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DESCRIPTION

METAL-LIGAND COOPERATIVE CATALYSIS THROUGH N-H ARM
DEPROTONATION/PYRIDINE DEAROMATIZTION FOR EFFICIENT HYDROGEN
GENERATION FROM FORMIC ACID

CROSS REFERENCE TO RELATED APPLICATIONS

[001] This application claims priority to U.S. Provisional Application Serial No.
61/910,530, filed December 2, 2013, the contents of which are incorporated herein in their
entirety for all purposes.

FIELD OF THE INVENTION

[002] The present invention relates generally to the field of chemistry and catalysis. More
particularly, 1t relates to phospho-amino pincer-type ligands, metal complexes thereof, and

catalytic methods comprising such metal complexes.

BACKGROUND OF THE INVENTION
[003] One of the most important challenges 1n the 21st century 1s energy. This involves the
substantial transformation towards a clean energy system that meets our future needs without
substantial damage to nature."” * Hydrogen (H,) is expected to play a crucial role as a
secondary fuel and energy carrier in such a system.”* H, has a high gravimetric energy
density of 33.3 kW-h/kg and 1t can be converted 1nto energy 1n an internal combustion engine
or fuel cells with the production of water (H,0) as the only “byproduct”.” However, it is
believed that the hydrogen economy will not occur until significant technological advances in
H, production, storage and delivery systems are made.® Among these issues, H, storage has
represented a great challenge. Conventional H, storage in high-pressure compressed gas
cylinders or cryogenic liquid tanks 1s straight forward, but it suffers from high energy input
and low volumetric energy capacity.’” Alternative approaches through physical adsorption of
H, in high-surface-arca materials, such as metal-organic frameworks, zeolites, nanostructured
carbon materials, etc., experience the limitation of temperature and pressure ranges.”” While
chemical hydride systems have high gravimetric H, capacities up to 20 wt%, the low

" In this regard, formic acid (FA)

reversibility prohibits their widespread applications.
becomes an attractive choice. Although FA contains only 4.35 wt% of H,, because of 1its high
density of 1.22 g/cm’, its volumetric capacity reaches 53.0 g Ho/L. This is equivalent to an

energy density of 1.77 kW-h/L, suitable for automotive and mobile applications. A carbon

_1-
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neutral system for H, storage can be created when efficient hydrogenation of carbon dioxide
(CO,) to FA/formates and selective dehydrogenation of FA are developed.'*’

[004] The decomposition of FA to H, and CO; 1s thermodynamically favored, but the
energy barrier 18 high and the selectivity 1s low (for the formation of H,O and CO) in the
absence of a suitable catalyst. After the potential of utilizing CO; as a H, storage material

d,'> " a number of homogeneous and heterogeneous catalyst systems have

was recognize
been developed recently for the generation of H, from FA.””™ Reactions give significantly
enhanced turnover frequencies (TOFs) and turnover numbers (TONSs) by using FA/NE;
azeotrope or FA/formate mixtures at the cost of decreasing the overall volumetric H;
capacity. Only a few molecular catalysts show good activities in the absence of base
additives.” > *
[005] Therefore, a need exists for the development of novel catalyst systems that overcome

one or more of the current disadvantages noted above.

BRIEF SUMMARY OF THE INVENTION

[006] In one aspect, PN -pincer ligands are provided, with corresponding intermediates, and
metal complexes thereof. These PN°-pincer complexes have been found to convert formic
acid to hydrogen and carbon dioxide, substantially without generation of carbon monoxide,
more¢ particularly without any detectable carbon monoxide, indicating that the purity of the
regenerated gas 1s suitable for use 1in hydrogen fuel cells. Conversion of formic acid to
hydrogen and carbon dioxide was effected under mild reaction conditions. In some aspects,
the reactions were performed under base-free conditions. Additionally, the catalyst systems
described herein can be used for the hydrogenation of carbon dioxide to formate or formic
acid.

[007] In one aspect, the present disclosure provides phospho-amino ligands and methods
which include the use of the ligands and their complexes described herein to produce
hydrogen from formic acid. The method includes the step of contacting formic acid with a
complex comprising a ligand and a metal or metal 10on, wherein the ligand 1s a compound
according to formula (I), or a deprotonated version thercof, and the ligand 1s associated with

the metal or metal 10n, wherein formula (I) comprises:



10

15

20

CA 02932568 2016-06-02

WO 2015/083007 PCT/IB2014/003120

Rs
Z)\Z
/I\ /k
HN N T
I |

P
R1/ ™ Ro / N\

3 R4 (D)

wherein R; and R,, are each independently alkylc<i»), arylc<i2), aralkylc<i») or a substituted
version of any of these groups;

R;, and R4, 1f present, are each independently alkyl <z, arylic<iz), aralkylc<i), or a
substituted version of any of these groups;

Rs 1s a hydrogen atom or an alkylc<12), arylc<12), aralkylc<i2), amino, hydroxyl, alkoxyl or a
substituted version of any of these groups;

cach Z, independently, 1s CRg, N or P;

Rs 18 a hydrogen atom or an alkylc<i2), arylc<i2), aralkylc<i2), amino, hydroxyl, alkoxyl or a
substituted version of any of these groups;

T1sa N, NR,, CRg, or CRoRjg;

R7, Rg, Rg and Ry are each independently a hydrogen, alkylc<iz), arylc<iz), aralkylc<iz), or a
substituted version of any of these groups;

Qi1sPorN;

optionally, wherein T and Q, together, form a 5 or 6 membered heterocyclic ring; wherein the
heterocyclic ring can optionally be substituted with one or more heteroatoms and or one or

more sites of the heterocyclic ring are substituted with one or more alkylc<i2), arylic<iz),

aralkylc<12), or a substituted version of any of these groups, and optionally wherein the
heterocyclic ring can have a fused ring attached thereto, provided when T and Q form a 5 or 6

membered heterocyclic ring, one or both of R3 and/or R4 are not present; and

------ designates a single bond or a double bond.

[008] In another aspect, the method includes the step of contacting formic acid with a

complex comprising formula (II):
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HN N 'i"
] =
p M Q
N
R1/ R / \ RB/ \R4
X L, (1T
wherein Rl, RQ, R3, R4, RS, Z, R6, T, R7, Rg, Rg, R109 Q and ====-=- are as defined above, M 1s

a metal or metal 1on that 1s a group 8 metal or metal 10n, L 15 a neutral or an anionic ligand,

“n” 15 0, 1 or 2 and X 1s a halide or a hydrogen atom

[009] In still another aspect, the method includes the step of contacting formic acid with a

complex comprising formula (11I):

N N T
]
p M Q
R1/ R, /\ - / \R4
X Ly =
. (110)
wherein Rl, RQ, Rg, R4, R5, Z, R6, T, R7, Rg, Rg, Rl(), Q, and ====== . L, n, M and X are as

defined above.

[010] In still another aspect, the method 1includes the step of contacting formic acid with a

complex comprising formula (IV):
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Z|/I\Z
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HN N N
I |

P
1 / \ 2
R R R3/ \R4 (IV)

H

wherein Ry, R», Rs, R4, Rs, Z, Rg, are as defined above.

[011] In another aspect, the method includes the step of contacting formic acid with a

complex comprising formula (V):
Rs

wherein Ry, Ry, Rz, R4, Rs, Z, R, M, L, n and X are as defined above.

[012] In yet another aspect, the method includes the step of contacting formic acid with a

complex comprising formula (VI):

Z ‘Z
T/LT i
P M P
2 D, )\ - \R4
A L (VI)

wherein Ry, Ry, Rz, R4, Rs, Z, R, M, L, n and X are as defined above.
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[013] In certain aspects for formulae (11), (I1I), (V) and (VI), X 1s H and L 1s CO (carbon
monoxide) or vice versa.

[014] In other aspects for formulae (11), (III), (V) and (VI), X and L cannot both be CO
(carbon monoxide) or hydrogen. In other aspects, both X and L are hydrogen. In still other
aspects, both X and L are CO.

[015] While multiple embodiments are disclosed, still other embodiments of the present
invention will become apparent to those skilled 1n the art from the following detailed
description. As will be apparent, the invention 1s capable of modifications 1in various obvious
aspects, all without departing from the spirit and scope of the present invention.

Accordingly, the detailed descriptions are to be regarded as 1llustrative 1in nature and not

restrictive.

DETAILED DESCRIPTION

[016] In certain aspects of the present invention, there are provided a new class of pincer-
type ligands, including those having a disubstituted-phosphinoamino (NH-PR;) arm. Metal
complexes of such ligands are also provided, including complexes that may be used as
catalysts for a variety of transformations, including conversion of formic acid to carbon
dioxide and hydrogen or hydrogenation of carbon dioxide to form a formate or formic acid.
Upon complexation of ligands described herein to a transition metal and treatment of a base,
in some embodiments, the resulting complex can undergo dearomatization after the

climination of H-X.

aromatic dearomatized
1 ]
Z _H |
A N S e
| —— | l I
Zx R 7 R

wherein T, Q and Z are as described herein.

[017] In one aspect, the present disclosure provides phospho-amino ligands and methods
which include the use of the ligands and their complexes described herein to produce
hydrogen from formic acid. The method includes the step of contacting formic acid with a
complex comprising a ligand and a metal or metal 10on, wherein the ligand 1s a compound
according to formula (I), or a deprotonated version thercof, and the ligand 1s associated with

the metal or metal 10n, wherein formula (I) comprises:



10

15

20

CA 02932568 2016-06-02

WO 2015/083007 PCT/IB2014/003120

wherein R and R,, are each independently alkylc<i2), arylc<iz), aralkylc<i2), or a substituted
version of any of these groups;

R;, and R4, 1f present, are each independently alkylc<i2), arylc<iz), aralkylc<z), or a
substituted version of any of these groups;

Rs 1s a hydrogen atom or an alkylc<12), arylc<i2), aralkylc<i2), amino, hydroxyl, alkoxyl or a
substituted version of any of these groups;

cach Z, independently, 1s CRg, N or P;

Rs 1s a hydrogen atom or an alkylc<12), arylc<i2), aralkylc<i2), amino, hydroxyl, alkoxyl or a
substituted version of any of these groups;

T1sa N, NR,, CRg, or CR9R ¢

R7, Rs, Ry and Ry are each independently a hydrogen, alkylc<iz), arylc<iz), aralkylc<iz), or a
substituted version of any of these groups;

Qi1sPorN;

optionally, wherein T and Q, together, form a 5 or 6 membered heterocyclic ring; wherein the
heterocyclic ring can optionally be substituted with one or more heteroatoms and or one or

more sites of the heterocyclic ring are substituted with one or more alkylc<iz), arylic<iz),

aralkylc<12), or a substituted version of any of these groups, and optionally wherein the
heterocyclic ring can have a fused ring attached thereto, provided when T and Q form a 5 or 6

membered heterocyclic ring, Rz and R4 are not present; and

------ designates a single bond or a double bond.

[018] In another aspect, the method includes the step of contacting formic acid with a

complex comprising formula (II):
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HN N 'i"
] =
p M Q
N
R1/ R / \ RB/ \R4
X L, (1T
wherein Rl, RQ, R3, R4, RS, Z, R6, T, R7, Rg, Rg, R109 Q and ====-=- are as defined above, M 1s

a metal or metal 1on that 1s a group 8 metal or metal 10n, L 15 a neutral or an anionic ligand,

“n” 15 0, 1 or 2 and X 1s a halide or a hydrogen atom

[019] In still another aspect, the method includes the step of contacting formic acid with a

complex comprising formula (11I):

N N T
]
p M Q
R1/ R, /\ - / \R4
X Ly =
. (110)
wherein Rl, RQ, Rg, R4, R5, Z, R6, T, R7, Rg, Rg, Rl(), Q, and ====== . L, n, M and X are as

defined above.

[020] In still another aspect, the method includes the step of contacting formic acid with a

complex comprising formula (IV):
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R5

Z|/I\Z

/l\ )\
HN N N
I |

P
1 / \ 2
R R R3/ \R4 (IV)

H

wherein Ry, R», Rs, R4, Rs, Z, Rg, are as defined above.

[021] In another aspect, the method includes the step of contacting formic acid with a

complex comprising formula (V):
Rs

wherein Ry, Ry, Rz, R4, Rs, Z, R, M, L, n and X are as defined above.

[022] In yet another aspect, the method includes the step of contacting formic acid with a

complex comprising formula (VI):

Z ‘Z
T/LT i
P M P
2 D, )\ - \R4
A L (VI)

wherein Ry, Ry, Rz, R4, Rs, Z, R, M, L, n and X are as defined above.
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[023] In certain aspects for formulae (1), (I1), (V) and (VI), X 1s a hydride (H) or CO and L
1s CO (carbon monoxide) or H.

In other aspects for formulae (II), (1II), (V) and (VI), X and L cannot both be CO (carbon
monoxide) or hydrogen.

M 1s a transition metal or a transition metal 10n including 1ron (Fe), ruthenium (Ru), Osmium
(Os) and hassium (Hs).

L 1s a neutral or anionic ligand, such as carbon monoxide (C)), phosphine, CN, a hydride, H-
BH;, or a halide.

Halides, as noted herem, include, for example, chloride, bromide, 10dide, or fluoride.

[024] It should be understood that the dative bonds depicted with metal or metal 1on “M”
can be covalent, 1onic, van der Waals type interactions, complexation interactions or other
types of interactions where the metal (M). It should be understood that there 1s an association
with the metal or metal 10n and one or more of the nitrogen of the pyridine ring, the
dearomatized N of the pyridine ring, a “P”, a ““T”, an NH, an imine nitrogen, or “Q” of the
ligands described herein. The sterecochemistry of the “L” and or halide “X” associated with
the metal or metal 1on “M” 1s not limited to a planar structure but is merely depicted this way
for convenience.

[025] Selected structures include, for example, PN -pincer ruthenium (Ru) complexes C1
through C3, which are useful for dehydrogenation of formic acid are depicted below. Further

details regarding different embodiments are provided throughout this disclosure.

N—P'Bu,,
&
/ N—RU:CO
—_— | H
NEt (1
N—PBus,
N—Rw:CO
AT
O
C2 and
N—P!Bu,
&
/ N—Ru—-CO
—_ ‘ \H

_10-
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Phospho-Amino Pincer-Type Ligands

[026] In onc aspect, the disclosure provides compounds of formula (IV)

RS
Z‘)\Z
/k /I\
HN N N
I |

TN 2 /L
R® R* (IV)

H

wherein Ry, R,, Rz, and R4 are each independently alkylc<i2), arylc<i2), aralkylc<i2), or a
substituted version of any of these groups;

Rs 1s a hydrogen atom or an alkylc<i2), arylc<i2), aralkylc<i2), or a substituted version of any
of these groups;

cach Z, independently, 1s CRg, N or P;

Rs 18 a hydrogen atom or an alkylc<i2), arylc<i2), aralkylc<i2), amino, hydroxyl, alkoxyl or a
substituted version of any of these groups; and

provided that when R', R*, R” and R" are t-butyl groups, Rs is not a hydrogen atom and each
Z is not CH, when R', R”, R” and R* are isopropyl groups, Rs is not a phenyl group and each
Z.1s not N and when R, Ry, R3, and R4 are phenyl, Rs 18 not a hydrogen atom and cach Z 1s
not CH.

[027] Examples of such ligands and methods of preparing them, and optionally
deprotonating them, are provided throughout this disclosure. For example, see He, L.-P.;
Chen, T.; Gong, D.; Lai1, Z.-P.; Huang, K.-W. Organometallics 2012, 31, 5208-5211. C2.
Chen, T.; He, L.; Gong, D.; Yang, L.; Maio, X.; Eppinger, J.; Huang, K.-W. Tetrahedron
Lett. 2012, 53, 4409-4412. C3. He, L.-P.; Chen, T.; Xue, D.; Eddaoudi1, M.; Huang, K.-W. J.
Organomet. Chem. 2012, 700, 202-206, the contents of which are mmcorporated herein 1n their
entirety.

[028] These methods can be further modified and optimized using the principles and
techniques of organic chemistry as applied by a person skilled 1n the art. Such principles and
techniques are taught, for example, in March’s Advanced Organic Chemistry: Reactions,

Mechanisms, and Structure (2007), which 1s incorporated by reference herein. The above

-11-
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methods can be further modified and optimized for preparative, pilot- or large-scale
production, either batch of continuous, using the principles and techniques of process
chemistry as applied by a person skilled 1n the art. Such principles and techniques are taught,
for example, in Practical Process Research & Development (2000), which 1s incorporated by

reterence herein.

Phospho-Amino, Pincer-Type Ligand Complexes and Methods of Use

[029] The present disclosure also provides metal complexes of this novel class of ligands.
Such complexes may be used to facilitate a variety of organic transformations, including
conversion of formic acid to hydrogen and carbon dioxide and or hydrogenation of carbon
dioxide to form a formate or formic acid.

[030] For example, ruthenium complexes of ligands can be made, and optionally
deprotonated, to provide a dearomatized pyridine moiety and an imine arm. Ruthenium
complexes of ligands C1, C2 and C3 can catalyze, for example, the conversion of formic acid
to hydrogen and carbon dioxide (without any generation of carbon monoxide) (Tables 1, 2
and 3) and hydrogenation of carbon dioxide to formate (Table 4).

[031] The above methods can be further modified and optimized for preparative, pilot- or
large-scale production, either batch of continuous, using the principles and techniques of
process chemistry as applied by a person skilled m the art. Such principles and techniques
are taught, for example, 1n Practical Process Research & Development (2000), which 1s

incorporated by reference herein.

Definitions

[032] When used 1n the context of a chemical group, “hydrogen” means —H; “hydroxy™
means —OH; “o0xo0” means =0; “halo” means independently —F, —Cl, —Br or —I; “amino™
means —NH; (see below for definitions of groups containing the term amino, e.g.,
alkylamino); “hydroxyamino” means —NHOH; “nitro”” means —NO;; imino means =NH (sce

below for definitions of groups containing the term 1mino, e.g., alkylimino); “cyano” means

—CN; “1socyanate” means —N=C=0; “azido” means —N3; 1n a monovalent context
“phosphate” means —OP(O)(OH); or a deprotonated form thereof; 1n a divalent context
“phosphate” means —OP(O)(OH)O— or a deprotonated form thereof; “mercapto” means —SH;
“th10” means =S; “thiocther” means —S—; “sulfonamido” means —NHS(O),— (see below for
definitions of groups containing the term sulfonamido, e.g., alkylsulfonamido); “sulfonyl”

means —S(0),— (see below for definitions of groups containing the term sulfonyl, e.g.,

_12-
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alkylsulfonyl); and “sulfinyl” means —S(O)— (see below for definitions of groups containing

the term sulfinyl, e.g., alkylsulfinyl).

[033] In the context of chemical formulas, the symbol “—" means a single bond, “=" means
a double bond, and “=" means triple bond. The symbol “----"" represents an optional bond,
which 1f present 1s either single or double. The symbol “===="" represents a single bond or a

double bond. Thus, for example, the structure includes the structures O, O,
: : @ and O As will be understood by a person of skill 1n the art, no one such

ring atom forms part of more than one double bond. The symbol vV 7 when drawn
perpendicularly across a bond indicates a point of attachment of the group. It 1s noted that the
point of attachment 1s typically only 1dentified in this manner for larger groups 1n order to
assist the reader 1n rapidly and unambiguously identifying a point of attachment. The symbol
==’ means a single bond where the group attached to the thick end of the wedge 1s “out of
the page.” The symbol “l” means a single bond where the group attached to the thick end
of the wedge 18 “into the page”. The symbol “ vV 7 means a single bond where the
conformation (e.g., either R or §) or the geometry 1s undefined (e.g., either £ or Z).

[034] Any undefined valency on an atom of a structure shown in this application implicitly
represents a hydrogen atom bonded to the atom. When a group “R” 1s depicted as a “floating

group’’ on a ring system, for example, 1n the formula:

then R may replace any hydrogen atom attached to any of the ring atoms, including a
depicted, implied, or expressly defined hydrogen, so long as a stable structure 1s formed.
When a group “R” 1s depicted as a “floating group” on a fused ring system, as for example 1n

the formula:

/
N X
H

(R)y\/ I R L'Z'v/

2

then R may replace any hydrogen attached to any of the ring atoms of either of the fused
rings unless specified otherwise. Replaceable hydrogens include depicted hydrogens (e.g.,

the hydrogen attached to the nitrogen 1n the formula above), implied hydrogens (e.g., a
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hydrogen of the formula above that 1s not shown but understood to be present), expressly
defined hydrogens, and optional hydrogens whose presence depends on the 1dentity of a ring
atom (e.g., a hydrogen attached to group X, when X equals —CH—), so long as a stable
structure 1s formed. In the example depicted, R may reside on either the S-membered or the 6-
membered ring of the fused ring system. In the formula above, the subscript letter “y”
immediately following the group “R” enclosed 1n parentheses, represents a numeric variable.
Unless specified otherwise, this variable can be 0, 1, 2, or any integer greater than 2, only
l[imited by the maximum number of replaceable hydrogen atoms of the ring or ring system.

For the groups and classes below, the following parenthetical subscripts further define the

group/class as follows: “(Cn)” defines the exact number (n) of carbon atoms 1n the
group/class. “(C<n)” defines the maximum number (n) of carbon atoms that can be 1n the
group/class, with the minimum number as small as possible for the group in question, e.g., 1t

1s understood that the minimum number of carbon atoms 1n the group “alkenylc<g)” or the

class “alkenec<g)” 18 two. For example, “alkoxyc<i0)” designates those alkoxy groups having
from 1 to 10 carbon atoms (e.g., 1, 2, 3,4, 5,6, 7,8, 9, or 10, or any range derivable therein
(e.g., 3 to 10 carbon atoms). (Cn-n") defines both the minimum (n) and maximum number
(n') of carbon atoms 1n the group. Similarly, “alkylc;.10)” designates those alkyl groups
having from 2 to 10 carbon atoms (e.g., 2, 3,4, 5, 6,7, 8,9, or 10, or any range derivable
therein (e.g., 3 to 10 carbon atoms)).

[035] The term “saturated” as used herein means the compound or group so modified has no
carbon-carbon double and no carbon-carbon triple bonds, except as noted below. The term
does not preclude carbon-heteroatom multiple bonds, for example a carbon oxygen double
bond or a carbon nitrogen double bond. Morecover, it does not preclude a carbon-carbon
double bond that may occur as part of keto-enol tautomerism or imine/enamine tautomerism.
[036] The term “aliphatic” when used without the “substituted” modifier signifies that the
compound/group so modified 1s an acyclic or cyclic, but non-aromatic hydrocarbon
compound or group. In aliphatic compounds/groups, the carbon atoms can be joined together
in straight chains, branched chains, or non-aromatic rings (alicyclic). Aliphatic
compounds/groups can be saturated, that 1s joined by single bonds (alkanes/alkyl), or
unsaturated, with one or more double bonds (alkenes/alkenyl) or with one or more triple
bonds (alkynes/alkynyl). When the term ““aliphatic’ 1s used without the “substituted”
modifier only carbon and hydrogen atoms are present. When the term 1s used with the

“substituted” modifier one or more hydrogen atom has been independently replaced by —OH,
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—F, —Cl, —Br, -1, -NH;, -NO,, -CO;H, —CO,CH3, —CN, —SH, “OCH3, ~OCH,CH3, —
C(O)CH3, —N(CH3),, —C(O)NH; or —OC(O)CHs.

[037] The term ““alkyl” when used without the “substituted” modifier refers to a monovalent
saturated aliphatic group with a carbon atom as the point of attachment, a linear or branched,
cyclo, cyclic or acyclic structure, and no atoms other than carbon and hydrogen. Thus, as
used herein cycloalkyl is a subset of alkyl. The groups —CH3z (Me¢), —CH,CH; (Et),
—CH,CH,CH3; (n-Pr), -CH(CH3), (iso-Pr), -CH(CH;), (cyclopropyl), -CH,CH,CH,CH3 (-
Bu), -CH(CH;)CH,CHj; (sec-butyl), —-CH,CH(CH3), (iso-butyl), —C(CH3); (tert-butyl),
—CH,C(CH3)s (neo-pentyl), cyclobutyl, cyclopentyl, cyclohexyl, and cyclohexylmethyl are
non-limiting examples of alkyl groups. The term ““alkanediyl” when used without the
“substituted” modifier refers to a divalent saturated aliphatic group, with one or two saturated
carbon atom(s) as the point(s) of attachment, a linear or branched, cyclo, cyclic or acyclic

structure, no carbon-carbon double or triple bonds, and no atoms other than carbon and

hydrogen. The groups, “CH,— (methylene), -CH,CH,—, —CH,C(CH3),CH;—,

sé..
—CH,CH,CH,—, and ¥ , are non-lmiting examples of alkanediyl groups. The

term “alkylidene” when used without the “substituted” modifier refers to the divalent group
=CRR' 1n which R and R’ are independently hydrogen, alkyl, or R and R’ are taken together
to represent an alkanediyl having at Ieast two carbon atoms. Non-limiting examples of
alkylidene groups include: =CH,, =CH(CH,CH;), and =C(CH;),. When any of these terms 1s
used with the “substituted” modifier one or more hydrogen atom has been independently
replaced by —OH, —F, —Cl, —Br, —I, -NH,, -NO,, —-CO;H, —CO,CH3, —CN, —SH, —OCH3,
—OCH,CH3;, -C(O)CH3, —N(CH3),, —C(O)NH; or —OC(O)CHj3;. The following groups are
non-limiting examples of substituted alkyl groups: —CH,OH, —CH,Cl, —CF;, —CH,CN,
—CH,C(O)OH, —CH,C(O)OCHj3;, -CH,C(O)NH,, -CH,C(O)CH3, —CH,OCH3,
—CH,0C(O)CH3, —CH,NH,, —CH,N(CH3),, and —CH,CH,CI. The term “fluoroalkyl” 1s a
subset of substituted alkyl, m which one or more hydrogen has been substituted with a fluoro
group and no other atoms aside from carbon, hydrogen and fluorine are present. The groups,
—CH,F, —CF3, and —CH,CF; are non-limiting examples of fluoroalkyl groups. An “alkane”
refers to the compound H—R, wherein R 1s alkyl.

[038] The term “alkenyl” when used without the “substituted” modifier refers to an
monovalent unsaturated aliphatic group with a carbon atom as the point of attachment, a
linear or branched, cyclo, cyclic or acyclic structure, at least one nonaromatic carbon-carbon

double bond, no carbon-carbon triple bonds, and no atoms other than carbon and hydrogen.
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Non-limiting examples of alkenyl groups include: -CH=CH, (vinyl), -CH=CHCH3,
—CH=CHCH,CH3, -CH,CH=CHj; (allyl), -CH,CH=CHCH3, and -CH=CH—-C¢Hs. The term
“alkenediyl” when used without the “substituted” modifier refers to a divalent unsaturated

aliphatic group, with two carbon atoms as points of attachment, a linear or branched, cyclo,
cyclic or acyclic structure, at least one nonaromatic carbon-carbon double bond, no carbon-

carbon triple bonds, and no atoms other than carbon and hydrogen. The groups, -CH=CH-,

S
—CH=C(CH3)CH,—, -CH=CHCH,—, and ¥ , arc non-limiting examples of

alkenediyl groups. When these terms are used with the “substituted” modifier one or more
hydrogen atom has been mndependently replaced by —OH, —F, —Cl, —Br, —1, -NH;, —NO,,
—CO,H, —CO,CH3;, —CN, —SH, —OCH;, -OCH,CH3, —C(O)CH3, —N(CH3),, -C(O)NH, or —
OC(O)CHsj. The groups, -CH=CHF, -CH=CHCI and -CH=CHBr, ar¢ non-limiting
examples of substituted alkenyl groups. An “alkene” refers to the compound H—R, wherein
R 1s alkenyl.

[039] The term “alkynyl” when used without the “substituted” modifier refers to an
monovalent unsaturated aliphatic group with a carbon atom as the point of attachment, a
linear or branched, cyclo, cyclic or acyclic structure, at least one carbon-carbon triple bond,
and no atoms other than carbon and hydrogen. As used herein, the term alkynyl does not
preclude the presence of one or more non-aromatic carbon-carbon double bonds. The groups,
—C=CH, —C=CCH;, and —CH,C=CCH3, are non-limiting examples of alkynyl groups. The
term “‘alkynediyl” when used without the “substituted” modifier refers to a divalent
unsaturated aliphatic group, with two carbon atoms as points of attachment, a linear or
branched, cyclo, cyclic or acyclic structure, at least one carbon-carbon triple bond, and no
atoms other than carbon and hydrogen. When these terms are used with the “substituted”
modifier one or more hydrogen atom has been independently replaced by —OH, —F, —Cl, —Br,
—1, -NH;, -NO,, -CO;H, —CO,CH3, —CN, —SH, —OCH3, ~OCH,CH3;, —C(O)CH3,
—N(CH3),, —-C(O)NH; or —-OC(O)CHs;. An “alkyne” refers to the compound H-R, wherein R
1s alkynyl.

[040] The term ““aryl” when used without the “substituted” modifier refers to a monovalent
unsaturated aromatic group with an aromatic carbon atom as the point of attachment, said
carbon atom forming part of a one or more six-membered aromatic ring structure, wherein
the ring atoms are all carbon, and wherein the group consists of no atoms other than carbon
and hydrogen. If more than one ring 1s present, the rings may be fused or not fused. As used

herein, the term does not preclude the presence of one or more alkyl group (carbon number
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[imitation permitting) attached to the first aromatic ring or any additional aromatic ring
present. Non-limiting examples of aryl groups include phenyl (Ph), methylphenyl,
(dimethyl)phenyl, —-CsH4CH,CHj3 (ethylphenyl), naphthyl, and the monovalent group derived
from biphenyl. The term “arenediyl” when used without the “substituted” modifier refers to
a divalent aromatic group, with two aromatic carbon atoms as points of attachment, said
carbon atoms forming part of one or more six-membered aromatic ring structure(s) wherein
the ring atoms are all carbon, and wherein the monovalent group consists of no atoms other
than carbon and hydrogen. As used herein, the term does not preclude the presence of one or
more alkyl group (carbon number limitation permitting) attached to the first aromatic ring or
any additional aromatic ring present. If more than one ring 1s present, the rings may be fused

or unfused. Non-limiting examples of arenediyl groups include:

Y - _
KO 0 1y T +Or

2 2

[041] When these terms are used with the “substituted” modifier one or more hydrogen
atom has been independently replaced by —OH, —F, —Cl, —Br, —1, -NH,, —NO,, —CO;H,
—CO,CH3, —CN, —SH, —OCH3, ~OCH,CH3, -C(O)CH3, —N(CH3),, —C(O)NH, or —
OC(O)CHs. An “‘arene” refers to the compound H-R, wherein R 1s aryl.

[042] The term ““aralkyl” when used without the “substituted” modifier refers to the
monovalent group —alkanediyl—aryl, in which the terms alkanediyl and aryl are each used 1n a
manner consistent with the definitions provided above. Non-limiting examples of aralkyls
arc: phenylmethyl (benzyl, Bn) and 2-phenyl-ethyl. When the term 1s used with the
“substituted” modifier one or more hydrogen atom from the alkanediyl and/or the aryl has
been independently replaced by —OH, —F, —Cl1, —Br, —I, -NH,, -NO,, -CO,H, —CO,CHj,
—CN, —SH, —OCH3, ~OCH,CH3, —-C(O)CH3, —N(CH3),, —C(O)NH; or —OC(O)CH3. Non-
limiting examples of substituted aralkyls are: (3-chlorophenyl)-methyl, and 2-chloro-2-
phenyl-eth-1-yl.

[043] The term “‘heteroaryl” when used without the “substituted” modifier refers to a
monovalent aromatic group with an aromatic carbon atom or nitrogen atom as the point of
attachment, said carbon atom or nitrogen atom forming part of an aromatic ring structure
wherein at least one of the ring atoms 18 nitrogen, oxygen or sulfur, and wherein the group
consists of no atoms other than carbon, hydrogen, aromatic nitrogen, aromatic oxygen and
aromatic sulfur. As used herein, the term does not preclude the presence of one or more alkyl

oroup (carbon number limitation permitting) attached to the aromatic ring or any additional
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aromatic ring present. Non-limiting examples of heteroaryl groups include furanyl,
imidazolyl, indolyl, indazolyl (Im), methylpyridyl, oxazolyl, pyridyl, pyrrolyl, pyrimidyl,
pyrazinyl, quinolyl, quinazolyl, quinoxalinyl, thienyl, and triazinyl. The term
“heteroarenediyl” when used without the “substituted” modifier refers to an divalent aromatic
oroup, with two aromatic carbon atoms, two aromatic nitrogen atoms, or on¢ aromatic carbon
atom and one aromatic nitrogen atom as the two points of attachment, said atoms forming
part of one or more aromatic ring structure(s) wherein at least one of the ring atoms 1s
nitrogen, oxygen or sulfur, and wherein the divalent group consists of no atoms other than
carbon, hydrogen, aromatic nitrogen, aromatic oxygen and aromatic sulfur. As used herein,
the term does not preclude the presence of one or more alkyl group (carbon number limitation
permitting) attached to the first aromatic ring or any additional aromatic ring present. If more
than one ring 1s present, the rings may be fused or unfused. Non-limiting examples of

heteroarenediyl groups include:

—N -% / & N=\

Ty NN

[044] When these terms are used with the “substituted” modifier one or more hydrogen
atom has been independently replaced by —OH, —F, —Cl, —Br, —I, —NH,, —NO,, —CO;H,
—CO,CH;, —CN, —SH, —OCH3, ~-OCH,CH;, —-C(O)CH3, —N(CH3),, —C(O)NH, or —
OC(O)CHs.
[045] The term “acyl” when used without the “substituted” modifier refers to the group
—C(O)R, 1n which R 1s a hydrogen, alkyl, aryl, aralkyl or heteroaryl, as those terms are
defined above. The groups, "CHO, —C(O)CH3 (acetyl, Ac), —C(O)CH,CHs,
—C(O)CH,CH,CH3, —C(O)CH(CH3),, —C(O)CH(CH;),, —C(O)CsHs, —C(O)CsH4CHs,
—C(O)CH,C¢Hs, —C(O)(1midazolyl) are non-limiting examples of acyl groups. A “thioacyl”
1s defined 1n an analogous manner, except that the oxygen atom of the group —C(O)R has
been replaced with a sulfur atom, —C(S)R. When either of these terms are used with the
“substituted” modifier one or more hydrogen atom has been independently replaced by —OH,
—F, —Cl, —Br, =1, -NH;, -NO,, —CO;H, -CO,CH3, —CN, —SH, —OCH3, —OCH,CH3, —
C(O)CH3, —N(CH3),, -C(O)NH,; or —-OC(O)CH;. The groups, —C(O)CH,CF;, -CO,H
(carboxyl), —CO,CH3 (methylcarboxyl), —CO,CH,CH3, —C(O)NH; (carbamoyl), and
—CON(CH3),, are non-limiting examples of substituted acyl groups.
[046] The term “alkoxy” when used without the “substituted” modifier refers to the group

—OR, 1n which R 1s an alkyl, as that term 1s defined above. Non-limiting examples of alkoxy
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ZIroups include: _OCH3, _OCHQCH3, _OCH2CH2CH3, _OCH(CH3)2, _OCH(CHQ)Q,

R B 4 A B Y 4

—O—cyclopentyl, and —O—cyclohexyl. The terms “alkenyloxy”, “alkynyloxy”, “aryloxy”,
“aralkoxy”, “heteroaryloxy”, and “acyloxy”, when used without the “substituted” modifier,
refers to groups, defined as —OR, 1n which R 1s alkenyl, alkynyl, aryl, aralkyl, heteroaryl, and
acyl, respectively. Similarly, the term “alkylthi0” when used without the “substituted”
modifier refers to the group —SR, in which R 1s an alkyl, as that term 1s defined above. When
any of these terms 1s used with the “substituted” modifier one or more hydrogen atom has
been independently replaced by —OH, —F, —CI, —Br, —I, -NH,, -NO,, -CO,H, —CO,CHz3,
—CN, —SH, —OCH3, ~-OCH,CH3, -C(O)CHj3, —N(CHs3),, —C(O)NH; or —OC(O)CHj3;. The
term “alcohol” corresponds to an alkane, as defined above, wherein at least one of the
hydrogen atoms has been replaced with a hydroxy group.

[047] The term “alkylamino” when used without the “substituted” modifier refers to the
group —NHR, 1n which R 1s an alkyl, as that term 1s defined above. Non-limiting examples of
alkylamino groups include: -NHCH3; and -NHCH,CH3;. The term “dialkylamino™ when
used without the “substituted” modifier refers to the group —NRR', in which R and R’ can be
the same or different alkyl groups, or R and R’ can be taken together to represent an
alkanediyl. Non-limiting examples of dialkylamino groups include: —N(CH3),,
—N(CH3)(CH,CH3), and N-pyrrolidinyl. The terms “alkoxyamino™, “alkenylamino”,
“alkynylamino”, “arylamino”, “aralkylamino”, “heteroarylamino”, and “‘alkylsulfonylamino”™
when used without the “substituted” modifier, refers to groups, defined as —NHR, in which R
1s alkoxy, alkenyl, alkynyl, aryl, aralkyl, heteroaryl, and alkylsulfonyl, respectively. A non-
[imiting example of an arylamino group 1s -NHCgHs. The term “amido” (acylamino), when
used without the “substituted” modifier, refers to the group —NHR, 1n which R 1s acyl, as that
term 1s defined above. A non-limiting example of an amido group 1s ~NHC(O)CH3. The
term “‘alkylimino” when used without the “substituted” modifier refers to the divalent group
=NR, 1n which R 1s an alkyl, as that term 1s defined above. When any of these terms 1s used
with the “substituted” modifier one or more hydrogen atom has been independently replaced
by —OH, —F, —Cl, —Br, —I, -NH,, —NO,, —CO,H, —CO,CHj3;, —CN, —SH, —OCH3,
—OCH,CH;, —C(O)CH;, —N(CH3),, —C(O)NH, or —-OC(O)CH;. The groups ~NHC(O)OCHz;
and ~NHC(O)NHCHj3 are non-limiting examples of substituted amido groups.

[048] The above definitions supersede any conflicting definition 1n any of the reference that

1s incorporated by reference herein. The fact that certain terms are defined, however, should

not be considered as indicative that any term that 1s undefined 1s indefiite. Rather, all terms
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used are believed to describe the invention in terms such that one of ordinary skill can
appreciate the scope and practice the present invention.

[049] In the specification and 1n the claims, the terms "including” and "comprising" are
open-ended terms and should be interpreted to mean "including, but not limited to. . . . "
These terms encompass the more restrictive terms “consisting essentially of” and “consisting

Of 29

[050] It must be noted that as used herein and 1n the appended claims, the singular forms
"a", "an", and "the" include plural reference unless the context clearly dictates otherwise. As
well, the terms "a" (or "an"), "one or more" and "at least one" can be used interchangeably
herein. It 1s also to be noted that the terms "comprising”, "including”, “characterized by’ and
"having" can be used interchangeably.

[051] Unless defined otherwise, all technical and scientific terms used herein have the same
meanings as commonly understood by one of ordinary skill in the art to which this invention
belongs. All publications and patents specifically mentioned herein are incorporated by
reference 1n their entirety for all purposes including describing and disclosing the chemaicals,
instruments, statistical analyses and methodologies which are reported 1n the publications
which might be used in connection with the invention. All references cited 1n this
specification are to be taken as indicative of the level of skill in the art. Nothing herein 1s to
be construed as an admission that the invention 1s not entitled to antedate such disclosure by
virtue of prior invention.

[052] The following paragraphs enumerated consecutively from 1 through 51 provide for
various aspects of the embodiments described herein. In one embodiment, 1n a first
paragraph (1), the present invention provides a method to produce hydrogen from formic acid
comprising the step of contacting formic acid with a complex comprising a ligand and a
metal or metal 10n, wherem the ligand 1s a compound according to formula (I), or a

deprotonated version thereof, and the ligand 1s associated with the metal or metal 10n,

wherein formula (I) comprises:
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Z)\Z
/I\ /k
HN N T
I |

P
R1/ ™ Ro / N\

3 R4 (D)

wherein R; and R,, are each independently alkylc<i»), arylc<i2), aralkylc<i») or a substituted
version of any of these groups;

R;, and R4, 1f present, are each independently alkyl <z, arylic<iz), aralkylc<i), or a
substituted version of any of these groups;

Rs 1s a hydrogen atom or an alkylc<12), arylc<12), aralkylc<i2), amino, hydroxyl, alkoxyl or a
substituted version of any of these groups;

cach Z, independently, 1s CRg, N or P;

Rs 18 a hydrogen atom or an alkylc<i2), arylc<i2), aralkylc<i2), amino, hydroxyl, alkoxyl or a
substituted version of any of these groups;

T1sa N, NR,, CRg, or CRoRjg;

R7, Rg, Rg and Ry are each independently a hydrogen, alkylc<iz), arylc<iz), aralkylc<iz), or a
substituted version of any of these groups;

Qi1sPorN;

optionally, wherein T and Q, together, form a 5 or 6 membered heterocyclic ring; wherein the
heterocyclic ring can optionally be substituted with one or more heteroatoms and or one or

more sites of the heterocyclic ring are substituted with one or more alkylc<i2), arylic<iz),

aralkylc<12), or a substituted version of any of these groups, and optionally wherein the
heterocyclic ring can have a fused ring attached thereto, provided when T and Q form a 5 or 6

membered heterocyclic ring, Rz and R4 are not present; and

------ designates a single bond or a double bond.

[053] 2. The method of paragraph 1, wherein T 1s NH and Q 1s P.
[054] 3. The method of paragraph 2, wherein Ry, Ry Rz and Ry are each an alkylc<i2).
[055] 4. The method of paragraph 3, wherein R;, Ry R3 and R4 are each a t-butyl

group.
[056] 5. The method of paragraph 1, wherein T 1s CH, and Q 18 N.
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[057] 6. The method of paragraph 5, wherein R, Ry Rj and Ry are each an alkylc<i»).

[058] 7. The method of paragraph 6, wherein R, and R, are t-butyl group and R3 and
R, are ethyl groups.
[059] &. The method of paragraph 1, wherein T 1s C, Q 1s N and T and Q form

________N
Rq1
O
R

12, wherein Rj; and Rj;, each independently, are a hydrogen atom or

alkyl(c<12), arylic<12), aralkylc<i2), or a substituted version of any of these groups.

[060] O. The method of paragraph 8, wherein R;; and R, are both methyl groups.
[061] 10.  The method of any of paragraphs 1 through 9, wherein the metal or metal 10n
1s a Group & metal or metal 10n.

[062] 11. The method of any of paragraphs 1 through 10, wherein the metal or metal 10n
1s based on ruthenium.

[063] 12.  The method of any of paragraphs 1 through 11, wherein the complex further
comprises a second ligand, wherein the second ligand 1s a halide or a hydrogen atom.

[064] 13.  The method of paragraph 12, wherein the halide 1s chloride.

[065] 14.  The method of paragraphs 12 or 13, wherein the complex further comprises a
third ligand, wherein the third ligand 1s carbon monoxide.

[066] 15.  The method of any of paragraphs 1 through 14, wherein the method produces
carbon dioxide.

[067] 16.  The method of any of paragraphs 1 through 15, wherein substantially no
carbon monoxide 1s produced.

[068] 17.  The method of paragraph 16, wherein no carbon monoxide 1s produced.

[069] 18.  The method of any of paragraphs 1 through 17, wherein a polar aprotic solvent
1S present, such as DMSO.

[070] 19.  The method of any of paragraphs 1 through 18, wherem the catalyst has a
turnover number from about 500 to about 500,000.

[071] 20. A method to produce hydrogen from formic acid comprising the step of

contacting formic acid with a compound of formula (II):
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wherein R; and R,, are each independently alkylc<i2), arylc<i2), aralkylc<i2) or a substituted
version of any of these groups;

R;, and R4, if present, are each independently alkylc<i2), arylc<iz), aralkylc<iz), or a
substituted version of any of these groups;

Rs 1s a hydrogen atom or an alkylc<i»), arylc<12), aralkylc<iz), or a substituted version of any
of these groups;

cach Z, independently, 1s CRg, N or P;

Rs 1s a hydrogen atom or an alkylc<12), arylc<i2), aralkylc<i2), amino, hydroxyl, alkoxyl or a
substituted version of any of these groups;

M 1s a metal or metal 10n that 1s a group 8 metal or metal 10n;

L 18 a neutral or an anionic ligand;

nis0, 1 or?2

X 18 a halide or a hydrogen atom,;

T 1s a N, NR7, CRg, or CR9R0;

R7, Rs, Rg and Rjg are each independently a hydrogen, alkylc<i2), arylc<iz), aralkylc<i2) or a
substituted version of any of these groups;

Qi1sPorN;

optionally, wherein T and Q, together, form a 5 or 6 membered heterocyclic ring; wherein the
heterocyclic ring can optionally be substituted with one or more heteroatoms and or one or
more sites of the heterocyclic ring are substituted with one alkylc<i2), arylc<iz), aralkylc<i2)
or a substituted version of any of these groups, and optionally wherein the heterocyclic ring
can have a fused ring attached thereto, provided when T and Q form a 5 or 6 membered

heterocyclic ring, R3 and R4 are not present; and

------ designates a single bond or a double bond.

[072] 21.  The method of paragraph 20, wherein T 1s NH and Q 1s P.
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[073] 22. The method of paragraph 21, wherein R, R, Rj and R4 are each an alkylc<2).
[074] 23.  The method of paragraph 22, wherein Ry, Ry R3 and R4 are each a t-butyl
group.

[075] 24.  The method of paragraph 20, wherein T 1s CH; and Q 1s N.

[076] 25. The method of paragraph 24, wherein Ry, Ry Rz and R4 are each an alkylc<i).
[077] 26. The method of paragraph 25, wherein Ry, and R, are t-butyl group and R3 and

R4 are ethyl groups.
[078] 27.  The method of paragraph 20, wherein T 1s C, Q 1s N and T and Q form

12 , wherein Ry, and Ry, each independently, are a hydrogen atom or
alkylc<12), arylic<i2), aralkylc<i2), or a substituted version of any of these groups.

[079] 28.  The method of paragraph 27, wherein Ry and Ry, are both methyl groups.
[080] 29.  The method of any of paragraphs 20 through 28, wherein the metal or metal
ion 18 based on ruthenium.

[081] 30.  The method of any of paragraphs 20 through 29, wherein X 1s chloride.
[082] 31.  The method of any of paragraphs 20 through 30, wherein the method produces
carbon dioxide.

[083] 32.  The method of any of paragraphs 20 through 30, wherein substantially no
carbon monoxide 1s produced.

[084] 33.  The method of paragraph 32, wherein no carbon monoxide 1s produced.
[085] 34.  The method of any of paragraphs 20 through 33, wherein a polar aprotic
solvent 1s present, such as DMSO.

[086] 35.  The method of any of paragraphs 20 through 34, wherein the catalyst has a
turnover number from about 500 to about 500,000.

[087] 36. A mecthod to produce hydrogen from formic acid comprising the step of

contacting formic acid with a compound of formula (III):
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Z ‘z
T/LT P
P——M Q:

S \ R3/ \R4

X L (111)

wherein R; and R,, are each independently alkylc<i2), arylc<i2), aralkylc<i2) or a substituted
version of any of these groups;

R;, and R4, 1f present, are ecach independently alkylc<i2), arylic<iz), aralkylc<z), or a
substituted version of any of these groups;

Rs 1s a hydrogen atom or an alkylc<12), arylc<i2), aralkylc<i2), or a substituted version of any
of these groups;

cach Z, independently, 1s CRg, N or P;

Rs 1s a hydrogen atom or an alkylc<12), arylc<i2), aralkylc<i2), amino, hydroxyl, alkoxyl or a
substituted version of any of these groups;

T1sa N, NR,, CRg, or CR9R;0;

R7, Rg, Rg and Ry are each independently a hydrogen, alkylc<i2), arylc<i2), aralkylc<iz), or a
substituted version of any of these groups;

Qi1sPorN;

M 1s a metal or metal 10n that 1s a group 8 metal or metal 10n;

L 18 a neutral or an anionic ligand,;

nis 0, 1 or?2

X 18 a halide or a hydrogen atom; and

optionally, wherein T and Q, together, form a 5 or 6 membered heterocyclic ring; wherein the
heterocyclic ring can optionally be substituted with one or more heteroatoms and or one or
more sites of the heterocyclic ring are substituted with one alkylc<i2), arylc<i2), aralkylc<iz),
or a substituted version of any of these groups, and optionally wherein the heterocyclic ring

can have a fused ring attached thereto, provided when T and Q form a 5 or 6 membered

heterocyclic ring, R3 and R4 are not present; and

------ designates a single bond or a double bond.

[088] 37.  The method of paragraph 36, wherein T 1s NH and Q 1s P.
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[089] 38. The method of paragraph 37, wherein R;, R, R3 and R4 are each an alkylc<2).
[090] 39. The method of paragraph 38, wherein R, R, R3 and R4 are each a t-butyl
group.

[091] 40. The method of paragraph 36, wherein T 1s CH; and Q 18 N.

[092] 41. The method of paragraph 40, wherein Ry, Ry Rz and Ry are each an alkylc<i2).
[093] 42.  The method of paragraph 41, wherein Ry, and R, are t-butyl group and R3 and

R4 are ethyl groups.
[094] 43. The method of paragraph 36, wherein T 1s C, Q 18 N and T and Q form

12 , wherein Ry, and Ry, each independently, are a hydrogen atom or
alkylc<12), arylic<i2), aralkylc<i2), or a substituted version of any of these groups.

[095] 44.  The method of paragraph 43, wherein Ry and Ry, are both methyl groups.
[096] 45.  The method of any of paragraphs 36 through 44, wherein the metal or metal
ion 18 based on ruthenium.

[097] 46.  The method of any of paragraphs 36 through 45, wherein X 1s chloride.
[098] 47. The method of any of paragraphs 36 through 46, wherein the method produces
carbon dioxide.

[099] 48.  The method of any of paragraphs 36 through 46, wherein substantially no
carbon monoxide 1s produced.

[0100] 49. The method of paragraph 48, wherein no carbon monoxide 1s produced.
[0101] 50.  The method of any of paragraphs 36 through 49, wherein a polar aprotic
solvent 1s present, such as DMSO.

[0102] 51.  The method of any of paragraphs 36 through 50, wherein the catalyst has a
turnover number from about 500 to about 500,000

[0103] The following paragraphs enumerated consecutively from 1 through 29 provide for
aspects of the embodiments described herein. In one embodiment, in a first paragraph (1),

the present invention provides a composition comprising a compound of formula (IV):
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| |
P
RZ R3/ \

wherein Rj, Ry, Rz, and R4 are each independently alkylc<i2), arylc<iz), aralkylc<iz), or a

R1
R* (IV)

substituted version of any of these groups;

Rs 1s a hydrogen atom or an alkylc<i2), arylc<i2), aralkylc<i2), or a substituted version of any
of these groups;

cach Z, independently, 1s CRg, N or P;

Re 1s a hydrogen atom or an alkylc<i»), arylc<i2), aralkylc<i2), amino, hydroxyl, alkoxyl or a
substituted version of any of these groups; and

provided that when R', R?, R” and R* are t-butyl groups, Rs is not a hydrogen atom and each
Z is not CH, when R', R?, R and R* are isopropyl groups, Rs is not a phenyl group and each
Z. 18 not N and when R, Ry, Rz, and R4 are phenyl, Rs 1s not a hydrogen atom and cach Z 1s
not CH.

[0104] 2. The composition of paragraph 1, wherein Ry, R;, R3, and R4 are each 1sopropyl
groups, cach Z 1s CH and Rs 1s a hydrogen atom.

[0105] 3. A composition comprising a compound of formula (V):

wherein R;, Ry, R3, and R4 are each independently alkylc<iz), arylc<iz), aralkylc<in), or a

substituted version of any of these groups;
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Rs 1s a hydrogen atom or an alkylc<i»), arylc<12), aralkylc<iz), or a substituted version of any

of these groups;

cach Z, independently, 1s CRg, N or P;

Rs 1s a hydrogen atom or an alkylc<12), arylc<i2), aralkylc<i2), amino, hydroxyl, alkoxyl or a
substituted version of any of these groups;

M 1s a metal or metal 10n that 1s a group 8 metal or metal 10n;

L 18 a neutral or an anionic ligand;

nis0, 1 or2;

X 18 a halide or a hydrogen atom; and

provided that when R', R?, R” and R* are t-butyl groups, Rs is not a hydrogen atom and each
Z is not CH and when R', R*, R” and R" are isopropyl groups, Rs is not a phenyl group and
cach Z 1s not N.

[0106] 4. The composition of paragraph 3, wherein R, R;, R3, and R4 are each 1sopropyl
groups, cach Z 1s CH and Rs 1s a hydrogen atom.

[0107] 5. A composition comprising a compound of formula (VI):

PN
)@

T
pP——M——FP
R1/ R. [ \ R3/ \R4
X L, (VI)

wherein Rj, Ry, Ri, and R4 are each independently alkylc<i), arylc<z), aralkylc<i), or a
substituted version of any of these groups;

Rs 1s a hydrogen atom or an alkylc<i2), arylc<i2), aralkylc<i2), or a substituted version of any
of these groups;

cach Z, independently, 1s CRg, N or P;

Rs 1s a hydrogen atom or an alkylc<i2), arylc<i2), aralkylc<i2), amino, hydroxyl, alkoxyl or a
substituted version of any of these groups;

M 1s a metal or metal 10n that 1s a group 8 metal or metal 10n;

L 18 a neutral or an anionic ligand;

nis0, 1 or2;
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X 18 a halide or a hydrogen atom; and

provided that when R', R”, R’ and R are t-butyl groups, Rs is not a hydrogen atom, each Z is
not CH and M is not Ru, and when R', R?, R” and R* are isopropyl groups, Rs is not a phenyl
group, cach Z 1s not N and M 1s not Ir.

[0108] ©. The composition of paragraph 5, wherein Ry, R;, R3, and R4 are each 1sopropyl
groups, cach Z 1s CH and Rs 1s a hydrogen atom.

[0109] 7. A complex comprising a ligand and a metal or metal 10n, wherein the ligand 1s
a compound according to paragraph 1, or a deprotonated version thereof, and the ligand 1s
associated with the metal or metal ion, provided that R', R*, R” and R* are t-butyl groups, R
1S not a hydrogen atom, cach Z 1s not CH and M 1s not Ru, and when R' R* R’ and R” are
1sopropyl groups, Rs 1s not a phenyl group, each Z 1s not N and M 1s not Ir..

[0110] &. The complex of paragraph 7, wherein the metal or metal 10on 1s a group 8 metal
or metal 10n.

[0111] O. The complex of paragraph 8, wherein the metal or metal 10n 1s based on
ruthenium.

[0112] 10.  The complex according to paragraph 7, wherein the complex further

comprises a second ligand, wherein the second ligand 1s chloride.

[0113] 11.  The complex according to paragraph 10, wherein the complex further
comprises a third ligand, wherein the third ligand 1s carbon monoxide.

[0114] 12. A method to produce hydrogen from formic acid comprising the step of

contacting formic acid with a compound of formula (V):

wherein R;, Ry, Rz, and R4 are each independently alkylc<i2), arylc<i2), aralkylc<iz), or a
substituted version of any of these groups;

Rs 1s a hydrogen atom or an alkylc<12), arylc<i2), aralkylc<i2), or a substituted version of any

of these groups;
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cach Z, independently, 1s CRg, N or P;

Rs 18 a hydrogen atom or an alkylc<i2), arylc<i2), aralkylc<i2), amino, hydroxyl, alkoxyl or a
substituted version of any of these groups;

M 1s a metal or metal 10n that 1s a group 8 metal or metal 10n;

L 18 a neutral or an anionic ligand,;

nis 0, 1 or2; and

X 18 a halide or a hydrogen atom.

[0115] 13.  The method of paragraph 12, wherein the method produces carbon dioxide.
[0116] 14.  The method of paragraph 12 or 13, wherein substantially no carbon monoxide
1S produced.

[0117] 15.  The method of paragraph 12 or 13, wherein no carbon monoxide 1s produced.
[0118] 16.  The method of any of paragraphs 12 through 15, wherein a polar aprotic
solvent 1s present, such as DMSO.

[0119] 17.  The method of any of paragraphs 12 through 15, wherein the catalyst has a
turnover number from about 500 to about 500,000.

[0120] 18. A method to produce hydrogen from formic acid comprising the step of

contacting formic acid with a compound of formula (VI):

Z)\‘
T/LT |
P———M——FP

" R A Ra/ \R4
X L, (VI)

H

wherein Rj, Ry, Ri, and R4 are each independently alkylc<i), arylc<z), aralkylc<i), or a
substituted version of any of these groups;

Rs 1s a hydrogen atom or an alkylc<i»), arylc<iz), aralkylc<i») or a substituted version of any
of these groups;

cach Z, independently, 1s CRg, N or P;

Rs 18 a hydrogen atom or an alkylc<i2), arylc<i2), aralkylc<i2), amino, hydroxyl, alkoxyl or a
substituted version of any of these groups;

M 1s a metal or metal 10n that 1s a group 8 metal or metal 10n;

-3()-



10

15

20

25

CA 02932568 2016-06-02

WO 2015/083007 PCT/IB2014/003120

L 18 a neutral or an anionic ligand;

nis 0, 1 or2; and

X 18 a halide or a hydrogen atom.

[0121] 19.  The method of paragraph 18, wherein the method produces carbon dioxide.
[0122] 20.  The method of paragraph 18 or 19, wherein substantially no carbon monoxide
1s produced.

[0123] 21.  The method of paragraph 18 or 19, wherein no carbon monoxide 18 produced.
[0124] 22.  The method of any of paragraphs 18 through 21, wherein a polar aprotic
solvent 1s present, such as DMSO.

[0125] 23.  The method of any of paragraphs 18 through 21, wherein the catalyst has a
turnover number from about 500 to about 500,000.

[0126] 24. A method to produce hydrogen from formic acid comprising the step of
contacting formic acid with a complex comprising a ligand and a metal or metal 10n, wherein
the ligand 1s a compound according to formula (IV), or a deprotonated version thercof, and

the ligand 1s associated with the metal or metal 10on, wheremn formula (IV) comprises:

HT N TH
P P
R1/ \R2 3 \ 4
R R (1v)

wherein R, R,, R3, and R4 are each independently alkylc<i2), arylc<iz), aralkylc<i»), or a
substituted version of any of these groups;

Rs 1s a hydrogen atom or an alkylc<12), arylc<i2), aralkylc<i2), or a substituted version of any
of these groups;

cach Z, independently, 1s CRg, N or P; and

Rs 1s a hydrogen atom or an alkylc<12), arylc<i2), aralkylc<i2), amino, hydroxyl, alkoxyl or a
substituted version of any of these groups.

[0127] 25.  The method of paragraph 24, wherein the method produces carbon dioxide.
[0128] 26.  The method of paragraph 24 or 25, wherein substantially no carbon monoxide

1S produced.

[0129] 27.  The method of paragraph 24 or 25, wherein no carbon monoxide 18 produced.
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[0130] 28.  The method of any of paragraphs 24 through 27, wherein a polar aprotic
solvent 1s present, such as DMSO.

[0131] 29.  The method of any of paragraphs 25 through 27, wherein the catalyst has a
turnover number from about 500 to about 500,000

[0132] In another aspect, method to produce formic acid or a formate 1s provided comprising
the step of contacting carbon dioxide and hydrogen under increased pressure relative to
atmospheric pressure, with a complex comprising a ligand and a metal or metal 10n, wherein
the ligand 1s a compound according to formula (I), or a deprotonated version thereof, and the

ligand 1s associated with the metal or metal 10n, wherein formula (I) comprises:

wherein Ry and R,, are each independently alkylc<i»), arylc<iz), aralkylc<i2), or a substituted
version of any of these groups;

R;, and R4, if present, are each independently alkylic<iz), arylc<iz), aralkylc<iz), or a
substituted version of any of these groups;

Rs 1s a hydrogen atom or an alkylc<12), arylc<i2), aralkylc<i2), amino, hydroxyl, alkoxyl or a
substituted version of any of these groups;

cach Z, independently, 1s CRg, N or P;

Rs 18 a hydrogen atom or an alkylc<i2), arylc<i2), aralkylc<i2), amino, hydroxyl, alkoxyl or a
substituted version of any of these groups;

T1sa N, NR,, CRg, or CRoRp;

R7, Rs, Ry and Ry are each independently a hydrogen, alkylc<i2), arylc<iz), aralkylc<i2), or a
substituted version of any of these groups;

Qi1sPorN;

optionally, wherein T and Q, together, form a 5 or 6 membered heterocyclic ring; wherein the
heterocyclic ring can optionally be substituted with one or more heteroatoms and or one or

more sites of the heterocyclic ring are substituted with one or more alkylc<i2), arylc<io),
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aralkylc<1z), or a substituted version of any of these groups, and optionally wherein the

heterocyclic ring can have a fused ring attached thereto, provided when T and Q form a 5 or 6

membered heterocyclic ring, R and R4 are not present; and

------ designates a single bond or a double bond, such that a formate or formic acid 1s
produced.

[0133] In still another aspect, a method 1s provided to produce formic acid or a formate,
comprising the step of contacting carbon dioxide and hydrogen under increased pressure
relative to atmospheric pressure with a complex comprising a ligand and a metal or metal 10n,
wherein the ligand 1s a compound according to formula (IV), or a deprotonated version
thercof, and the ligand 1s associated with the metal or metal 10n, wherein formula (IV)

COmMpI1Ses:

HT N TH
P P
Rﬂ’/, \\\jq2 \\\

R* R* (IV)

wherein Rj, Ry, R3, and R4 are each independently alkylc<i2), arylc<iz), aralkylc<iz), or a
substituted version of any of these groups;

Rs 1s a hydrogen atom or an alkylc<i»), arylc<iz), aralkylc<i») or a substituted version of any
of these groups;

cach Z, independently, 1s CRg, N or P; and

Rs 18 a hydrogen atom or an alkylc<i2), arylc<i2), aralkylc<i2), amino, hydroxyl, alkoxyl or a

substituted version of any of these groups, such that formic acid or a formate 1s produced.

[0134] The invention will be further described with reference to the following non-limiting
Examples. It will be apparent to those skilled 1n the art that many changes can be made in the
embodiments described without departing from the scope of the present invention. Thus the
scope of the present invention should not be limited to the embodiments described 1n this
application, but only by embodiments described by the language of the claims and the

cequivalents of those embodiments. Unless otherwise indicated, all percentages are by weight.
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Examples

[0135] Generally the ligands and complexes can be prepared by the methods described in
United States Patent Serial No. 13/528,481, filed on June 6, 2012, entitled “Phospho-amino
Pincer-Type Ligands and Catalytic Metal Complexes Therecot”, United States Provisional
Patent Application No. 61/499,028, filed June 20, 2011, and “Efficient transfer hydrogenation
reation Catalyzed by a dearomatized PN°P ruthenium pincer complex under base-free
Conditions”, Journal of Organometallic Chemistry, 700 (2012) 202-206, “A sustainable
catalytic pyrrole synthesis”, Nature Chemistry Vol. 5, 2013, 140-144 and Z. anorg. allg.
Chem. 545 (1987) 83-97, the contents of which are incorporated herein by reference in their

entirety.
[0136] Example 1 provides catalyzed production of hydrogen from formic acid. The reaction
was conducted under air in a reaction flask. TON was calculated by the highest volume of

hydrogen/formic acid consumed per weight of catalyst.

Table 1: Ru(IT) pincer complexes catalyzed production of H, from formic acid.™

C|)H Cat.
H/CQO—l» H, + CO,

Entry Solvent Cat. T (°C) TON
1 DMSO C1 50 9800
2 Toluene C1 50 -
3 DMSO C2 50 2400
4 Toluene C2 50 -
5 DMSO C3 50 95000
6 Toluene C3 50 2000

2 . TN T Y D T T I .
I R eaction conditions: Ru catalyst (1.0x10™ mmol) and solvent (5.0 mL). Conversions were

calculated by H, volumes with respect to the formic acid. Carbon dioxide was absorbed by an

aqueous solution of potassium hydroxide.

Table 2: Effect of various solvents on the efficiency of formic acid dehydrogenation.™

Entry  Solvent T (°C) TON, TON
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1° DMSO 50 2380 95000
2 CH5CN 50 1100 4800
3 DMF 50 900 3500
4 Toluene 50 44() 2000
5 thf 50 390 3600
6° thf/H,O 50 76.5 540)

X . I T T T R S .
] Reaction conditions: catalyst C3 (1.0x10™ mmol), solvent (5.0 mL). Conversions were
calculated by H, volumes. Carbon dioxide was absorbed by an aqueous solution of potassium

hydroxide. " Activity of C3 after exposure to air for one month. ' thf/H,0O (1:1) under air.

5 Table 3: Effect of base (NEt3) on the efficiency of formic acid dehydrogenation.™

Entry Solvent Additive T (°C) TON, TON
1 DMSO - 50 2380 95,000
2° DMSO Et;N 50 38 000 > 420,000
3 DMSO - 30 12 000 27,000
4° DMSO Et;N 80 80 000 > 160,0000

. T = S T D N I U L T Y W U N T
2] Reaction conditions: complex C3 (1.0 x10” mmol), solvent (5.0 mL). " Et;N (10.0 mmol) was added.

Plausible Mechanism for Hydrogenation of CO, and production of H, from formic acid using

Ru(II)-pincer complex 3.

HN— P"Bu2

N Ru CO

10

Table 4. Hydrogenation of Carbon Dioxide to formate Catalyzed by complex 3.
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* Catalyst C3 (1.0 x 10~ mmol) and KOH (1.0 mmol) in a mixture of 5.0 mL of toluene and
1.0 mL of H,0. '™ Catalyst C3 (1.0 x 10~ mmol) and KOH (1.0 mmol) in a mixture of 1.0 mL
of toluene and 5.0 mL of H,O. ! Pip:Pcor = 1:1. ¥ Yields of HCOOK were calculated based
on H NMR analysis using sodium 3-(trimethylsilyl)-1-propanesulfonate as an internal

standard.

0137] Not to be limited by theory, 1t 1s believed that the reaction proceeds by an increase in
pressure 1n a system wherein carbon dioxide and or hydrogen are present. The pressure can
be greater than 1 psi, particularly from about 10 to 500 psi, more particularly from about 100
to about 300 ps1, and even more particularly from about 120 to about 240 psi. Inclusion of an
organic or morganic base, such as an amine or a metal hydroxide, such as potassium
hydroxide, 1n the reaction mixture also benefits the conversion.

0138] Although the present invention has been described with reference to preferred
embodiments, persons skilled 1n the art will recognize that changes may be made in form and
detail without departing from the spirit and scope of the invention. All references cited
throughout the specification, including those 1n the background, are incorporated herein in
their entirety. Those skilled 1n the art will recognize, or be able to ascertain, using no more
than routine experimentation, many equivalents to specific embodiments of the invention
described specifically herein. Such equivalents are intended to be encompassed in the scope

of the following claims.
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CLAIMS

1. A method to produce hydrogen from formic acid comprising the step of
contacting formic acid with a complex comprising a ligand and a metal or metal 10on, wherein
the ligand 18 a compound according to formula (I), or a deprotonated version thercof, and the

ligand 1s associated with the metal or metal 10n, wherein formula (I) comprises:

3 R4 (1)

wherein R; and R, are each independently alkylc<i2), arylc<iz), aralkylc<iz), or a
substituted version of any of these groups;

R3, and Ry, 1f present, are each independently alkylc<i2), arylc<iz), aralkylc<iz), or a
substituted version of any of these groups;

Rs 1s a hydrogen atom or an alkylic<iz), arylc<2), aralkyl<iz), amino, hydroxyl,
alkoxyl or a substituted version of any of these groups;

cach Z, independently, 1s CRg, N or P;

Rs 18 a hydrogen atom or an alkylic<iz), arylc<z), aralkyl<iz), amino, hydroxyl,
alkoxyl or a substituted version of any of these groups;

T1sa N, NR,, CRg, or CRoRjg;

R7, Rg, Ry and Rjy are each independently a hydrogen, alkylc<iz), arylic<i),
aralkylc<i2), or a substituted version of any of these groups;

Qi1sPorN;

optionally, wherein T and Q, together, form a 5 or 6 membered heterocyclic ring;
wherein the heterocyclic ring can optionally be substituted with one or more heteroatoms and
or on¢ or more sites of the heterocyclic ring are substituted with one or more alkylc<iz),
arylc<12), aralkylc<i2), or a substituted version of any of these groups, and optionally wherein

the heterocyclic ring can have a fused ring attached thereto, provided when T and Q form a 5

or 6 membered heterocyclic ring, R3; and R4 are not present; and

------ designates a single bond or a double bond.
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2. The method of claim 1, wherein T 1s NH and Q 1s P.

3. The method of claim 2, wherein R, Ry, Rz and R4 are each an alkylc<i2).

4. The method of claim 3, wherein R, R, R3; and R4 are each a t-butyl group.

5. The method of claim 1, wherein T 1s CH, and Q 1s N.

0. The method of claim 5, wherein Ry, Ry, R3 and R4 are each an alkylc<i2).

7. The method of claim 6, wherein R, and R, are t-butyl group and R3; and R4 are
cthyl groups.

8. The method of claim 1, wheremm T 1s C, Q 1s N and T and Q form

, wheremm R;; and R,,, cach independently, are a hydrogen atom or

alkyl(c<12), arylic<12), aralkylc<i2), or a substituted version of any of these groups.

9. The method of claim 8, wherein Ry, and Ry, are both methyl groups.

10.  The method of any of claims 1 through 9, wherein the metal or metal 10n 1s a

Group 8 metal or metal 10n.

11.  The method of any of claims 1 through 10, wherein the metal or metal 10n 18

based on ruthenium.

12.  The method of any of claims 1 through 11, wherein the complex further

comprises a second ligand, wherein the second ligand 1s a halide or a hydrogen atom.

13. The method of claim 12, wherein the halide 1s chloride.
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14.  The method of claims 12 or 13, wherein the complex further comprises a third

ligand, wherein the third ligand 1s carbon monoxide.

15. The method of any of claims 1 through 14, wherein the method produces

carbon dioxide.

16.  The method of any of claims 1 through 15, wherein substantially no carbon

monoxide 18 produced.
17.  The method of claim 16, wherein no carbon monoxide 1s produced.

18.  The method of any of claims 1 through 17, wherein a polar aprotic solvent 1s

present, such as DMSO.

19.  The method of any of claims 1 through 18, wherein the catalyst has a turnover

number from about 500 to about 500,000.

20. A method to produce hydrogen from formic acid comprising the step of

contacting formic acid with a compound of formula (II):
Rs

A
/k/L

< M/

Se N o/

bn (H)

wherein R; and R,, are each independently alkylc<i2), arylc<i2), aralkylc<iz), or a
substituted version of any of these groups;

R;, and Ry, 1f present, are each independently alkylc<i2), arylc<iz), aralkylc<iz), or a
substituted version of any of these groups;

Rs 1s a hydrogen atom or an alkylc<i2), arylc<i2), aralkylc<i2) or a substituted version

of any of these groups;
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cach Z, independently, 1s CRg, N or P;

Rs 18 a hydrogen atom or an alkylic<iz), arylc<z), aralkylc<iz), amino, hydroxyl,
alkoxyl or a substituted version of any of these groups;

M 1s a metal or metal 10n that 1s a group 8 metal or metal 10n;

L 18 a neutral or an anionic ligand;

nis0, 1 or?2

X 18 a halide or a hydrogen atom,;

T 1s a N, NR,, CRg, or CR9R0;

R7, Rs, Ro and Ry are each independently a hydrogen, alkylc<iz), arylc<iz,
aralkylc<12), or a substituted version of any of these groups;

Qi1sPorN;

optionally, wherein T and Q, together, form a 5 or 6 membered heterocyclic ring;
wherein the heterocyclic ring can optionally be substituted with one or more heteroatoms and

or one or more sites of the heterocyclic ring are substituted with one alkylc<i2), arylc<iz),

aralkylc<1z), or a substituted version of any of these groups, and optionally wherein the
heterocyclic ring can have a fused ring attached thereto, provided when T and Q form a 5 or 6

membered heterocyclic ring, R and R4 are not present; and

------ designates a single bond or a double bond.

21.  The method of claim 20, wherein T 1s NH and Q 1s P.

22. The method of claim 21, wherein R, Ry, R3 and Ry are each an alkylc<y).

23.  The method of claim 22, wherein Ry, R, R3 and R4 are each a t-butyl group.

24.  The method of claim 20, wherein T 1s CH, and Q 1s N.

25.  The method of claim 24, wherein Ry, Ry, R3 and R4 are each an alkylc<i2).

26. The method of claim 25, wherein R, and R; are t-butyl group and R; and R4
arc cthyl groups.
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27.  The method of claim 20, wherein T 18 C, Q 1s N and T and Q form

12 . wherein Rj; and Rj, each independently, are a hydrogen atom or

alkylic<i2), arylc<iz), aralkylc<i2), or a substituted version of any of these groups.

28. The method of claim 27, wherein Ry, and Ry, are both methyl groups.

29.  The method of any of claims 20 through 28, wherein the metal or metal 10n 18

based on ruthenium.

30.  The method of any of claims 20 through 29, wherein X 1s chloride.

31.  The method of any of claims 20 through 30, wheremn the method produces

carbon dioxide.

32.  The method of any of claims 20 through 30, wherein substantially no carbon

monoxide 18 produced.

33.  The method of claim 32, wherein no carbon monoxide 1s produced.

34.  The method of any of claims 20 through 33, wherein a polar aprotic solvent 1s

present, such as DMSO.

35.  The method of any of claims 20 through 34, wherein the catalyst has a

turnover number from about 500 to about 500,000.

36. A method to produce hydrogen from formic acid comprising the step of

contacting formic acid with a compound of formula (III):
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wherein R; and R,, are each independently alkylc<i2), arylc<i2), aralkylc<iz), or a
substituted version of any of these groups;

R;, and Ry, 1f present, are each independently alkylc<i2), arylc<iz), aralkylc<iz), or a
substituted version of any of these groups;

Rs 1s a hydrogen atom or an alkylc<i2), arylc<i2), aralkylc<i2) or a substituted version
of any of these groups;

cach Z, independently, 1s CRg, N or P;

Rs 1s a hydrogen atom or an alkylc<iz), arylc<iz), aralkylc<iz), amino, hydroxyl,
alkoxyl or a substituted version of any of these groups;

T1sa N, NR,, CRg, or CR9R;0;

R7, Rs, Ro and Ry are each independently a hydrogen, alkylc<iz), arylc<iz,
aralkylc<i2), or a substituted version of any of these groups;

Qi1sPorN;

M 1s a metal or metal 10n that 1s a group 8 metal or metal 10n;

L 18 a neutral or an anionic ligand,;

nis0, 1 or?2

X 18 a halide or a hydrogen atom; and

optionally, wherein T and Q, together, form a 5 or 6 membered heterocyclic ring;

wherein the heterocyclic ring can optionally be substituted with one or more heteroatoms and
or on¢ or more sites of the heterocyclic ring are substituted with one alkylc<i2), arylc<iz),
aralkylc<12), or a substituted version of any of these groups, and optionally wherein the

heterocyclic ring can have a fused ring attached thereto, provided when T and Q form a 5 or 6

membered heterocyclic ring, Rz and R4 are not present; and

------ designates a single bond or a double bond.

37.  The method of claim 36, wherein T 1s NH and Q 1s P.
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38. The method of claim 37, wherein Ry, Ry, R3 and R4 are each an alkylc<iz).

39, The method of claim 38, wherein R, R, Rz and R4 are each a t-butyl group.

40.  The method of claim 36, wherein T 1s CH, and Q 1s N.

41.  The method of claim 40, wherein Ry, Ry R3 and R4 are each an alkylc<i2).

42. The method of claim 41, wherein R;, and R; are t-butyl group and R; and R4
arc cthyl groups.

43,  The method of claim 36, wherein T 18 C, Q 1s N and T and Q form

_______N
R11
O
R

12 . wherein Rj;; and Rj;, each independently, are a hydrogen atom or

alkylc<i12), arylc<i2), aralkylc<i2), or a substituted version of any of these groups.
44. The method of claim 43, wherein Ry; and Ry, are both methyl groups.

45.  The method of any of claims 36 through 44, wherein the metal or metal 10n 18

based on ruthenium.
46.  The method of any of claims 36 through 45, wherein X 1s chloride.

47.  The method of any of claims 36 through 46, wherein the method produces

carbon dioxide.

48.  The method of any of claims 36 through 46, wherein substantially no carbon

monoxide 18 produced.

49.  The method of claim 48, wherein no carbon monoxide 18 produced.
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50.  The method of any of claims 36 through 49, wherein a polar aprotic solvent 1s

present, such as DMSO.

51. The method of any of claims 36 through 50, wherein the catalyst has a

turnover number from about 500 to about 500,000

52. A composition comprising a compound of formula (IV):

N N a
R R™ (IV)

wherein R;, Ry, R3, and Ry are each independently alkylc<iz), arylc<i2), aralkylc<iz,
or a substituted version of any of these groups;

Rs is a hydrogen atom or an alkylc<i2), arylc<i2), aralkylc<i2) or a substituted version
of any of these groups;

cach Z, independently, 1s CRg, N or P;

Rs 1s a hydrogen atom or an alkylc<iz), arylc<iz), aralkylc<iz), amino, hydroxyl,
alkoxyl or a substituted version of any of these groups; and

provided that when R', R”, R and R* are t-butyl groups, Rs is not a hydrogen atom
and each Z is not CH, when R', R*, R” and R* are isopropyl groups, Rs is not a phenyl group
and cach Z 1s not N and when R, R;, R3, and R4 are phenyl, Rs 1s not a hydrogen atom and

cach Z 1s not CH.

53.  The composition of claim 51, wherein Ry, Ry, R3, and R4 are each 1sopropyl

groups, cach Z 1s CH and Rs 1s a hydrogen atom.

54. A composition comprising a compound of formula (V):
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HT T TH
P M P
Rq/ \Rz / \ R3/ \R4
A b (V)

wherein R;, Ry, R3, and Ry are each independently alkylc<iz), arylc<i2), aralkylc<iz,
or a substituted version of any of these groups;
Rs is a hydrogen atom or an alkylc<i2), arylc<i2), aralkylc<i2) or a substituted version

of any of these groups;

cach Z, independently, 1s CRg, N or P;

Rs 1s a hydrogen atom or an alkylc<iz), arylc<iz), aralkylc<iz), amino, hydroxyl,
alkoxyl or a substituted version of any of these groups;

M 1s a metal or metal 10n that 1s a group 8 metal or metal 10n;

L 18 a neutral or an anionic ligand,;

nis0, 1 or2;

X 18 a halide or a hydrogen atom; and

provided that when R', R”, R® and R* are t-butyl groups, Rs is not a hydrogen atom
and each Z is not CH and when R', R*, R® and R* are isopropyl groups, Rs is not a phenyl
ogroup and each Z 1s not N.

55. The composition of claim 54, wherein Ry, Ry, Rz, and R4 are each 1sopropyl

groups, cach Z 1s CH and Rs 1s a hydrogen atom.

56. A composition comprising a compound of formula (VI):
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wherein R;, Ry, R3, and Ry are each independently alkylc<i2), arylc<i2), aralkylc<i2),
or a substituted version of any of these groups;

Rs 1s a hydrogen atom or an alkylc<12), arylc<i2), aralkylc<i2), or a substituted version
of any of these groups;

cach Z, independently, 1s CRg, N or P;

Rs 18 a hydrogen atom or an alkylic<iz), arylc<z), aralkylc<iz), amino, hydroxyl,
alkoxyl or a substituted version of any of these groups;

M 1s a metal or metal 10n that 1s a group 8 metal or metal 10n;

L 18 a neutral or an anionic ligand,;

nis 0, 1 or2;

X 18 a halide or a hydrogen atom; and

provided that when R', R”, R® and R* are t-butyl groups, Rs is not a hydrogen atom,
each Z is not CH and M is not Ru, and when R', R*, R” and R* are isopropyl groups, Rs is not
a phenyl group, each Z 1s not N and M 1s not Ir.

57. The composition of claim 56, wherein Ry, R,, Rz, and R4 are each 1sopropyl

groups, cach Z 1s CH and Rs 1s a hydrogen atom.

58. A complex comprising a ligand and a metal or metal 10n, wherein the ligand 1s
a compound according to claim 52, or a deprotonated version thercof, and the ligand 1s
associated with the metal or metal ion, provided that R', R*, R” and R" are t-butyl groups, R
1S not a hydrogen atom, cach Z 1s not CH and M 1s not Ru, and when R' R R’ and R" are

1sopropyl groups, Rs 1s not a phenyl group, each Z 1s not N and M 1s not Ir..
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59.  The complex of claim 58, wherein the metal or metal 10n 1s a group 8 metal or
metal 10n.

60. The complex of claim 59, wherein the metal or metal 1on 1s based on
ruthenium.

61.  The complex according to claim 58, wherein the complex further comprises a

second ligand, wherein the second ligand 1s chloride.

62.  The complex according to claim 61, wherein the complex further comprises a

third ligand, wherein the third ligand 1s carbon monoxide.

63. A method to produce hydrogen from formic acid comprising the step of

contacting formic acid with a compound of formula (V):

HT T TH
P M P
Aok (V)

wherein R;, Ry, R3, and Ry are each independently alkylc<i2), arylc<i2), aralkylc<i2),
or a substituted version of any of these groups;
Rs 1s a hydrogen atom or an alkylc<12), arylc<i2), aralkylc<i2), or a substituted version

of any of these groups;

cach Z, independently, 1s CRg, N or P;

Rs 18 a hydrogen atom or an alkyl<2), arylc<in), aralkylc<pz, amino, hydroxyl,
alkoxyl or a substituted version of any of these groups;

M 1s a metal or metal 10n that 1s a group 8 metal or metal 10n;

L 18 a neutral or an anionic ligand,;

nis 0, 1 or2; and

X 18 a halide or a hydrogen atom.
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64. The method of claim 63, wherein the method produces carbon dioxide.

65.  The method of claim 63 or 64, wherein substantially no carbon monoxide 1s
produced.

66. The method of claim 63 or 64, wherein no carbon monoxide 1s produced.

67.  The method of claim 66, wherein a polar aprotic solvent 1s present, such as
DMSO.

68.  The method of claim 66, wherein the catalyst has a turnover number from

about 500 to about 500,000.

69. A method to produce hydrogen from formic acid comprising the step of

contacting formic acid with a compound of formula (VI):

wherein R;, Ry, Ri, and R4 are each independently alkylc<i2), arylc<iz), aralkylc<i2),
or a substituted version of any of these groups;

Rs 1s a hydrogen atom or an alkylc<12), arylc<i2), aralkylc<i2), or a substituted version
of any of these groups;

cach Z, independently, 1s CRg, N or P;

Rs 18 a hydrogen atom or an alkylic<iz), arylc<z), aralkylc<iz), amino, hydroxyl,
alkoxyl or a substituted version of any of these groups;

M 1s a metal or metal 10n that 1s a group 8 metal or metal 10n;

L 18 a neutral or an anionic ligand,;
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ni1s 0, 1 or 2; and

X 18 a halide or a hydrogen atom.

70.  The method of claim 69, wherein the method produces carbon dioxide.

71.  The method of claim 69 or 70, wherein substantially no carbon monoxide 1s
produced.

72. The method of claim 69 or 70, wherein no carbon monoxide 1s produced.

73.  The method of claim 72, wherein a polar aprotic solvent 1s present, such as
DMSO.

74.  The method of claim 72, wherein the catalyst has a turnover number from

about 500 to about 500,000.

75. A method to produce hydrogen from formic acid comprising the step of
contacting formic acid with a complex comprising a ligand and a metal or metal 10on, wherein
the ligand 1s a compound according to formula (IV), or a deprotonated version thercof, and

the ligand 1s associated with the metal or metal 10n, wheremn formula (IV) comprises:

P P
T\ / \
R R 3 4
R R (IV)
wherein R;, Ry, R3, and Ry are each independently alkylc<i2), arylc<i2), aralkylc<i2),
or a substituted version of any of these groups;
Rs 1s a hydrogen atom or an alkylc<i2), arylc<i2), aralkylc<i2) or a substituted version

of any of these groups;

cach Z, independently, 1s CRg, N or P; and
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Rs 1s a hydrogen atom or an alkylc<2), arylc<iz), aralkylc<iz), amino, hydroxyl,

alkoxyl or a substituted version of any of these groups.

76.  The method of claim 75, wherein the method produces carbon dioxide.

77.  The method of claim 75 or 76, wherein substantially no carbon monoxide 1s
produced.

78.  The method of claim 75 or 76, wherein no carbon monoxide 1s produced.

79.  The method of claim 78, wherein a polar aprotic solvent 1s present, such as
DMSO.

80.  The method of claim 78, wherein the catalyst has a turnover number from

about 500 to about 500,000

81. A method to produce formic acid or a formate, comprising the step of
contacting carbon dioxide and hydrogen under increased pressure relative to atmospheric
pressure, with a complex comprising a ligand and a metal or metal 10n, wherein the ligand 1s
a compound according to formula (I), or a deprotonated version thereof, and the ligand 1s

assoclated with the metal or metal 10n, wherein formula (I) comprises:
Rs

A
P
HN N
| Q

P
R1/ \Rz / N\

o R

L
-i-

wherein R; and R, are each independently alkylc<iz), arylc<iz), aralkylc<iz), or a
substituted version of any of these groups;
Rj, and Ry, 1f present, are each independently alkylc<i2), arylc<i2), aralkylc<iz), or a

substituted version of any of these groups;
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Rs 1s a hydrogen atom or an alkylc<2), arylc<iz), aralkylc<iz), amino, hydroxyl,
alkoxyl or a substituted version of any of these groups;

cach Z, independently, 1s CRg, N or P;

Rs 1s a hydrogen atom or an alkylc<iz), arylc<iz), aralkylc<iz), amino, hydroxyl,
alkoxyl or a substituted version of any of these groups;

T 1s a N, NR,, CRg, or CR9R;0;

R7, Rs, Ro and Ry are each independently a hydrogen, alkylc<iz), arylc<iz,
aralkylc<12), or a substituted version of any of these groups;

Qi1sPorN;

optionally, wherein T and Q, together, form a 5 or 6 membered heterocyclic ring;
wherein the heterocyclic ring can optionally be substituted with one or more heteroatoms and
or on¢ or more sites of the heterocyclic ring are substituted with one or more alkylc<i2),
arylc<i12), aralkylc<iz), or a substituted version of any of these groups, and optionally wherein

the heterocyclic ring can have a fused ring attached thereto, provided when T and Q form a 5

or 6 membered heterocyclic ring, Rz and R4 are not present; and

------ designates a single bond or a double bond, such that a formate or formic acid

1S produced.

82. A method to produce formic acid or a formate, comprising the step of
contacting carbon dioxide and hydrogen under increased pressure relative to atmospheric
pressure with a complex comprising a ligand and a metal or metal 1on, wherein the ligand 1s a
compound according to formula (IV), or a deprotonated version thereof, and the ligand 1s

assoclated with the metal or metal 1on, wherein formula (IV) comprises:

PN /P\

1 2
R R R3 R (IV)

wherein R, R;, R3, and Ry are each independently alkylc<iz), arylc<iz), aralkylc<iz),

or a substituted version of any of these groups;
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Rs 1s a hydrogen atom or an alkylc<i»), arylc<i2), aralkylc<i2), or a substituted version
of any of these groups;

cach Z, independently, 1s CRg, N or P; and

Rs 1s a hydrogen atom or an alkylc<iz), arylc<iz), aralkylc<iz), amino, hydroxyl,
alkoxyl or a substituted version of any of these groups, such that formic acid or a formate 18

produced.
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