can be described and
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claimed in any statutory class.

[0027] It is also to be understood that the terminology used herein is for the purpose of
describing particular aspects only and is not intended to be limiting. Unless defined otherwise,
all technical and scientific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which the disclosed compositions and methods
belong. It will be further understood that terms, such as those defined in commonly used
dictionaries, should be interpreted as having a meaning that is consistent with their meaning
in the context of the specification and relevant art and should not be interpreted in an idealized
or overly formal sense unless expressly defined herein.

[0028] Prior to describing the various aspects of the present disclosure, the following
definitions are provided and should be used unless otherwise indicated. Additional terms may

be defined elsewhere in the present disclosure.

Definitions

[0029] Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this disclosure
belongs. Although any methods and materials similar or equivalent to those described herein
can be used in the practice or testing of the present disclosure, the preferred methods and
materials are described.

[0030] As used herein, each of the following terms has the meaning associated with it in this
section.

[0031] As used herein, “comprising” is to be interpreted as specifying the presence of the
stated features, integers, steps, or components as referred to, but does not preclude the
presence or addition of one or more features, integers, steps, or components, or groups

»oou

thereof. Moreover, each of the terms “by”’, “comprising,” “comprises”, “comprised of,”

“‘including,” “includes,” “included,” “involving,” “involves,” “involved,” and “such as” are used in
their open, non-limiting sense and may be used interchangeably. Further, the term
“‘comprising” is intended to include examples and aspects encompassed by the terms
“consisting essentially of’” and “consisting of.” Similarly, the term “consisting essentially of” is
intended to include examples encompassed by the term “consisting of.

[0032] The articles “a” and “an” are used herein to refer to one or to more than one (i.e., to at
least one) of the grammatical object of the article. By way of example, “an element” means
one element or more than one element.

[0033] It should be noted that ratios, concentrations, amounts, and other numerical data can
be expressed herein in a range format. It will be further understood that the endpoints of each
of the ranges are significant both in relation to the other endpoint, and independently of the

other endpoint. It is also understood that there are a number of values disclosed herein, and
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that each value is also herein disclosed as “about” that particular value in addition to the value
itself. For example, if the value “10” is disclosed, then “about 10” is also disclosed. Ranges
can be expressed herein as from “about” one particular value, and/or to “about” another
particular value. Similarly, when values are expressed as approximations, by use of the
antecedent “about,” it will be understood that the particular value forms a further aspect. For
example, if the value “about 10” is disclosed, then “10” is also disclosed.

[0034] When a range is expressed, a further aspect includes from the one particular value
and/or to the other particular value. For example, where the stated range includes one or both
of the limits, ranges excluding either or both of those included limits are also included in the
disclosure, e.g. the phrase “x to y” includes the range from ‘X’ to 'y’ as well as the range greater
than ‘X’ and less than ‘y’. The range can also be expressed as an upper limit, e.g. ‘about x, vy,
z, or less’ and should be interpreted to include the specific ranges of ‘about X, ‘about y’, and
‘about z’ as well as the ranges of ‘less than X, less than y’, and ‘less than z'. Likewise, the
phrase ‘about x, y, z, or greater’ should be interpreted to include the specific ranges of ‘about
X, ‘about y’, and ‘about z’ as well as the ranges of ‘greater than x’, greater than y’, and ‘greater

(AL

than z’. In addition, the phrase “about ‘X’ to ‘y””, where X’ and ‘y’ are numerical values, includes
“about X’ to about ‘y”.

[0035] It is to be understood that such a range format is used for convenience and brevity,
and thus, should be interpreted in a flexible manner to include not only the numerical values
explicitly recited as the limits of the range, but also to include all the individual numerical values
or sub-ranges encompassed within that range as if each numerical value and sub-range is
explicitly recited. To illustrate, a numerical range of “about 0.1% to 5%” should be interpreted
to include not only the explicitly recited values of about 0.1% to about 5%, but also include
individual values (e.g., about 1%, about 2%, about 3%, and about 4%) and the sub-ranges
(e.g., about 0.5% to about 1.1%; about 5% to about 2.4%; about 0.5% to about 3.2%, and
about 0.5% to about 4.4%, and other possible sub-ranges) within the indicated range.

» o

[0036] As used herein, the terms “about,” “approximate,” “at or about,” and “substantially”
mean that the amount or value in question can be the exact value or a value that provides
equivalent results or effects as recited in the claims or taught herein. That is, it is understood
that amounts, sizes, formulations, parameters, and other quantities and characteristics are not
and need not be exact, but may be approximate and/or larger or smaller, as desired, reflecting
tolerances, conversion factors, rounding off, measurement error and the like, and other factors
known to those of skill in the art such that equivalent results or effects are obtained. In some
circumstances, the value that provides equivalent results or effects cannot be reasonably
determined. In general, an amount, size, formulation, parameter or other quantity or
characteristic is “about,” “approximate,” or “at or about” whether or not expressly stated to be

such. It is understood that where “about,” “approximate,” or “at or about” is used before a



WO 2019/237090 PCT/US2019/036194

guantitative value, the parameter also includes the specific quantitative value itself, unless
specifically stated otherwise. In such cases, it is generally understood, as used herein, that
“about” and “at or about” mean the nominal value indicated £10% variation unless otherwise
indicated or inferred.

[0037] As used herein, the term “alkyl,” by itself or as part of another substituent means,
unless otherwise stated, a straight or branched chain hydrocarbon having the number of
carbon atoms designated (i.e., C1-C1o means one to ten carbon atoms) and includes straight,
branched chain, or cyclic substituent groups. Examples include methyl, ethyl, propyl,
isopropyl, butyl, isobutyl, tert-butyl, pentyl, neopentyl, hexyl, and cyclopropylmethyl. Other
examples include (C+-Ce)alkyl, such as, but not limited to, ethyl, methyl, isopropyl, isobutyl, n-
pentyl, n-hexyl and cyclopropylmethyl.

[0038] As used herein, the term “cycloalkyl” refers to a mono cyclic or polycyclic non-aromatic
group, wherein each of the atoms forming the ring (i.e. skeletal atoms) is a carbon atom. In
one aspect, the cycloalkyl group is saturated or partially unsaturated. In another aspect, the
cycloalkyl group is fused with an aromatic ring. Cycloalkyl groups include groups having from
3 to 10 ring atoms. lllustrative examples of cycloalkyl groups include, but are not limited to,

the following moieties:
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[0039] Monocyclic cycloalkyls include, but are not limited to, cyclopropyl, cyclobutyl,

4

P

cyclopentyl, cyclohexyl, cycloheptyl, and cyclooctyl. Dicyclic cycloalkyls include, but are not
limited to, tetrahydronaphthyl, indanyl, and tetrahydropentalene. Polycyclic cycloalkyls include
adamantine and norbornane. The term cycloalkyl includes “unsaturated nonaromatic
carbocyclyl” or “nonaromatic unsaturated carbocyclyl” groups, both of which refer to a
nonaromatic carbocycle as defined herein, which contains at least one carbon-carbon double
bond or one carbon-carbon triple bond.

[0040] As used herein, the term “alkenyl,” employed alone or in combination with other terms,
means, unless otherwise stated, a stable mono-unsaturated or di-unsaturated straight chain
or branched chain hydrocarbon group having the stated number of carbon atoms. Examples
include vinyl, propenyl (or allyl), crotyl, isopentenyl, butadienyl, 1,3-pentadienyl, 1,4-

pentadienyl, and the higher homologs and isomers. A functional group representing an alkene
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is exemplified by -CH>-CH=CH..

[0041] As used herein, the term “alkynyl,” employed alone or in combination with other terms,
means, unless otherwise stated, a stable straight chain or branched chain hydrocarbon group
with a triple carbon-carbon bond, having the stated number of carbon atoms. Non-limiting
examples include ethynyl and propynyl, and the higher homologs and isomers. The term
“propargylic” refers to a group exemplified by -CH,-C=CH. The term “homopropargylic” refers
to a group exemplified by -CH>CH>-C=CH. The term “substituted propargylic” refers to a group
exemplified by -CR»>-C=CR, wherein each occurrence of R is independently H, alkyl,
substituted alkyl, alkenyl or substituted alkenyl, with the proviso that at least one R group is
not hydrogen. The term “substituted homopropargylic” refers to a group exemplified by -
CR2CR2-C=CR, wherein each occurrence of R is independently H, alkyl, substituted alkyl,
alkenyl or substituted alkenyl, with the proviso that at least one R group is not hydrogen.
[0042] As used herein, the term “substituted alkyl,” “substituted cycloalkyl,” “substituted
alkenyl” or “substituted alkynyl” means alkyl, cycloalkyl, alkenyl or alkynyl, as defined above,
substituted by one, two or three substituents. In one aspect, the substituents are selected from
the group consisting of halogen, -OH, alkoxy, tetrahydro-2-H-pyranyl, -NHz, -N(CHz3)2, (1-
methyl-imidazol-2-yl), pyridin-2-yl, pyridin-3-yl, pyridin-4-yl, -C(=0O)OH, trifluoromethyl, -C=N,
-C(=0)O(C+-Cy)alkyl, -C(=O)NH2, -C(=O)NH(C1-Cs)alkyl, -C(=O)N((C1-Cas)alkyl)2, -SO2NH>, -
C(=NH)NH;, and -NO, In one aspect, one or two substituents are present and include
halogen, -OH, alkoxy, -NH,, trifluoromethyl, -N(CHs)>, and -C(=O)OH. In one aspect, the
substituents include halogen, alkoxy and -OH. Examples of substituted alkyls include, but are
not limited to, 2,2-difluoropropyl, 2-carboxycyclopentyl and 3-chloropropyl.

[0043] As used herein, the term “alkoxy” employed alone or in combination with other terms
means, unless otherwise stated, an alkyl group having the designated number of carbon
atoms, as defined above, connected to the rest of the molecule via an oxygen atom, such as,
for example, methoxy, ethoxy, 1-propoxy, 2-propoxy (isopropoxy) and the higher homologs
and isomers. Non-limiting examples include (C+-Cs)alkoxy, such as, but not limited to, ethoxy
and methoxy.

[0044] As used herein, the term “halo” or “halogen” alone or as part of another substituent
means, unless otherwise stated, a fluorine, chlorine, bromine, or iodine atom. In one aspect,
halo includes fluorine, chlorine, or bromine. In one aspect, halo includes fluorine or chlorine.
[0045] As used herein, the term “heteroalkyl” by itself or in combination with another term
means, unless otherwise stated, a stable straight or branched chain alkyl group consisting of
the stated number of carbon atoms and one or two heteroatoms selected from the group
consisting of B, O, N, S, and P and wherein the nitrogen, sulfur, and phosphorous atoms may
be optionally oxidized and the nitrogen heteroatom may be optionally quaternized. The

heteroatom(s) may be placed at any position of the heteroalkyl group, including between the
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rest of the heteroalkyl group and the fragment to which it is attached, as well as attached to
the most distal carbon atom in the heteroalkyl group. Examples include: -O-CH,-CH>-CHs, -
CH2-CH2-CH2-OH, -CH2-CH2-NH-CHj3, -CH>-S-CH»-CHs, and -CH>CH.-S(=0)-CHas. Up to two
heteroatoms may be consecutive, such as, for example, -CHx-NH-OCHs,
or -CH»>-CH»-S-S-CH5

[0046] As used herein, the term “heteroalkenyl” by itself or in combination with another term
means, unless otherwise stated, a stable straight or branched chain monounsaturated or
di-unsaturated hydrocarbon group consisting of the stated number of carbon atoms and one
or two heteroatoms selected from the group consisting of B, O, N, S, and P and wherein the
nitrogen, sulfur, and phosphorous atoms may optionally be oxidized and the nitrogen
heteroatom may optionally be quaternized. Up to two heteroatoms may be placed
consecutively. Examples include -CH=CH-O-CHjs, -CH=CH-CH>-OH,
-CH2-CH=N-OCHj3, -CH=CH-N(CH?3)-CHs, and -CH>-CH=CH-CH>-SH.

[0047] As used herein, the term “aromatic” refers to a carbocycle or heterocycle with one or
more polyunsaturated rings and having aromatic character, i.e., having (4n+2) delocalized p
(pi) electrons, where n is an integer.

[0048] As used herein, the term “aryl,” employed alone or in combination with other terms,
means, unless otherwise stated, a carbocyclic aromatic system containing one or more rings
(typically one, two or three rings) wherein such rings may be attached together in a pendent
manner, such as a biphenyl, or may be fused, such as naphthalene. Examples include phenyl,
anthracyl, and naphthyl. In one aspect, aryl includes phenyl and naphthyl. In one aspect, the
aryl is phenyl.

[0049] As used herein, the term “aryl-(C+-Cs)alkyl” or “arylalkyl” means a functional group
wherein a one to three carbon alkylene chain is attached to an aryl group,
e.g., -CH2CHz-phenyl or —CHx-phenyl (benzyl). Preferred is aryl-CH»>- and aryl-CH(CHs)-. The
term “substituted aryl-(C+-Cs)alkyl” means an aryl-(C4-Cs)alkyl functional group in which the
aryl group is substituted. In one aspect, the arylalkyl is substituted aryl(CH2)-. Similarly, the
term “heteroaryl-(C+-Cs)alkyl” means a functional group wherein a one to three carbon
alkylene chain is attached to a heteroaryl group, e.g., -CH>CHx-pyridyl. In one aspect, the
heteroaryl-(C1-Cs)alkyl is heteroaryl-(CH2)-. The term “substituted heteroaryl-(C+-Cs)alkyl”
means a heteroaryl-(C+-Cs)alkyl functional group in which the heteroaryl group is substituted.
In one aspect, the substituted heteroaryl-(C+-Cs)alkyl is substituted heteroaryl-(CH>)-.

[0050] As used herein, the term “heterocycle” or “heterocyclyl” or “heterocyclic” by itself or as
part of another substituent means, unless otherwise stated, an unsubstituted or substituted,
stable, mono- or multi-cyclic heterocyclic ring system that consists of carbon atoms and at
least one heteroatom selected from the group consisting of B, O, N, S, and P and wherein the

nitrogen, sulfur, and phosphorous heteroatoms may be optionally oxidized, and the nitrogen
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atom may be optionally quaternized. The heterocyclic system may be attached, unless
otherwise stated, at any heteroatom or carbon atom that affords a stable structure. A
heterocycle may be aromatic or non-aromatic in nature. In one aspect, the heterocycle is a
heteroaryl. A polycyclic heteroaryl may include one or more rings that are partially saturated.

Examples include the following moieties:
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[0051] As used herein, the term “heterocycloalkyl” or “heterocyclyl” refers to a heteroalicyclic
group containing one to four ring heteroatoms each selected from B, O, S, N, and P. In one
aspect, each heterocycloalkyl group has from 4 to 10 atoms in its ring system, with the proviso
that the ring of said group does not contain two adjacent O or S atoms. In another aspect, the
heterocycloalkyl group is fused with an aromatic ring. In one aspect, the nitrogen and sulfur
heteroatoms may be optionally oxidized, and the nitrogen atom may be optionally quaternized.
The heterocyclic system may be attached, unless otherwise stated, at any heteroatom or
carbon atom that affords a stable structure. A heterocycle may be aromatic or non-aromatic
in nature. In one aspect, the heterocycle is a heteroaryl.

[0052] An example of a 3-membered heterocycloalkyl group includes, and is not limited to,
aziridine. Examples of 4-membered heterocycloalkyl groups include, and are not limited to,
azetidine and a beta lactam. Examples of 5-membered heterocycloalkyl groups include, and
are not limited to, pyrrolidine, oxazolidine and thiazolidinedione. Examples of 6-membered
heterocycloalkyl groups include, and are not limited to, piperidine, morpholine and piperazine.

Other non-limiting examples of heterocycloalkyl groups are:

11
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[0053] Examples of non-aromatic heterocycles include monocyclic groups such as aziridine,
oxirane, thiirane, azetidine, oxetane, thietane, pyrrolidine, pyrroline, pyrazolidine, imidazoline,
dioxolane, sulfolane, 2,3-dihydrofuran, 2,5-dihydrofuran, tetrahydrofuran, thiophane,
piperidine, 1,2,3,6-tetrahydropyridine,  1,4-dihydropyridine, piperazine, morpholine,
thiomorpholine, pyran, 2,3-dihydropyran, tetrahydropyran, 1,4-dioxane, 1,3-dioxane,
homopiperazine, homopiperidine, 1,3-dioxepane, 4,7-dihydro-1,3-dioxepin, and
hexamethyleneoxide.
[0054] As used herein, the term “heteroaryl” or “heteroaromatic” refers to a heterocycle
having aromatic character. A polycyclic heteroaryl may include one or more rings that are

partially saturated. Examples include the following moieties:
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[0055] Examples of heteroaryl groups include pyridyl, pyrazinyl, pyrimidinyl (such as, but not
limited to, 2- and 4-pyrimidinyl), pyridazinyl, thienyl, furyl, pyrrolyl, imidazolyl, thiazolyl,
oxazolyl, pyrazolyl, isothiazolyl, 1,2,3-triazolyl, 1,2,4-triazolyl, 1,3,4-triazolyl, tetrazolyl,
1,2,3-thiadiazolyl, 1,2,3-oxadiazolyl, 1,3,4-thiadiazolyl and 1,3,4-oxadiazolyl.

[0056] Examples of polycyclic heterocycles include indolyl (such as, but not limited to, 3-, 4-,

12



WO 2019/237090 PCT/US2019/036194

5-, 6- and 7-indolyl), indolinyl, quinolyl, tetrahydroquinolyl, isoquinolyl (such as, but not limited
to, 1- and 5-isoquinolyl), 1,2,3,4-tetrahydroisoquinolyl, cinnolinyl, quinoxalinyl (such as, but
not limited to, 2- and 5-quinoxalinyl), quinazolinyl, phthalazinyl, 1,8-naphthyridinyl,
1,4-benzodioxanyl, coumarin, dihydrocoumarin, 1,5-naphthyridinyl, benzofuryl (such as, but
not limited to, 3-, 4-, 5-, 6- and 7-benzofuryl), 2,3-dihydrobenzofuryl, 1,2-benzisoxazolyl,
benzothienyl (such as, but not limited to, 3-, 4-, 5-, 6-, and 7-benzothienyl), benzoxazolyl,
benzothiazolyl (such as, but not limited to, 2-benzothiazolyl and 5-benzothiazolyl), purinyl,
benzimidazolyl, benztriazolyl, thioxanthinyl, carbazolyl, carbolinyl, acridinyl, pyrrolizidinyl, and
quinolizidinyl.

[0057] The aforementioned listing of heterocyclyl and heteroaryl moieties is intended to be
representative and not limiting.

[0058] As used herein, the term “substituted” means that an atom or group of atoms has
replaced hydrogen as the substituent attached to another group. The term “substituted” further
refers to any level of substitution, namely mono-, di-, tri-, tetra-, or penta-substitution, where
such substitution is permitted. The substituents are independently selected, and substitution
may be at any chemically accessible position. In one aspect, the substituents vary in number
between one and four. In another aspect, the substituents vary in number between one and
three. In yet another aspect, the substituents vary in number between one and two.

[0059] As used herein, the term “optionally substituted” means that the referenced group may
be substituted or unsubstituted. In one aspect, the referenced group is optionally substituted
with zero substituents, i.e., the referenced group is unsubstituted. In another aspect, the
referenced group is optionally substituted with one or more additional group(s) individually and
independently selected from groups described herein.

[0060] In one aspect, the substituents are independently selected from the group consisting
of oxo, halogen, -CN, -NH>, -OH, -NH(CHzs), -N(CHa)>, alkyl (including straight chain, branched
and/or unsaturated alkyl), substituted or unsubstituted cycloalkyl, substituted or unsubstituted
heterocycloalkyl, fluoro alkyl, substituted or unsubstituted heteroalkyl, substituted or
unsubstituted alkoxy, fluoroalkoxy, -S-alkyl, S(=O).alkyl, -C(=O)NH[substituted or
unsubstituted alkyl, or substituted or unsubstituted phenyl], -C(=O)N[H or alkyl], -
OC(=O)N[substituted or unsubstituted alkyl],, -NHC(=O)NH[substituted or unsubstituted alkyl,
or substituted or unsubstituted phenyl], -NHC(=O)alkyl, -N[substituted or unsubstituted
alkyl]C(=O)[substituted or unsubstituted alkyl], -NHC(=O)[substituted or unsubstituted alkyl], -
C(OH)[substituted or unsubstituted alkyl],, and -C(NHy)[substituted or unsubstituted alkyl].. In
one aspect, by way of example, an optional substituent is selected from oxo, fluorine, chlorine,
bromine, iodine, -CN, -NH;, -OH, -NH(CH3), -N(CHs)2, -CHa, -CH>CH3, -CH(CH3)2, -CF3, -
CH:CF3;, -OCHs, -OCH2CHs, -OCH(CHs)2, -OCFs, - OCH.CF3, -S(=0)2-CHs, -SOs;H, -
C(=O)NH3, -C(=0)-NHCH?3;, -NHC(=O)NHCHj5, -C(=0O)CHj3, and -C(=0)OH. In one aspect, the

13



WO 2019/237090 PCT/US2019/036194

substituents are independently selected from the group consisting of Ci alkyl, -OH, Ci.s
alkoxy, halo, amino, acetamido, oxo and nitro. In yet another aspect, the substituents are
independently selected from the group consisting of Ci.s alkyl, C1¢ alkoxy, halo, acetamido,
and nitro. As used herein, where a substituent is an alkyl or alkoxy group, the carbon chain
may be branched, straight or cyclic, with straight being preferred. In one aspect, the
substituents are positively or negatively charged groups consisting of -NRs*, -SOs™, or related
species.

[0061] For aryl, aryl-(C+-Cs)alkyl and heterocyclyl groups, the term “substituted” as applied to
the rings of these groups refers to any level of substitution, namely mono-, di-, tri-, tetra-, or
penta-substitution, where such substitution is permitted. The substituents are independently
selected, and substitution may be at any chemically accessible position. In one aspect, the
substituents vary in number between one and four. In one aspect, the substituents vary in
number between one and three. In one aspect, the substituents vary in number between one
and two.

[0062] As used herein, the terms “DPPBz,” “DEPBz,” “dppe,” and “depe” refer to the structures

shown by the formulas as follows:

odihedi

Neo” Neo”
RZP/ \PRZ RZP/ \PRZ
dppe (R = Ph}
depe (R = Et)
DPPBz (R = Ph)
DEPBz (R = Et)

In the foregoing, “Ph” refers to a phenyl group, and “Et” refers to an ethyl group. That is, “Ph”

represents the structure shown by the following formula:

,and

“Et” represents the structure shown by the following formula:
g—CHch3

[0063] Unless otherwise specified, temperatures referred to herein are based on atmospheric

pressure (i.e. one atmosphere).

[0064] In various aspects, the present disclosure relates in part to highly active cationic cobalt
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phosphine complexes, both mono- and bimetallic, that can catalyze hydroformylation
reactions. The disclosed catalysts can be utilized in methods that provide reaction processes
that are hundreds of times faster than high pressure HCo(CO)s or phosphine-modified
HCo(CO)3(PR3) catalysts and operate at considerably lower pressures and temperatures.

Thus, the present disclosure is related in part to methods of hydroformylation.

Compounds of the Disclosure.

[0065] The compounds of the present disclosure may be synthesized using techniques well-
known in the art of organic synthesis. The starting materials and intermediates required for
the synthesis may be obtained from commercial sources or synthesized according to methods
known to those skilled in the art.

[0066] In various aspects, the present disclosure relates to a compound of formula |, or a salt,

solvate, or stereoisomer thereof:

— (L1)n (Lz)m n p+

| |
M M

- — formula I;

wherein in formula I: X is selected from the group consisting of O, NR®, and CR°R'® wherein
R® R® and R'° can be the same or different and are each independently selected from the
group consisting of H, C1—Csalkyl, C>—Cs alkenyl, C1—Cs alkoxy, Ci1—Cxz alcohol, Cs—
Cs cycloalkyl, Cs—Cs cycloalkoxy, Ce—C1oaryl, Ce—Cio alkaryl, Ce—Cioaralkyl, Cs-C1o
heteroaryl, and combinations thereof; or optionally R® and R'® can together form a Cs—Cs
cycloalkyl ring; each occurrence of Y independently represents a divalent linking group
selected from the group consisting of C+-Cs alkyl, C1-Cs alkenyl, Ce-C14 aryl, C4-C14 heteroaryl,
O, NR*, and combinations thereof; each occurrence of R', R?, R® and R* is independently
selected from the group consisting of Ci—Cy alkyl, C1—Cs alkoxy, C1—Cz alcohol, Cs—
Cs cycloalkyl, Cs—Cs cycloalkoxy, Ces—C1oaryl, Ce—Cio alkaryl, Ce—Cio aralkyl, Cs-C1o
heteroaryl, and combinations thereof; or R? and R® may optionally be joined together to form
a ring; or optionally one of R" and one of either R® or R'® may together form a ring; M' and M?
each independently represent a transition metal selected from the group consisting of Fe, Co,
Ni, Cu, Ru, Rh, Pd, Ir, and Pt, and M' and M? can be the same or different; n is an integer
between 0 and 4, wherein the value of the number n for the ligand L' depends on the transition
metal M' and is selected such that the transition metal M" has 14, 15, 16, 17, 18, or 19 valence

electrons; m is an integer between 0 and 4, wherein the value of the number m for the ligand
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L2 depends on the transition metal M? and is selected such that the transition metal M? has
14,15, 16, 17, 18, or 19 valence electrons; p is an integer between 0 and 4; and L" and L? can
be the same or different and each occurrence is independently selected from the group
consisting of trialkylphosphine, tricycloalkylphosphine, diethyl ether, tetrahydrofuran, H-O,
CO, acetylacetonate, acetate, C4-Cs alkoxide, acetonitrile, cyclooctadiene, N(R')s, N(R").,
C+-Cs alkyl, C4-C10 heteroaryl, C4-C1o heterocycle, H, Cl, Br, |, and F; wherein R is H, alkyl,
cyclcoalkyl, heteroalkyl, or heterocyclic.

[0067] In a further aspect, X is CR®R®. In one aspect, R® and R' are each hydrogen. In one
aspect, R? and R® are each C1+—Cs alkyl. In one aspect, R? and R?® are each ethyl. In one aspect,
R' is phenyl. In one aspect, Y is 1,2-phenylene, which is optionally substituted. In one aspect,
M" and M? are each independently selected from the group consisting of Co and Rh. In one
aspect, p is 2. In one aspect, L' and L? are each independently selected from the group
consisting of acetoacetonate, acetonitrile, pyridine, and cyclooctadiene.

[0068] In a still further aspect, X is selected from NR® and CR®°R'°, wherein each of R8, R®, and
R'% is independently selected from the group consisting of H, C1—C12 alkyl, C+—Czoalcohol, Cs—
Cs cycloalkyl, Ce—C1o aryl, and Cs—Cio alkyl-substituted aryl (with C+-C+2 alkyls), and wherein
R® and R'® can form a C3—Cs cycloalkyl ring. In a yet further aspect, X is selected from NR®
and CR®R' wherein each of R® R® and R'is independently selected from the group
consisting of H, C4~C12 alkyl, C4—C12 alcohol, Cs cycloalkyl, Ce—C1o aryl, and Cs—C10 alkyl-
substituted aryl (with C+-Cs alkyls), and wherein R® and R can form a Cs—Cs cycloalkyl ring.
In a further aspect, X is selected from C¢—C1o aryl and Cs—C1o alkyl-substituted aryl (with C1-
Ci12 alkyls).

[0069] In a further aspect, Y is selected from C,-Cs alkyl, C>-Cs alkenyl, Cs-C1o aryl, and Ce—
C1o alkyl-substituted aryl (with C4-C12 alkyls). In a still further aspect, Y is selected from C,-Cs
alkyl, C>-C4 alkenyl, Cs-C1o aryl, and Cs—Cio alkyl-substituted aryl (with C1-Cs alkyls). In a yet
further aspect, Y is selected from Cs—C1o aryl and Cs—C1o alkyl-substituted aryl (with C4-C2
alkyls).

[0070] In a further aspect, each of R', R?, R®, and R*is independently selected from the group
consisting of C1—C+2 alkyl, C1—Cz0 alcohol, C3s—Ce cycloalkyl, Cs—C1o aryl, and Cs—C1o alkyl-
substituted aryl (with C+-C+; alkyls); or R? and R® may optionally be joined together to form a
ring. In a still further aspect, each of R', R?, R® and R* is independently selected from the
group consisting C>—Cs alkyl, C—C1o alcohol, Cs—Cs cycloalkyl, Ce—C10 aryl, Cs—C1o alkyl-
substituted aryl (with C4-Ce alkyls), and combinations thereof; or R? and R® may optionally be
joined together to form a ring.

[0071] In a further aspect, each of M' and M? are independently are a transition metal selected
from the group consisting of Fe, Co, Ni, Ru, Rh, and Pd, wherein M' and M? can be the same

or different. In some aspects, each of M' and M? are different. For example, each of M' and
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M? are independently are a transition metal selected from the group consisting of Fe, Ni, Co,
Ru, Rh, and Pd, such that M" and M? are different transition metals. In other aspects, each of
each of M' and M? are the same. For example, each of M' and M? are the same transition
metal selected from the group consisting of Fe, Ni, Co, Ru, Rh, and Pd. In a still further aspect,
each of M" and M? are independently are a transition metal selected from the group consisting
of Fe, Co, Ru, Rh, and Pd, and M" and M? can be the same or different. In some aspects,
each of M' and M? are different. For example, each of M' and M? are independently are a
transition metal selected from the group consisting of Fe, Co, Ru, Rh, and Pd, such that M'
and M? are different transition metals. In other aspects, each of each of M'" and M? are the
same. For example, each of M' and M? are the same transition metal selected from the group
consisting of Fe, Co, Ru, Rh, and Pd. In a yet further aspect, each of M" and M? is Co.
[0072] In a further aspect, for each occurrence of L' and L? is independently selected from the
group consisting of trialkylphosphine, tetrahydrofuran, H.O, CO, acetylacetonate, Ci-Cs
alkoxide, acetonitrile, cyclooctadiene, N(R'")s, N(R'"),, C1-Cs alkyl, C4-C1o heteroaryl, C4-C1o
heterocycle, H, Cl, Br, |, and F; wherein R'" is H, alkyl, cyclcoalkyl, heteroalkyl, and
heterocyclic, wherein each occurrence of L' and L? be the same or different. In a still further
aspect, for each occurrence of L' and L? is independently selected from the group consisting
of tetrahydrofuran, H,O, CO, acetylacetonate, C+-Cs alkoxide, acetonitrile, N(R""),, C1-Cs alkyl,
H, CI, Br, I, and F; wherein R'" is H, alkyl, cyclcoalkyl, heteroalkyl, and heterocyclic, wherein
each occurrence of L' and L? be the same or different.

[0073] In a further aspect, the compound of formula | is selected from the group consisting of:

, and

[0074] In various aspects, the present disclosure relates to a compound of formula (Il), or a

salt, solvate, or stereocisomer thereof:
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formula (1D);

wherein in formula (I1): each occurrence of R® and R® is independently selected from the group
consisting of C1—C2o alkyl, C1—Cs alkoxy, C1—Caxoalcohol, C3—Cs cycloalkyl, Cs—Cs cycloalkoxy,
Ce—C1o aryl, Ce—Cio alkaryl, Ce—C1o aralkyl, or combinations thereof; or R® and R® may
optionally be joined together to form a ring; Z represents a divalent linking group selected from
the group consisting of C+-Cs alkyl, C+1-Cs alkenyl, Cs-C14 aryl, C4-C14 heteroaryl, O, NR*, and
combinations thereof; M is a transition metal selected from the group consisting of Fe, Co, Ni,
Cu, Ru, Rh, Pd, Ir, and Pt; o is an integer between 0 and 4, wherein the value of the number
o for the ligand L depends on the transition metal M and is selected such that the transition
metal M has 14, 15, 16, 17, 18, or 19 valence electrons; q is an integer between 0 and 4; and
each occurrence of L can be the same or different and is selected from the group consisting
of trialkylphosphine, tricycloalkylphosphine, diethyl ether, tetrahydrofuran, H,O, CO,
acetylacetonate, acetate, C+-Cs alkoxide, acetonitrile, cyclooctadiene, N(R'")s, N(R")2, C1-Cs
alkyl, C4-C1o heteroaryl, C4-C1o heterocycle, H, Cl, Br, |, and F; wherein R'" is H, alkyl,
cyclcoalkyl, heteroalkyl, or heterocyclic.

[0075] In a further aspect, o is an integer between 1 and 3, wherein the value of the number
o for the ligand L depends on the transition metal M and is selected such that the transition
metal M has 15, 16, 17, 18, or 19 valence electrons. In a still further aspect, o is an integer
between 2 and 3, wherein the value of the number o for the ligand L depends on the transition
metal M and is selected such that the transition metal M has 15, 16, 17, 18, or 19 valence
electrons.

[0076] In a further aspect, qis an integer selected from 0, 1, 2, and 3. In a still further aspect,
g is an integer selected from 0, 1, and 2.

[0077] In a further aspect, the compound of formula (Il) is selected from the group consisting

of;
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[0078] In a further aspect, each occurrence of R and R® is independently selected from the
group consisting of C+—Cis alkyl, C4+—Cxo alcohol, C3—Cs cycloalkyl, Cs—C1o aryl, and Ce—
C1o alkyl-substituted aryl (with C+-C+, alkyls); and wherein R and R® may optionally be joined
together to form a ring. In a still further aspect, each occurrence of R® and R® is independently
selected from the group consisting of C>—C2 alkyl, C1—C12 alcohol, Cs—Cg cycloalkyl, Ce—
C1o aryl, Ce—C1o alkyl-substituted aryl (with C4-Cs alkyls), or combinations thereof, or wherein
R® and R® may optionally be joined together to form a ring. In a yet further aspect, each
occurrence of R% and R® is independently selected from a Cs—C1o alkyl-substituted aryl (with
C+-Ce alkyls). In a still further aspect, R® and R® are each C1—Cs alkyl, phenyl, or cycloalkyl,
each of which may be optionally substituted.

[0079] In a further aspect, Z is a divalent linking group selected from the group consisting of
C2-C4 alkyl, C2-Cs alkenyl, Ce-C14 aryl, and combinations thereof. In a still further aspect, Z is
a divalent linking group selected from the group consisting of C,-Cs alkyl, C>-C4 alkenyl, Ce-
Ci14 aryl, and combinations thereof. In a yet further aspect, Z is 1,2-phenylene, 1,2-ethylene,
or 1,3-propylene.

[0080] In a further aspect, M is a transition metal selected from the group consisting of Fe,
Co, Ni, Ru, Rh, Pd, and Ir. In a still further aspect, M is a transition metal selected from the
group consisting of Fe, Co, Ru, Rh, and Pd. In a yet further aspect, M is Co. In a further aspect,
M is Rh or Co.

[0081] In a further aspect, each occurrence of L can be the same or different and each
occurrence is independently selected from the group consisting of trialkylphosphine,

tetrahydrofuran, H»O, CO, acetylacetonate, C-Cs alkoxide, acetonitrile, cyclooctadiene,
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N(R™)s, N(R™),, C1-Cs alkyl, C4-C10 heteroaryl, Cs-C1o heterocycle, H, Cl, Br, |, and F; wherein
R'is H, alkyl, cyclcoalkyl, heteroalkyl, or heterocyclic. In a still further aspect, each occurrence
of L can be the same or different and each occurrence is independently selected from the
group consisting of tetrahydrofuran, H,O, CO, acetylacetonate, C+-Cs alkoxide, acetonitrile,
N(R™),, C4-Ce alkyl, H, CI, Br, I, and F; wherein R is H, alkyl, cyclcoalkyl, heteroalkyl, or
heterocyclic.

[0082] In a further aspect, one or more occurrence of L, L', or L2 represents a neutral electron
donor ligand. Non-limiting examples of suitable ligands include those containing an atom,
such as oxygen, nitrogen, phosphorous or sulfur, which has a non-bonded electron pair.
Examples of such ligands include, but are not limited to, ethers, amines, phosphines, and
thioethers. In one aspect, the electron donor ligand is a ftricycloalkyl-, ftriaryl-, or
trialkylphosphine. In one aspect, the electron donor ligand is a solvent molecule such as
tetrahydrofuran (THF), H-O, MeOH, or EtOH. In one aspect, the electron donor ligand is a
ligand containing one or more 1-bonds, such as alkenyl, alkynyl, aryl, and the like. In one
aspect, the electron donor ligand is a heterocyclic or heteroaryl compound containing a non-
bonded electron pair, as would be understood by one of skill in the art. In one aspect, the
electron donor ligand is a bidentate electron donor ligand such as ethylene diamine,
phenanthroline, 2,2’-bipyridine, and the like. In one aspect, the neutral electron donor ligand
is a ligand that exhibits backbonding, such as CO.

[0083] In a further aspect, one or more occurrence of L, L', or L? represents an anionic ligand.
Exemplary anionic ligands include, but are not limited to, hydrogen, substituted or
unsubstituted alkyl, halo, hydroxy, alkoxy, aryloxy, silyl, amide, phosphide, cyano, nitrite, or
combinations thereof. In one aspect, the anionic ligand is an alkyl ligand such as methyl, ethyl,
propyl, butyl, amyl, isoamyl, hexyl, iso-butyl, heptyl, octyl, nonyl, decyl, cetyl, 2-ethylhexyl,
phenyl and the like. In one aspect, the anionic ligand is a halogen such as F, Cl, Br, or I. In
one aspect, the anionic ligand is an alkoxide such as methoxide, ethoxide, phenoxide, or
substituted phenoxide. In one aspect, the anionic ligand is an amide such as dimethylamide,
diethylamide, methylethylamide, di-t-butylamide, diisopropylamide, and the like. In one aspect,
the anionic ligand is a phosphide such as diphenylphosphide, dicyclohexylphosphide,
diethylphosphide, dimethylphosphide and the like. In one aspect, the anionic ligand is
cyclopentadienyl. In one aspect, the ligand L represents a bidentate anionic ligand such as
acetylacetonate, glycinate (or other comparable amino acid), and the like. In a still further
aspect, L is acetylacetonate.

[0084] In a further aspect, one or more occurrence of L' or L? represents a bridging ligand
coordinating to both of M" and M2. Exemplary bridging ligands include, but are not limited to,
hydroxyl, alkoxyl, oxide, hydrosulfyl, sulfalkyl, amide, alkylamide, nitride, halo, hydrogen,
nitrile, CO, 1,2-pyrazine, 1,3-pyrazine, 1,4-pyrazine, and the like.
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[0085] In a further aspect, the divalent linking groups Y in formula (I) is 1,2-phenylene. In one
aspect, the divalent linking group Z in formula (Il) is 1,2-phenylene. In one aspect, the divalent
linking group is 1,2-ethylene, 1,3-propylene, or 1,4-butylene. In one aspect, the divalent linking
group is not methylene. In one aspect, the divalent linking group imposes a chelate upon the
metal center.

[0086] In a further aspect, the substituents R?, R®, R, and R® are selected so as to not create
a steric block on the axial coordination site of the metal. In one aspect, R?, R®, RS, and R® are
independently selected from the group consisting of linear alkyl groups, cycloalkyl groups
having no substitution at the 2-position, and unsubstituted aryl groups or aryl groups not
substituted at the 2-position. In one aspect, R? and R?, or R® and R®, together form a ring
having no additional substitution. In one aspect, R? and/or R® forms a bond with an atom on
divalent linking group Y. In one aspect, R®> and/or R® forms a bond with an atom on divalent
linking group Z. In one aspect, a bond connecting divalent group Y with at least one of R? or
R3, or a bond connecting divalent group Z with at least one of R® or R®, further limits steric
incumbency on the axial coordination site of the metal.

[0087] In a further aspect, the compound of formula | or the compound of formula (ll) further
comprises a weakly coordinating anion, which may be any suitable anion known for this
purpose, as would be understood by one of ordinary skill in the art. In one aspect, the weakly
coordination anion is a bulky anion or an anion with a delocalized negative charge. Exemplary
weakly coordinating anions include, but are not Iimited to, tetrakis [3,5-
bis(trifluoromethyl)phenyl]borate (herein referred to as BArF7), (phenyl)sB~, (CesFs)4B",
(CH3)(CeFs)sB™, PFe™, BF4 7, SbFs 7, trifluoromethanesulfonate (herein referred to as triflate or
OTf"), and p-toluenesulfonate (herein referred to as tosylate or OTs").

[0088] In a further aspect, the ligands L, L', and L? and the integers n, m, o, p, and q are
selected in order to control the number of electrons on the transition metal M. In one aspect,
the number of electrons on the transition metal M is 14, 15, 16, 17, 18, or 19, depending on
the application of the compound or the reaction conditions, as would be understood by one of
skill in the art. In one aspect, pis 1, 2, 3, or 4. In one aspect, p is 2 or 4. In one aspect, qis 1
or 2. In one aspect, qis 1. In one aspect, a localized cationic charge of +1 to +3 on the metal
center is important for high catalyst activity.

[0089] The compounds of the disclosure may possess one or more stereocenters, and each
stereocenter may exist independently in either the R or S configuration. In one aspect,
compounds described herein are present in optically active, racemic, or meso diastereomeric
forms. It is to be understood that the compounds described herein encompass racemic,
optically-active, regioisomeric and stereocisomeric forms, or combinations thereof that possess
the catalytically useful properties described herein. Preparation of optically active forms is

achieved in any suitable manner, including by way of non-limiting example, by resolution of
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the racemic form with recrystallization techniques, synthesis from optically-active starting
materials, chiral synthesis, or chromatographic separation using a chiral stationary phase. In
one aspect, a mixture of one or more isomer is utilized as the compound described herein. In
another aspect, compounds described herein contain one or more chiral centers. These
compounds are prepared by any means, including stereoselective synthesis, enantioselective
synthesis and/or separation of a mixture of enantiomers and/ or diastereomers. Resolution of
compounds and isomers thereof is achieved by any means including, by way of non-limiting
example, chemical processes, enzymatic processes, fractional crystallization, distillation, and
chromatography.

[0090] The methods and formulations described herein include the use of N-oxides (if
appropriate), crystalline forms (also known as polymorphs), solvates, amorphous phases,
and/or salts of compounds having the structure of any compound of the disclosure, as well as
analogs of these compounds having the same type of activity. Solvates include water, ether
(e.g., tetrahydrofuran, methyl tert-butyl ether, dioxane) or alcohol (e.g., ethanol) solvates,
acetates and the like. In one aspect, the compounds described herein exist in solvated forms
with solvents such as water, diethyl ether, tetrahydrofuran, dioxane, and ethanol. In another
aspect, the compounds described herein exist in unsolvated form.

[0091] In one aspect, the compounds of the disclosure may exist as tautomers. All tautomers
are included within the scope of the compounds presented herein.

[0092] The compounds described herein, and other related compounds having different
substituents are synthesized using techniques and materials described, for example, in Fieser
& Fieser's Reagents for Organic Synthesis, Volumes 1-17 (John Wiley and Sons, 1991);
Rodd's Chemistry of Carbon Compounds, Volumes 1-5 and Supplementals (Elsevier Science
Publishers, 1989); Organic Reactions, Volumes 1-40 (John Wiley and Sons, 1991), Larock's
Comprehensive Organic Transformations (VCH Publishers Inc., 1989), March, Advanced
Organic Chemistry 4" Ed., (Wiley 1992); Carey & Sundberg, Advanced Organic Chemistry 4th
Ed., Vols. A and B (Plenum 2000, 2001), and Green & Wauts, Protective Groups in Organic
Synthesis 3rd Ed., (Wiley 1999) (all of which are incorporated by reference for such
disclosure). General methods for the preparation of compound described herein are modified
by the use of appropriate reagents and conditions, for the introduction of the various moieties
found in the formula as provided herein.

[0093] Compounds described herein are synthesized using any suitable procedures starting
from compounds that are available from commercial sources.

[0094] In one aspect, reactive functional groups, such as hydroxyl, amino, imino, thio or
carboxy groups, can be protected in order to avoid their unwanted participation in reactions.
Protecting groups are used to block some or all of the reactive moieties and prevent such

groups from participating in chemical reactions until the protective group is removed. In
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another aspect, each protective group is removable by a different means. Protective groups
that are cleaved under totally disparate reaction conditions fulfill the requirement of differential
removal.

[0095] In one aspect, protective groups are removed by acid, base, reducing conditions (such
as, for example, hydrogenolysis), and/or oxidative conditions. Groups such as trityl,
dimethoxytrityl, acetal and t-butyldimethylsilyl are acid labile and are used to protect carboxy
and hydroxy reactive moieties in the presence of amino groups protected with Cbz groups,
which are removable by hydrogenolysis, and Fmoc groups, which are base labile. Carboxylic
acid and hydroxy reactive moieties are blocked with base labile groups such as, but not limited
to, methyl, ethyl, and acetyl, in the presence of amines that are blocked with acid labile groups,
such as t-butyl carbamate, or with carbamates that are both acid and base stable but
hydrolytically removable.

[0096] In one aspect, carboxylic acid and hydroxy reactive moieties are blocked with
hydrolytically removable protective groups such as the benzyl group, while amine groups
capable of hydrogen bonding with acids are blocked with base labile groups such as Fmoc.
Carboxylic acid reactive moieties are protected by conversion to simple ester compounds as
exemplified herein, which include conversion to alkyl esters, or are blocked with oxidatively-
removable protective groups such as 2,4-dimethoxybenzyl, while co-existing amino groups
are blocked with fluoride labile silyl carbamates.

[0097] Allyl blocking groups are useful in the presence of acid- and base- protecting groups
since the former are stable and are subsequently removed by metal or pi-acid catalysts. For
example, an allyl-blocked carboxylic acid is deprotected with a palladium-catalyzed reaction
in the presence of acid labile t-butyl carbamate or base-labile acetate amine protecting groups.
Yet another form of protecting group is a resin to which a compound or intermediate is
attached. As long as the residue is attached to the resin, that functional group is blocked and
does not react. Once released from the resin, the functional group is available to react.

[0098] Typically blocking/protecting groups may be selected from:
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[0099] Other protecting groups, plus a detailed description of techniques applicable to the
creation of protecting groups and their removal are described in Greene & Wuts, Protective
Groups in Organic Synthesis, 3rd Ed., John Wiley & Sons, New York, NY, 1999, and
Kocienski, Protective Groups, Thieme Verlag, New York, NY, 1994, which are incorporated
herein by reference for such disclosure.

[0100] The compounds described herein may form salts with acids or bases, and such salts
are included in the present disclosure. The term “salts” embraces addition salts of free acids
or free basis that are useful within the methods of the disclosure. Salts may possess properties
such as high crystallinity, which have utility in the practice of the present disclosure, such as
for example utility in process of synthesis or purification of compounds useful within the
methods of the disclosure.

[0101] Suitable salts may be prepared from an inorganic acid or from an organic acid.
Examples of inorganic acids include perchlorate, hydrochloric, hydrobromic, hydriodic, nitric,
carbonic, sulfuric, and phosphoric acids. Appropriate organic acids may be selected from
aliphatic, cycloaliphatic, aromatic, araliphatic, heterocyclic, carboxylic and sulfonic classes of
organic acids, examples of which include formic, acetic, propionic, succinic, glycolic, gluconic,
lactic, malic, tartaric, dibenzoyltartaric, dibenzyltartaric, benzoyltartaric, benzyltartaric, citric,
ascorbic, glucuronic, maleic, fumaric, pyruvic, aspartic, glutamic, benzoic, anthranilic, 4-
hydroxybenzoic, phenylacetic, mandelic, embonic (pamoic), methanesulfonic, ethanesulfonic,
benzenesulfonic, pantothenic, ftrifluoromethanesulfonic, 2-hydroxyethanesulfonic, p-
toluenesulfonic, sulfanilic, cyclohexylaminosulfonic, stearic, alginic, B-hydroxybutyric, salicylic,

galactaric and galacturonic acid.

Methods of the Disclosure.
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[0102] The disclosure also includes methods hydroformylation. The methods may be
performed using compounds described herein. As would be understood by one of ordinary
skill in the art, the compounds described herein are useful as catalysts in the methods and
reactions of the present disclosure. In one aspect, the disclosure includes isomerization of
alkenes by movement of the double bond to other locations. In another aspect, the disclosure
includes hydrogenation of aldehydes to form alcohols.

[0103] In one aspect, the present disclosure relates to a method of preparing an aldehyde-
containing compound. In one aspect, the method includes contacting an alkene-containing
compound with a compound of the disclosure in the presence of hydrogen (H2) and carbon
monoxide (CO), whereby the alkene is converted to an aldehyde. In one aspect, the compound
of the disclosure is a catalyst. In one aspect, the compound of the disclosure is a homogenous
catalyst. In one aspect, the catalyst is highly active. In one aspect, the alkene-containing
compound is contacted with the compound of the disclosure in a chemical reaction.

[0104] In one aspect, the methods of this disclosure contemplate using the highly active
catalysts of the present disclosure for converting alkene-containing compounds to aldehydes,
in some cases with high linear:branched (L:B) selectivity, by reacting the alkene-containing
compounds with a compound of the disclosure in the presence of H, and CO. In one aspect,
the reaction occurs in a homogeneous reaction phase. In one aspect, the catalyst or a catalyst
precursor is introduced into an autoclave or reaction vessel dissolved in a liquid medium, or
slurried, or otherwise dispersed in a liquid medium to eventually provide a homogeneous
reaction phase. Suitable solvents are, e.g., alcohols, ethers, ketones, paraffins, cycloparaffins,
aromatic hydrocarbons, and the like. In one aspect, the solvent comprises water. In one
aspect, the solvent comprises acetone. In one aspect, the solvent comprises acetonitrile. In
one aspect, the solvent comprises dimethoxytetraethylene glycol (t-glyme). In one aspect the
solvent comprises propylene carbonate. In one aspect the solvent comprises water. In one
aspect the solvent comprises a water-acetone mixture. In one aspect, the water-acetone
mixture includes 10 to 50% water by volume.

[0105] In one aspect, the compounds of the present disclosure are pre-catalysts. In one
aspect, the compounds of the present disclosure are converted to active catalysts upon
exposure to reaction conditions. In one aspect, the compounds of the present disclosure are
converted to active catalysts upon exposure to CO and/or Ha.

[0106] In one aspect, the alkene-containing compound comprises alkenes such as alpha
olefins (i.e., olefins unsaturated in the 1-position), particularly straight chain alpha olefins
having from 2 to about 20 carbon atoms (C>—Cx). In one aspect, the straight chain alpha
olefins have from 2 to 12 carbon atoms (C.—C+2). Alpha olefins are characterized by a terminal
double bond, i.e., CH, =CH—R. In some aspects, the alpha olefins may be substituted if the

substituents do not interfere in the hydroformylation reaction. Exemplary substituents include
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carbonyl, carbonyloxy, oxy, hydroxy, alkoxy, phenyl and the like. Exemplary alpha olefins,
include alkenes, alkyl alkenoates, alkenyl alkyl ethers, alkenols, and the like, e.g., ethylene,
propene, 1-butene, 1-pentene, 1-hexene, 1-heptene, 1-octene, vinyl acetate, allyl alcohol, and
the like. In one aspect, the alkene-containing compound comprises more than one alkene
compound. In one aspect, the alkene-containing compound comprises more than one alkene
functional group. In one aspect, the alkene-containing compound has at least one branching
group within 1, 2, 3, or 4 carbon atoms from the terminal alkene.

[0107] In one aspect, the alkene-containing compound comprises internal double bonds (i.e.,
internal alkene). In one aspect, there are no branches between the internal alkene and at least
one terminal position of the compound. In one aspect, the catalysts of the present disclosure
isomerize the internal alkene into a terminal alkene. In one aspect, the catalysts of the present
disclosure hydroformylate the isomerized terminal alkene.

[0108] In one aspect, at least one reactant comprises an alkyne, including, but not limited to
alkyl, carbonyl, carbonyloxy, oxy, hydroxy, alkoxy, or phenyl alkynes. In one aspect, the
hydroformylation of an alkyne generates an a,8-unsaturated aldehyde.

[0109] In one aspect, the alkene-containing compound is contacted with the catalyst at
temperature and pressure sufficient to convert the alkene to an aldehyde, as would be
understood by one of ordinary skill in the art. In one aspect, the temperature of the reaction
ranges from about 50° C to about 200° C. In one aspect, the temperature of the reaction
ranges from about 60° C to about 180° C. In one aspect, the temperature of the reaction
ranges from about 80 °C to about 160 °C. In one aspect, the temperature of the reaction
ranges from about 100 °C to about 160 °C. In one aspect, the temperature of the reaction
ranges from about 120 °C to about 160 °C.

[0110] In one aspect, the alkene-containing compound is contacted with the compound of the
disclosure in a reaction vessel, such as would be understood by one of skill in the art. In one
aspect, the pressure of the reaction vessel ranges from about 5 bar to about 150 bar. In one
aspect, the pressure of the reaction vessel ranges from about 25 to 70 bar. In one aspect, the
initial turnover frequency of the catalyst of the present disclosure increases with increasing
reaction vessel pressure.

[0111] The ratio of H.:CO can be any ratio that is sufficient to promote the conversion of the
alkene to an aldehyde, as would be understood by one of ordinary skill in the art. In one aspect,
the ratio of H,:CO ranges from about 10:90 to about 90:10 volume percent. In one aspect, the
ratio of H»:CO ranges from about 40:60 to 60:40 volume percent. In one aspect, higher ratios
may result in greater hydrogenation of aldehydes to alcohols.

[0112] In one aspect, the catalyst is employed in the reaction mixture in concentrations
ranging from about 10° M to about 102 M (molar). In one aspect, the catalyst is added to the

reaction vessel as a slurry or a solution, and the reaction is pressurized and brought to the
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desired operating temperature. In one aspect, the alkene-containing compound, carbon
monoxide, and hydrogen are combined in desired ratios are then introduced into the reaction
vessel to commence the reaction. In one aspect, alkenes that are liquids at or near room
temperature (e.g., 1-hexene, 1-octene) are introduced to the reaction zone prior to charging
the H, and CO gases. In one aspect, the process is suited to batch-wise operation. In another
aspect, the reaction is conducted under continuous operation via the use of suitable apparatus
such as a flow reactor.

[0113] In one aspect, the reactions using the catalyst compounds described herein result in
low to very low alkene hydrogenation side reactions. In one aspect, the reactions using the
catalyst compounds described herein result in high linear:branched ratios. In one aspect, the
reactions using the catalyst compounds described herein with internal alkenes with C+-Cs alkyl
branches located near the double bond result in high linear:branched ratios. In one aspect,
the catalyst compounds described herein reduce aldehydes to alcohol. In one aspect, the
catalyst compounds described herein convert terminal alkenes to internal (non-terminal,
thermodynamically favored) alkenes. In one aspect, the catalysts described herein do not
decompose over at least 150,000 turnovers. In one aspect, the catalysts are active in alkene
isomerization.

[0114] In one aspect, reactions using the catalysts described herein partially convert
aldehydes from hydroformylation into alcohols. In one aspect, all aldehyde products are
converted to alcohols via a reduction reaction. In one aspect, the reduction of the aldehydes
requires no additional catalyst(s). In one aspect, the reduction of the aldehydes to alcohols
occurs in the presence of the catalyst of the present disclosure. In one aspect, the reduction
of the aldehyde to alcohol is not catalyzed. In one aspect, the reduction of the aldehydes to
alcohols is improved by addition of at least one additional catalyst. In one aspect, the at least
one additional catalyst does not impact the hydroformylation reaction.

[0115] A person skilled in the art recognizes, or is able to ascertain using no more than routine
experimentation, numerous equivalents to the specific procedures, aspects, claims, and
examples described herein. Such equivalents were considered to be within the scope of this
disclosure and covered by the claims appended hereto. For example, it should be understood,
that modifications in reaction conditions, including but not limited to reaction times, reaction
size/volume, and experimental reagents, such as solvents, catalysts, pressures, atmospheric
conditions, e.g., nitrogen atmosphere, and reducing/oxidizing agents, with art-recognized
alternatives and using no more than routine experimentation, are within the scope of the
present application.

[0116] It is to be understood that wherever values and ranges are provided herein, all values
and ranges encompassed by these values and ranges, are meant to be encompassed within

the scope of the present disclosure. Moreover, all values that fall within these ranges, as well
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as the upper or lower limits of a range of values, are also contemplated by the present
application.

[0117] From the foregoing, it will be seen that aspects herein are well adapted to attain all the
ends and objects hereinabove set forth together with other advantages which are obvious and
which are inherent to the structure.

[0118] While specific elements and steps are discussed in connection to one another, it is
understood that any element and/or steps provided herein is contemplated as being
combinable with any other elements and/or steps regardless of explicit provision of the same
while still being within the scope provided herein.

[0119] It will be understood that certain features and sub-combinations are of utility and may
be employed without reference to other features and sub-combinations. This is contemplated
by and is within the scope of the present disclosure.

[0120] Since many possible aspects may be made without departing from the scope thereof,
it is to be understood that all matter herein set forth or shown in the accompanying drawings
and detailed description is to be interpreted as illustrative and not in a limiting sense.

[0121] It is also to be understood that the terminology used herein is for the purpose of
describing particular aspects only, and is not intended to be limiting. The skilled artisan will
recognize many variants and adaptations of the aspects described herein. These variants and
adaptations are intended to be included in the teachings of this disclosure and to be
encompassed by the claims herein.

[0122] Now having described the aspects of the present disclosure, in general, the following
Examples describe some additional aspects of the present disclosure. While aspects of the
present disclosure are described in connection with the following examples and the
corresponding text and figures, there is no intent to limit aspects of the present disclosure to
this description. On the contrary, the intent is to cover all alternatives, modifications, and

equivalents included within the spirit and scope of the present disclosure.

EXAMPLES

[0123] The disclosure is further described in detail by reference to the following experimental
examples. These examples are provided for purposes of illustration only, and are not intended
to be limiting unless otherwise specified. Thus, the disclosure should in no way be construed
as being limited to the following examples, but rather, should be construed to encompass any
and all variations which become evident as a result of the teaching provided herein.

[0124] Without further description, it is believed that one of ordinary skill in the art can, using
the preceding description and the following illustrative examples, make and utilize the
compounds of the present disclosure and practice the claimed methods. The following working

examples therefore, specifically point out the preferred aspects of the present disclosure, and
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are not to be construed as limiting in any way the remainder of the disclosure.

Example 1: Cobalt Hydroformylation of 1-Alkenes.

[0125] Cationic monometallic and bimetallic bis(phosphine)-chelated cobalt catalysts that
perform hydroformylation under far lower temperatures and pressures than known systems
using neutral cobalt catalysts, and with far higher activities, have been identified and are
described herein. An exemplary hydroformylation reaction is shown in Figure 1. The catalysts
of the present disclosure are also active in alkene isomerization with little alkene
hydrogenation observed, which is desirable for current processes. The catalysts partially
convert aldehydes generated from hydroformylation into desired alcohol products in the
presence of hydrogen. Though linear to branched (L:B) regioselectivities of 0.8:1 to 1.4:1 were
observed in the aldehyde products derived from 1-alkenes, the chelating bisphosphine ligand
may be modified to yield higher aldehyde L:B ratios with 1-alkenes.

[0126] The development of dicationic dicobalt catalysts are based on the stronger
coordinating tetraphosphine ligands, rac- and meso-(Et:P)(1,2-CesH4)P(Ph)CH2P(Ph)(1,2-
CsHas)(PEL,), et,ph-P4-Ph. The synthesis and characterization of this ligand has been reported.
(Schreiter, et al., Inorg. Chem., 2014, 53, 10036-10038). The disclosed dicobalt complexes
rac- and meso-[Coz(acac).(et,ph-P4-Ph)](BFs). are described herein. The monometallic
version of the dicobalt catalyst, [Co(acac){(PEt.).(1,2-CsH4)}I(BF4), is more active than the
bimetallic system, particularly on a per-cobalt atom basis. Structural drawings of the rac-Co,
complex and monometallic precursor complexes studied are shown in Figure 2. These
complexes generate far more active hydroformylation catalysts that operate under milder
conditions relative to the known monometallic cobalt catalysts currently in use.

[0127] The cationic cobalt bisphosphine chelated catalysts described herein operate between
120 and 160 °C with H»/CO pressures of 25 to 85 bar for liquid alkenes. The catalyst appears
to run about 100 to 1000 times faster than a model Shell catalyst that has been tested under
Shell conditions (180-190 °C, 65 bar, 23 mM or 2000 ppm Co, P(n-Bu)s, P:Co = 1.3:1). Unlike
the Shell catalyst, the catalysts described herein result in low linear to branched (L:B)
regioselectivities (around 1:1) with 1-alkenes like 1-hexene. The catalysts described herein
are also active at alkene isomerization, similar to the commercial HCo(CO)s and
HCo(CO)3(PR3) catalysts. The catalysts also can partially hydrogenate aldehydes to alcohols,
a process that is still under investigation. Notably, the mild reaction conditions used herein,
when applied to the unchelated complex HCo(CO)s generated from Co0,(COQO)s, results in
decomposition to cobalt metal. The catalysts described herein can be used with low catalyst
loadings without sacrificing activity, unlike the Shell catalyst, which requires fairly high cobalt
and phosphine concentrations in order to form the proper active catalyst equilibrium. The

catalysts described herein have been used with 0.0001% catalyst loading (0.006 mM or 6 uM)
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and did 179,000 turnovers over 41 hours with no sign of catalyst decomposition.
[0128] The results from several hydroformylation runs using [Co(acac){(Et:P).-1,2-

CsH4)}(BF4) and 1-hexene at different pressures is shown in Table 1.

Table 1: Pressure Effect in Hydroformylation of 1-Hexene using [Co(acac){(Et2P)»-1,2-
CsHa4)}(BF4) at 160 °C (1 M 1-hexene, 1 mM Co, 1:1 H,/CO, t-glyme solvent).

Pressure e ITmcl)t||=aI LB 7 % %iso* % hydro*
(bar) (min) ) Aldehyde Alcohol
27.6 10min 268 26.8 0 626 08
2 hr 092 672 47 253 19
34.5 10min 314 31.4 0 561 0.8
2 hr 097 782 6.0 135 18
51.7 10min 42,0 42.0 0 380 08
2 hr 11 855 6.0 6.7 14
68.9 10min 468 46.8 0 298 08
2 hr 13 87.9 44 6.2 13

* iso = alkene isomerization; hydro = alkene hydrogenation

Example 2: Cobalt Hydroformylation of Internal Branched Alkenes.

[0129] The cationic cobalt catalysts described herein have excellent activity and much higher
L:B selectivity for difficult to hydroformylate internal branched alkenes like 2-methyl-2-butene.
Hydroformylation runs with 2-methyl-2-butene were done with [Co(acac)(dppe)](BF4), dppe =
Et.PCH.CH2PEt,, and Rh(acac)(CO), + PPhs. The following reaction conditions were utilized:
(a) HRh(CO)(PPhs)2: 1 mM Rh(acac)(CO),, 0.4 M PPhs, 400:1 PPhs:Rh, 1 M 2-methyl-2-
butene, 100 °C, 7.9 bar, 1:1 H/CO in toluene; and (b) [HCo(CO)(dppe)l(BF4): 1 mM
[Co(acac)(dppe)l(BF4), 1 M 2-methyl-2-butene, 140 °C, 34.5 bar, 1:1 H>/CO in t-glyme. Using
the foregoing, it was observed that there was no hydroformylation activity by the industrial
Rh/PPh; catalyst, no observed alkene isomerization and no alkene hydrogenation. The
cationic cobalt-dppe catalyst did 286 turnovers after 3 hours (28.6% conversion) with 11:1 L:B
(based on NMR and GC/MS). Less than 1% alkene hydrogenation and less than 1%
hydrogenation of the aldehyde to make alcohol was observed using the disclosed catalyst

precursor.

Example 3: Representative Active Catalysts.

[0130] A variety of chelating bisphosphine ligands were examined for their effect on the

hydroformylation activity and selectivity of the monometallic cationic Co(ll) catalyst system
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(BF4 counter-anion, other non-coordination anions should work well). The initial hypothesis
was that the extremely strong chelate effect of 1,2-phenylene-linked bisphosphines was
critically important in stabilizing the low-spin, cationic Co(ll) oxidation state; however, further
studies demonstrated that other chelating bisphosphine ligands work well. The strength of the
bisphosphine chelate, is clearly important for the overall catalyst stability, but the effect of the
phosphine R-groups is even more dramatic.

[0131] The following phosphines have been tested using the cationic cobalt(ll) acac catalyst
precursor motif. The most successful ligands, which have a bridging 1,2-phenylene or
saturated alkyl group, generate active cationic Co(ll) hydroformylation catalysts. All have
similar L:B selectivities around 1:1 for simple 1-alkenes (e.g., 1-hexene).

Et i & :Q*S--uqut Ph|||m.. §§...|||||Ph

Ete” 2 ;\Et Phe” 2 ;\Ph

Et\\\y \ ) "'IIIEt P:y \ , "’IIIPh

b *
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[0132] The 1,2-phenylene-linked bisphosphines were found to exhibit higher stability at higher
temperatures (e.g., 160 °C). Although not wishing to be bound by any particular theory, the
strong chelate effect for these phosphines appears to play an important role in inhibiting
catalyst decomposition reactions. The ethylene- and propylene- based chelating
bisphosphines work well at lower temperatures (140 °C), but show more tendency to
decomposition reactions as the temperature approaches 160 °C, with extensive catalyst
degradation above 160 °C. The more electron-rich alkylate phosphines show hydroformylation
activity at lower temperatures (120 °C) relative to the phenyl-substituted ligands that do not
start hydroformylating until around 140 °C.

[0133] The bisphosphine ligands that generate less active cationic Co(ll) hydroformylation
catalysts are shown below. A common feature that connects these chelating phosphines is
the size of the substituents. Without wishing to be bound by a particular theory, it is possible
that once a certain R-group steric threshold is passed, hydroformylation activity becomes more

limited.
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[0134] There are high quality crystal structures of first- and second-row metal complexes with
many of these ligands, one example is: Ni(F)(CHa)[d(iPr)pe], d(iPr)pe = (iPr).PCH>CH2P(iPr)2,
(REFCODE = CAQVIA; Campora, eta al., Organometallics, 2005, 24, 2827). Stick and space-
filing models from the X-ray structure of Ni(F)(CHa)[d(iPr)pe] are shown in Figure 3 to show
the blocking of axial coordination sites on the nickel center.

[0135] In one aspect, a common feature of all the ligands tested that generate less active
cationic cobalt(ll) hydroformylation catalysts is that they block the axial coordination sites
enough so that CO cannot coordinate to the axial sites. Although not wishing to be bound by
any particular theory, CO coordination to both of the axial sites appears to be critically
important for the functioning of the cationic catalyst described herein.

[0136] Table 1 shows the effect of pressure on the hydroformylation of 1-hexene at 160 °C
using the (Et.P)>-1,2-CeH4 ligand system. The initial turnover frequency (TOF) steadily
increases with increasing partial CO pressure. The L:B ratio slightly increases at 1000 psig

H»/CO to 1.3:1, consistent with better CO migratory insertion for the linear alkyl intermediate
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and reduced alkene isomerization. Increases in initial TOF have been observed at pressures
up to 1500 psig, though it is possible that this effect can be extrapolated to even higher
pressures.

[0137] This positive CO pressure effect is unprecedented for hydroformylation catalysts. All
good hydroformylation catalysts studied have an inverse CO pressure effect on the rate.
Although not wishing to be bound by any particular theory, these results suggest that the
enhanced efficacy of the catalysts described herein is due to the combination of cationic
charge, Co(ll) oxidation state, and odd electron count a.

[0138] /n situ FT-IR studies indicate that the starting [Co(acac)(P2)]" complex initially reacts
with CO via the equilibrium shown in Figure 4A. Two CO bands appear in the FT-IR spectrum
at 1922 and 1940 cm~'. The higher energy shoulder is assigned to the 19e- dicarbonyl
complex, while the 1922 cm~" band is due to the 17 e- complex with just one CO coordinated.
H> begins to react once the temperature increases above 40 °C, favoring faster CO
dissociative processes, to kick off the protonated acac ligand and generating the 17e- hydrido-
carbonyl complex [HCo(CO)»(P2)]*. Subsequent studies carried out under pure CO show that
17e- [HCo(CO)2(bisphosphine)]+ has a carbonyl band around 1940 cm™', while the 19e-
[HCo(CO)3(bisphosphine)]+ has a carbonyl band at 2090 cm™' (see Example 6 below and FIG.
8).

[0139] The ability to add ligands and access 19e- complexes is a key feature for the
exceptional activity of the cationic Co(ll) catalysts described herein. For example, the 18e-
[V(CO)e]™ anion is extremely stable due to the strong m-backbonding to the CO ligands (Figure
4B), so the associative substitution reaction has a high activation barrier to the formation of
the high energy seven-coordinate 20e- intermediate [V(CO)s(PPhs)]~ (Basolo, et al, J. Am.
Chem. Soc., 1984, 106, 71-76). In marked contrast, the 17e- V(CO)s radical is extremely
reactive to the associative substitution and readily proceeds through the seven-coordinate
19e- complex, V(CO)s(PPhs). The experimental data fully support an associative substitution
with a rate law of. rate = K[V(CO)s][PPhs], showing second order kinetics. The entropy
component of the activation barrier, AS* = —28 J/molK, is also consistent with an associative
substitution via a 19e- species. Once the 19e- complex has formed, the half-occupancy of a
metal-ligand antibonding orbital labilizes a carbonyl ligand. The much lower activation barrier
and lower energy for the 19e- intermediate for ligand addition to a sterically unencumbered
17e- complex makes this a facile reaction.

[0140] This lower energy 17e- to 19e- ligand addition process appears to play a key role in
the hydroformylation activity of the cationic Co(ll) complexes described herein. Figure 5 shows
a mechanism for hydroformylation that proceeds through 5-coordinate 17e- and 6-coordinate
19e- complexes. The key step in the reaction is the labilization of the equatorial CO ligand,

trans to the chelating phosphine, which is normally the stronger coordinated carbonyl ligand.
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DFT calculations and crystal structures of related chelated bisphosphine complexes clearly
indicate that the axial coordination sites are not open enough to coordinate internal alkenes.
This is especially true for internal alkenes with nearby branches, which exhibit high
hydroformylation rates using catalysts of the present disclosure. Forming the six-coordinate
19e- complex, [HCo(CO)s(P2)]*, helps labilize all the CO ligands, but the most important one
is the more strongly coordinated equatorial Co-CO that needs to dissociate in order to
coordinate the alkene and initiate catalysis.

[0141] The cationic charge also appears to be quite important to reduce the electron density
on the cobalt and weaken the tr-backbonding to the carbonyl ligands. The positive charge also
increases the electrophilicity of the cobalt center for branched internal alkenes that are
normally difficult to coordinate to most hydroformylation catalysts.

[0142] The ability to add a CO to the 5-coordinate 17e- [HCo(CO)2(P2)]* complex forming the
6-coordinate 19e- complex, [HCo(CO)3(P2)]*, helps to dramatically labilize the equatorial CO
and allow alkene coordination into the least sterically hindered coordination site on the cobalt.
Although not wishing to be bound by any particular theory, the 19e- catalyst formation
suggests almost all the extremely unusual features of this cationic Co(ll) catalyst, including
the positive effect of increasing CO pressure on this catalyst and that more electron-rich
phosphines show increased activity at lower temperatures and pressures. All even-electron
hydroformylation catalysts are slowed or deactivated by using more electron-rich phosphines.
Making the cationic cobalt center more electron-rich, however, favors CO coordination to form
the 19e- complex at lower temperatures and pressures. Once the 19e- complex is formed,
equatorial CO lability is dramatically increased.

[0143] Chelating phosphine ligands that block the cobalt axial coordination sites deactivate
the catalyst. Although not wishing to be bound by any particular theory, this appears to be a
steric effect that affects the axial sites far more than the equatorial sites. Catalyst activity
appears to be directly related to the need to form highly labile six-coordinate 19e- complexes.
If the axial sites are blocked, one cannot access the 19e- complexes to labilize the equatorial
CO ligand and allow alkene coordination.

[0144] For the chelating phosphines that work well, changing the ethyl R-groups to phenyl,
and vice versa, has almost no effect on the aldehyde L:B regioselectivity. Although not wishing
to be bound by any particular theory, this result suggests the importance of the less sterically
hindered equatorial site for the alkene coordination to initiate catalysis, and not one of the axial
sites. Since the phosphine R-groups tend to point up or down from the equatorial coordination
plane, they do not have much steric directing effect on the equatorial alkene-hydride migratory
insertion reaction to make linear or branched alkyls. Therefore, chelating phosphines that will
increase the L:B regioselectivity by having more steric control on the equatorial plane may be

useful.
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[0145] Monodentate phosphines tested so far are not useful ligands for hydroformylation
using this cationic Co(ll) system. Chelating phosphines impose the idea coordination
geometry and help stabilize the catalyst with respect to degradation reactions. The cationic
charge, higher oxidation state of the cobalt center, and key ability to access highly labile 19e-
complexes compensates for having two donating phosphine ligands that would kill a “regular’
neutral, even-electron count cobalt catalyst.

[0146] One aspect of this cationic Co(ll) catalyst that is not fully understood is the fact that the
weaker chelating phosphines work well at 140 °C and relatively high pressures (still testing
the limits). Extensive work on dicationic dirhodium oxo catalysts, [Rhz(u-H)2(CO)2(et,ph-P4)]1?*,
demonstrate facile phosphine chelate arm dissociation at 90 °C and 90 psig (6.2 bar) 1:1
H»/CO (acetone solvent). This chelate arm dissociation leads to fragmentation of the Rh:
catalyst into inactive monometallic and double-P4 ligand coordinated dimers.

[0147] First row metals usually have weaker metal-ligand bonds, so the apparent stability of
[HCo(CO)x(P2)]* with simple ethylene-bridged chelates at higher temperatures and pressures
is notable. Although not wishing to be bound by any particular theory, one explanation is that
the electrophilic cobalt center has a much stronger coordination preference for donating
ligands like phosphines, especially in the presence of m-backbonding carbonyls.

[0148] Both Shell and ExxonMobil start with Co(ll) salts as precursors for generating the
HCo(CO)s and HCo(CO)3(PR3) catalysts, however they may not see this kind of highly active
Co(ll) cationic catalyst because of the catalyst precursor employed. Shell, for example, often
uses a Co(alkoxide), starting material and activates it under H./CO in the presence of
phosphine. This chemistry eventually leads to the formation of Co,(CO)s(PR3)2, which then
reacts with H to form the neutral 18e- catalyst: HCo(CO)s(PR3).

[0149] By starting with a cationic starting material, [Co(acac)(P2)](BF4), with a chelating
phosphine, good acac leaving group, and an “inert” BF4 counter-anion, the catalysts herein
may be useful to stabilize the Co(ll) d” oxidation state and maintain the important cationic
charge. A similar effect is seen with dirhodium tetraphosphine hydroformylation catalyst
systems. A neutral precursor such as Rhy(p3-allyl)z(rac-et,ph-P4) results in a terrible neutral
dirhodium hydroformylation catalyst system with rhodium centers in the +1 and O oxidation
states (Chem. Comm., 1998, 2607-2608). On the other hand, the dicationic precursor,
[Rhz(nbd)2(rac-et,ph-P4)](BF 4)2 (nbd = norbornadiene) results in a highly active and selective
hydroformylation system (Angew.Chemie. Int. Ed., 1996, 35, 2253-2256) where the cationic
Rh centers are in the unusual +2 oxidation state. Thus, the starting material and ligands used

can be important.

Example 4: Cobalt Hydroformylation of 1-Alkenes.

[0150] The data in Example 1 were further elaborated upon by the studies in the present
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example. Briefly, an electron-rich DEPBz bisphosphine ligand-based Co(ll) catalyst,
[Co(acac)(DEPBz)](BF4), was prepared as described above in Example 1 and utilized in
hydroformylation of 1-hexene. The catalyst precursors and various ligands and the ligand
abbreviations used are shown in FIG. 6. The data below, in Table 2, show further data
pertaining to temperature and pressure dependency of hydroformylation of 1-hexene with the
disclosed catalyst, [Co(acac)(DEPBz)](BF4). In the table, DEPBz = (Et:P)>-1,2-CsH4. All
reactions run for 2 hrs with 1.0 M 1-hexene, 1.0 mM catalyst, 0.1 M heptane as internal
standard, 1:1 H»/CO in dimethoxytetraglyme (t-glyme) solvent. TOF = initial turnover frequency
based on a 5 min sample. Product analysis determined by GC/MS. Results are based on three
or more consistent runs with standard deviations given in parentheses. No alcohol production
was observed.
Table 2: Temperature and Pressure Dependent Studies for the Hydroformylation of 1-
hexene with [Co(acac)(DEPBZz)](BF4).

Temp Pressure | Initial TOF Aldehyde | Aldehyde | Alkane Isomerization
{°C}) {bar) {min™) (%) L:B (%) {%e)
1207 50 25.4{5.0) 74.6(5.4) 16 0 7.9(1.1)
140 50 61.5{(6.1) 84.7(1.2} 1.3 o 10.3¢{1.2)
160" 50 76.8{2.0) 78.2(4.9} 1.4 1.3{0.3) 19.5(1.0)
Pressure Temp Initial TOF Aldehyde | Aldehyde | Alkane Isomerization
{bar} o] {min™") (%) L:B {%) {%)
3¢ 140 40.0{5.1} 73.7(1.5) 1.0 0.5(0.4) 21.8(1.7)
50 140 61.5(6.1) 847(1.2} 1.3 0 10.6{(1.2)
70 140 36.7(3.5) 79.3(2.2) 1.6 0 10.7(0.9)
20 140 21.7{2.3) 82 5(2.6) 1.8 0 8.1(0.8)

* The reaction mixture was heated to 160 °C for 5 mins to activate catalyst then cooled to
operating temperature before the alkene was injected.

** Some black cobalt metal deposition was observed inside the autoclave which is suggestive
that some catalyst decomposition occurred.

[0151] The data in Example 1 are further elaborated upon by the studies in the present
example. Briefly, an electron-rich DPPBz bisphosphine ligand-based Co(ll) catalyst,
[Co(acac)(DPPBz)](BF4), was prepared as described above and utilized in hydroformylation
of 1-hexene. The table below shows data obtained using the DPPBz bisphosphine ligand-
based Co(ll) catalyst. In the table below, DPPBz = (Ph2P)>-1,2-CsH4. The catalyst conditions
used were as follows: 1 mM catalyst (61 ppm Co), 1 M 1-hexene, 0.1 M heptane standard,
solvent = dimethoxytetraglyme (t-glyme), 1:1 H»:CO, 1000 rpm stirring under constant
pressure. TOF = initial turnover frequency based on a sample taken at 2 min. Other results

based on sampling after 1 hour. The data below shows that the DPPBz bisphosphine ligand-
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based Co(ll) catalyst shows a catalytic rate increase dependence on carbon monoxide

pressure over a larger pressure range. It starts slowing around 100+ bar of 1:1 H,/CO

pressure.

Table 3: Temperature and Pressure Dependent Studies for the Hydroformylation of 1-

hexene with [Co(acac)(DPPBz)](BF4).

Temp Pressure | Initial TOF Aldehyde | Aldehyde | Alkane isomerization
{°C) (bar) {min™"} (%) LB {%} (%)
120¢ 50 265 59.4 1.7 0 7.6
140* 50 43.6 71.3 1.3 0.3 17.9
160 50 66.0 76.8 1.1 1.4 18.9
Pressure Temp initial TOF Aldehyde | Aldehvde | Alkane isomerization
{bar) {°C}) {min™) %) LB {%) {%)
30 160 525 49.0 0.94 14 45.7
50 160 66.0 76.8 1.1 1.4 18.9
70 160 948 840 1.3 1.2 12.1
90 160 103.2 87.3 1.4 1.0 9.1

*The reaction mixture was heated to 160 °C for 5 mins to activate the catalyst then cooled to
operating temperature before alkene injection. The TOF indicates initial turnover frequency
based on a 2 min sample.

** Some black cobalt metal deposition was observed inside the autoclave which is
suggestive that some catalyst decomposition occurred.

[0152] The data in the foregoing data show that a disclosed more electron-rich DEPBz-based
catalyst shows some slowing above 50 bar of H»/CO pressure, whereas a disclosed [Co-
DPPBz]+ catalyst shows a steady increase in the rate of hydroformylation as the H2/CO
pressure is increased from 30 to 90 bar at 160 °C. That is, the [Co-DPPBz]+ catalyst system

does not show slowing until about 100 bar of H./CO pressure.

Example 5: Cobalt Hydroformylation of Internal Branched Alkenes.

[0153] The data in Example 2 were further elaborated upon by the studies in the present
example that compare various disclosed bisphosphine Co(ll) cationic catalyst precursors to
conventional rhodium-based catalysts prepared as described herein above. The biphenphos
ligand is as described herein and FIG. 7. Briefly, reactions were run with 1.0 M 3,3-
dimethylbutene, 1.0 mM catalyst, 0.1 M heptane as internal standard, and 1:1 H,/CO. The
representative disclosed cobalt precursors used were [Co(acac)(bisphosphine)](BF4). Results
are based on three or more consistent runs with standard deviations given in parentheses.
Reaction times for were as follows: (a) cobalt catalysts were run for 2 hours; and (b) the

rhodium catalysts were run for 20 mins. The k(obs) was determined by gas consumption
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analysis under constant pressure conditions. Cobalt reactions were run in t-glyme solvent and
activated at 160 °C for 5 mins then cooled to operating temperature before the alkene was
injected. Rh(acac)(CO), was used as the catalyst precursor and run in toluene with the
following excess phosphine:Rh ratios: 3:1 for the chelating biphenphos ligand, and 400:1 for
PPh;:Rh. No excess phosphine was used for the cobalt runs. Data obtained for
hydroformylation of 3,3-dimethylbutene by the disclosed representative cobalt catalysts and

conventional rhodium catalysts are provided in Table 4 below.

Table 4. Hydroformylation of 3,3-Dimethylbutene by Cobalt and Rhodium Catalysts.

Catalyst Temp Presg Time A!dihyde Atde-hyde Aﬁgane k{obs} » 11%30““
feC} | {bar} | {min) {%) L:B {%} {M sec?}

{Ca:DPPBz]* 140 30 120 60.03.8) 58 0.8{0.02} 1.442)
{Co:dppe]* 140 3G 120 84.1(3.5) 57 1.0¢0.1} 1.5{1)
{Codeps]® 140 3G 120 T71{1.0) 54 1.2(00.05) 2.4
{Co:DEPBz]* 140 30 120 84.8(1.7) 51 1.2{0.1) 2.8(1)
Rh:biphenphos 120 18 20 98.4(0.2) | Alllinear | 3.30.06) 25(1)
Rh:PPhs 120 10.3 20 91.1(2.4) 34 0.3(0.04) 212}

[0154] Further studies were carried out using the HCo(CO)4 catalyst, the high-pressure,
unmodified Co(l) catalyst system, the cationic Co(ll)-depe catalyst, and two conventional
rhodium phosphine catalysts in the hydroformylation reaction using sterically hindered,
internal branched alkenes. The catalysts were prepared as described herein above. Briefly,
all reactions were run for 6 hrs with the indicated alkene (1.0 M) with 1.0 mM catalyst and 1:1
H»/CO, using 0.1 M heptane as an internal standard. Results shown below in Table 5 are
based on an average of two to four runs. Co»(CO)s or Co(hexanoate). was used to generate
HCo(CO)4 and all the cobalt reactions were run in t-glyme solvent. [Co(acac)(depe)](BF4) was
used as the cationic Co(ll) precursor, depe = Et,PCH>CH,PEt,. Rh(acac)(CO). was used as
the catalyst precursor and run in toluene with the following excess phosphine:Rh ratios: 3:1
for the chelating biphenphos ligand, and 400:1 for PPhs;:Rh. No alcohol production was

observed. The data are provided in Table 5 below.
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Table 5: Hydroformylation Results for Internal Branched Alkenes using Different Catalysts.

Alkene Catalyst T{Eg}p !'Z’;z?? Aldf}:;rde A‘Edf:hayde Al(igg;“le is?;;::)er

HCo{CO 140 | 90 36.5 All finear 0 4.8

\\E{f {Codepe]* 140 30 249 All linear 0 18.0
;” N Rh:hiphenphos 120 16 0 - 0 0
Rh:PPh; 120 | 103 0 - 0 0

HCo(COY 140 | 80 28.6 All finear 22 14.2

_N K {Codepel* 140 | 30 269 | Alllinear | 37 335
A N Rhvbiphenphos | 120 | 15 0.8 All linear 0 28
Rh:PPhs 120 | 103 0 - 0 0

HCo{COY 140 | 80 77.7 6.2 0 10.4

\ " {Codepe]* 140 | 30 54.7 44 0 32.1

Rh:biphenphos® | 120 15 81.7* 28 1.9 14.8
Rh:PPh; 120 | 103 62.0 0.4 0 8.4

* The Rh:biphenphos catalyst decomposed after about 3 hours, with cessation of

hydroformylation.

Example 6: Infrared Spectroscopic Study of [Co(acac)(DPPBz)1(BF4) catalyst precursor.

[0155] A high pressure infrared (IR) spectroscopic study was carried out of the
[Co(acac)(DPPBz)](BF4) catalyst precursor under various pressures of pure carbon monoxide.
The data show that the 17e- [Co(acac)(CO)(DPPBz)]* species has a carbonyl stretching
frequency at 1937 cm~', whereas the 19e- [Co(acac)(CO)2(DPPBz)]* complex has a higher
CO stretching frequency at 2090 cm~'. The data are shown in FIG. 8.

Example 7: Catalytic Turnover Studies Using [Co(acac)(bisphospine)](BF4) with 1-Hexene.

[0156] Briefly, all catalytic runs were done in dimethoxytetraglyme (t-glyme) solvent at 160°C
using 1:1 H,:CO. Parameters for the 1.2 Million TON run: 3 uM catalyst (0.000186 g, 0.24
ppm Co) in 6 M 1-hexene (45.45g, 68mL) with 18 mL of t-glyme and heptane as internal
standard. The reaction was run at 160 °C under 50 bar (725 psig) of syn gas for 14 days (336
hrs). The room temperature catalyst was pressure injected into the hot alkene to initiate the
reaction. Using the heptane internal standard, adjustment for the heavy ends of product
distribution is as follows: 2% 1-hexene, 1.2% alkane, 40.8% iso-hexenes, 33.4% aldehyde
(over half 2-methyl hexanal), 1.1% alcohol, 21.5% heavy ends (mostly aldehyde dimers and

trimers). Data are provided in Table 6 below. In the table, the catalyst is used was
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[Co(acac){(R2P)2-1,2-CeH4)}](BF4), with the R group as indicated in the table, and other

conditions as indicated therein. Briefly, the data show that the cationic Co(ll) catalyst

performed within acceptable parameters through to the time when each reaction was stopped.

The data show that as 1-hexene concentration decreases, the catalyst operates more slowly

with first order kinetics in 1-hexene over the concentration ranges studied.

Table 6: High Turnover Extended Catalysis Runs for 1-Hexene Hydroformylation using
[Co(acac){(R2P)2-1,2-CsH4)}](BF4) at 160 °C.

‘ Time Avg TOF Aldehyde . Isomer | Alkane
Cataiyst (hl’} (min‘1) (TON} L:B (oﬁ} {%}
R = Et {55.2 bar}

[Col=0.01 mM ‘ .
ICo} = 0.61 ppm 3 58.8 10,800 19.3 6.3
[1-hexene}]=1M

28 48.8 58,200 1.2 344 1.0
R = Ph {50 bar}
[Col=6 uM ‘ ‘
iCo] = 0.48 ppm 24 64.8 93,000 24.2 G4
[t-hexene]=6 M

41 74.6 178,000 08 342 8.5
R = Ph {50 bar) 1,200,000
[Col=3 M 336 : {includes ‘ 3
[Col=0.24 ppm | {2weeks) | o 21.5% heavy | 09 | 408 1.2
[1-hexene]=6M ends)

[0157] The disclosures of each and every patent, patent application, and publication cited

herein are hereby incorporated herein by reference in their entirety. While this disclosure has

been disclosed with reference to specific aspects, it is apparent that other aspects and

variations of this disclosure may be devised by others skilled in the art without departing from

the true spirit and scope of the disclosure. The appended claims are intended to be construed

to include all such aspects and equivalent variations.
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CLAIMS

What is claimed is:

1.

A compound of formula | or a salt, solvate, or sterecisomer thereof;

[ (L (LAm Pt

— - formula |

wherein in formula I:

X is selected from the group consisting of O, NR® and CR°R' wherein R?,
R°®, and R'® can be the same or different and are each independently selected
from the group consisting of H, C1—Cs alkyl, Co—Cs alkenyl, C+—Cs alkoxy, Ci—
C2o alcohol, Cs—Cs cycloalkyl, Cs—Cs cycloalkoxy, Ce—Ci1o aryl, Ce—C1o alkaryl,
Ce—Cio aralkyl, C4-C1o heteroaryl, and combinations thereof; or optionally R®
and R'° can together form a C;—Cs cycloalkyl ring;

each occurrence of Y independently represents a divalent linking group
selected from the group consisting of C+-Ce alkyl, C1-Cs alkenyl, Cs-C14 aryl, Cs-
C14 heteroaryl, O, NR*, and combinations thereof;

each occurrence of R', R?, R® and R*is independently selected from the group
consisting of C1—Cx alkyl, C1—Cs alkoxy, C1—Czo alcohol, Cs—Cg cycloalkyl, Cs—
Cs cycloalkoxy, Ce—C1o aryl, Ce—C1o alkaryl, Ce—C10 aralkyl, C4-C1o heteroaryl,
and combinations thereof; or R? and R® may optionally be joined together to
form a ring; or optionally one of R' and one of either R® or R'® may together
form aring;

M" and M? each independently represent a transition metal selected from the
group consisting of Fe, Co, Ni, Cu, Ru, Rh, Pd, Ir, and Pt, and M' and M? can
be the same or different;

n is an integer between 0 and 4, wherein the value of the number n for the
ligand L' depends on the transition metal M'" and is selected such that the
transition metal M' has 14, 15, 16, 17, 18, or 19 valence electrons;

m is an integer between 0 and 4, wherein the value of the number m for the
ligand L2 depends on the transition metal M? and is selected such that the

transition metal M? has 14, 15, 16, 17, 18, or 19 valence electrons;
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10.

p is an integer between 0 and 4; and

L" and L? can be the same or different and each occurrence is independently
selected from the group consisting of trialkylphosphine, tricycloalkylphosphine,
diethyl ether, tetrahydrofuran, H,O, CO, acetylacetonate, acetate, C+-Cs
alkoxide, acetonitrile, cyclooctadiene, N(R')s, N(R'"),, C4-Cs alkyl, Cs-C1o
heteroaryl, Cs-C1o heterocycle, H, Cl, Br, |, and F; wherein R is H, alkyl,

cyclcoalkyl, heteroalkyl, or heterocyclic.

The compound of claim 1, wherein X is CR°R?.

The compound of claim 1, wherein R? and R® are each C+—Cs alkyl.

The compound of claim 1, wherein R? and R® are each ethyl.

The compound of claim 1, wherein R is phenyl.

The compound of claim 1, wherein Y is 1,2-phenylene.

The compound of claim 1, wherein M and M? are each independently selected

from the group consisting of Co and Rh.
The compound of claim 1, wherein p is 2.

The compound of claim 1, wherein L' and L? are each independently selected
from the group consisting of acetoacetonate, acetonitrile, pyridine, and

cyclooctadiene.

The compound of claim 1, wherein the compound of formula | is selected from

the group consisting of:

0\ RS O\ /O
4 ¢ AN N c,
Et,P P “PEt,
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11.

A compound of formula (I), or a salt or sterecisomer thereof;

(l[}o q*
\/\/
R/\ /\\Rh

formula (II);
wherein in formula (I1):
each occurrence of R® and R® is independently selected from the group
consisting of C1—Cx alkyl, C1—Cs alkoxy, C1—Czo alcohol, Cs—Cg cycloalkyl, Cs—
Cs cycloalkoxy, Ce—C1o aryl, Ce—C1o alkaryl, Ce—C1o aralkyl, or combinations
thereof; or R®> and R® may optionally be joined together to form a ring;
Z represents a divalent linking group selected from the group consisting of C+-
Ce alkyl, C4+-Cs alkenyl, Ce-C14 aryl, Cs-Cis heteroaryl, O, NR* and
combinations thereof;
M is a transition metal selected from the group consisting of Fe, Co, Ni, Cu, Ru,
Rh, Pd, Ir, and Pt;
g is an integer between 0 and 4;
o is an integer between 0 and 4, wherein the value of the number o for the
ligand L depends on the transition metal M and is selected such that the
transition metal M has 14, 15, 16, 17, 18, or 19 valence electrons; and
each occurrence of L can be the same or different and is selected from the
group consisting of trialkylphosphine, tricycloalkylphosphine, diethyl ether,
tetrahydrofuran, H>O, CO, acetylacetonate, acetate, Ci-Cs alkoxide,
acetonitrile, cyclooctadiene, N(R'")s, N(R'"),, C1-Cs alkyl, C4-C1o heteroaryl, Cs-
Cio heterocycle, H, Cl, Br, I, and F; wherein R"" is H, alkyl, cyclcoalkyl,

heteroalkyl, or heterocyclic.
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12.

13.

14.

15.

16.

17.

18.

19.

The compound of claim 11, wherein M is Rh or Co.
The compound of claim 11, wherein L is acetylacetonate.

The compound of claim 11, wherein R® and R® are each C1—Cs alkyl, phenyl, or

cycloalkyl, each of which may be optionally substituted.

The compound of claim 11, wherein Z is 1,2-phenylene, 1,2-ethylene, or 1,3-

propylene.
The compound of claim 11, wherein q is 1.

The compound of claim 11, wherein the compound of formula (ll) is selected

from the group consisting of

O
0\ /g N ,/0
AN N
B P\—/P"{g Bt Ph\y‘“p\—/PQfPh
e’ Et  ang PP Ph

A method of preparing an aldehyde-containing compound, the method
comprising contacting an alkene-containing compound with a compound of any
of claims 1 to 17 in the presence of hydrogen (Hz) and carbon monoxide (CO),

whereby the alkene is converted to an aldehyde.

The method of claim 18, wherein the concentration of the compound is between
10 M and 102 M.
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20. The method of claim 18, wherein H, and CO are present in a ratio ranging from
about 40:60 to about 60:40.
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11.1994); entire document 1,34

1,34
entire document

D Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
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considered novel or cannot be considered to involve an inventive
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“Y” document of particular relevance; the claimed invention cannot be
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Box No. I1 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the intemational application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. |—__l Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. IIl  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

See Supplemental Box

1. I:] As all required additional search fees were timely paid by the applicant, this intemational search report covers all searchable
claims.

N

. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. |Z No required additional search fees were timely paid by the applicant. Consequently, this international search report is

restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
1,34

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

‘:l No protest accompanied the payment of additional search fees.
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This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be searched, the appropriate additional search fees must be paid.

Group I+: Claims 1-17 directed to a compound of formula [ or (il), or a salt, solvate, or sterecisomer thereof. The compound of formula |
or (I1) will be searched to the extent that it encompasses the compound of formula |, wherein: X is O; each occurrence of Y
independently represents a divalent linking group of C1-C6 alky!; each occurrence of R1, R2 , and R3 is independently C1-C20 alkyl; M1
and M2 each independently represent a transition metal of Fe; n is an integer 4, wherein the value of the number n for the ligand L1
depends on the transition metal M1 and is selected such that the transition metal M1 has 14 valence electrons; m is an integer 4,
wherein the value of the number m for the ligand L2 depends on the transition metal M2 and is selected such that the transition metal
M2 has 14 valence electrons; p is an integer 4; and L1 and L2 can be the same and each occurrence is independently trialkylphosphine.
It is believed that claims 1(in part), and 3-4 read on this first named invention, and thus these claims will be searched without fee.
Applicant is invited to elect additional compounds of claim 1, wherein each additional compound elected will require one additional
invention fee. Applicants must specify the claims that encompass any additionally elected compound. Applicants must further indicate, if
applicable, the claims which encompass the first named invention, if different than what was indicated above for this group. Failure to
clearly identify how any paid additional invention fees are to be applied to the '+' group(s) will result in only the first claimed invention to
be searched. Additionally, an exemplary election wherein different actual variables are selected is suggested. An exemplary election
would be the compound of formula (ll), or a salt or sterecisomer thereof, wherein in formula (l1): each occurrence of RS and R6 is
independently C1-C20 alkyl; Z represents a divalent linking group of C6-C14 aryl; M is a transition metal of Co; q is an integer 1; o is an
integer 2; wherein the value of the number o for the ligand L depends on the transition metal M and is selected such that the transition
metal M has 17 valence electrons; and each occurrence of L can be the same and is acetylacetonate (i.e., claims 11-12(in part), 13, 14-
15(in part), 16, and 17(in part)).

Group |l: claims 18-20 directed to a method of preparing an aldehyde-containing compound, the method comprising contacting an
alkene-containing compound with a compound of any of claims 1 to 17 in the presence of hydrogen (H2) and carbon monoxide (CO),
whereby the alkene is converted to an aldehyde.

The group of inventions listed above do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

Special Technical Features:

Group I+ includes the technical feature of a unique compound of formula | or (il), or a salt, solvate, or sterecisomer thereof in claim 1 or
11 containing the same, which is not required by any other invention of Group I+.

Group |l includes the technical feature of a method of preparing an aldehyde-containing compound, not required by Group 1+.
Common technical features:

The inventions of Group I+ share the technical feature of compound of formula | or (Il), or a salt, solvate, or sterecisomer thereof in claim
1 or 11 containing the same.

Groups I+ and Il share the technical feature of compound of formula | or (1), or a salt, solvate, or stereoisomer thereof in claim 1 or 11.

These shared technical features, however, do not provide a contribution over the prior art, as being anticipated by the journal article
entitled 'Synthesis and Characterization of a New Binucleating Tetraphosphine Ligand Based on 1,2-Phenylene Chelates and the
Structures of Dinickel Tetrachloride Complexes of the Ligand' by Schreiter et al. (hereinafter 'Schreiter’). Schreiter discloses a compound
of formula |, wherein: X is CR9R10, wherein R9 and R10 can be the same and are independently H; each occurrence of Y
independently represents a divalent linking group of C2 alkyl; each occurrence of R1 is C6 aryl; R2 and R3 is independently C2 alkyl; M1
and M2 each independently represent a transition metal of Ni; n is an integer 2, wherein the value of the number n for the ligand L1
depends on the transition metal M1 and is selected such that the transition metal M1 has 18 valence electrons; m is an integer 2,
wherein the value of the number m for the ligand L2 depends on the transition metal M2 and is selected such that the transition metal
M2 has 18 valence electrons; p is an integer 0; and L1 and L2 can be the same and each occurrence is independently CI (p10036,
Figure 2. "Ni2Cl4(meso-et,ph-P4)").

As said compound and compositions were known in the art at the time of the invention, these cannot be considered special technical
features that would otherwise unify the inventions of Groups I+ and II. The inventions of Group |+ and Il thus lack unity under PCT Rule
13.

Form PCT/ISA/210 (extra sheet) (January 2015)
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