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PHOSPHO-AMINO PINCER-TYPE LIGANDS 
AND CATALYTIC METAL COMPLEXES 

THEREOF 

This application claims the bene?t of priority to Us. Pro 
visional Patent Application No. 61/499,028, ?led Jun. 20, 
2011, the contents of which are incorporated herein by refer 
ence in their entirety. 

BACKGROUND OF THE INVENTION 

I. Field of the Invention 
The present invention relates generally to the ?eld of chem 

istry and catalysis. More particularly, it relates to phospho 
amino pincer-type ligands, metal complexes thereof, and 
catalytic methods comprising such metal complexes. 

II. Description of Related Art 
Pincer-type transition metal complexes have been studied 

in the last decade (Jensen, 2007; van der Boom and Milstein, 
2003). The pincer ligand systems provide a number of desir 
able properties. They can coordinate to metal to form metal 
locycles with excellent thermal stability and the reactivity of 
these complexes have been found to vary with the structure/ 
substituent of the pincer ligands. Moreover, pincer-type tran 
sition metal complexes have found useful applications in 
many ?elds, especially in catalysis, including for the catalytic 
hydrogenation of carbon dioxide (Tanaka et al., 2009), cata 
lytic dehydrogenation of alkane (Gupta et al., 1996; Gupta et 
al., 1997; Xu etal.,1997;Liu et al., 1999; Haenel et al., 2001; 
Ray et al., 2005; Goldman et al., 2006), catalytic hydrogena 
tion of ketone (Langer et al., 2011), or direct synthesis of 
amides from alcohols and amines (Gunanathan et al., 2007; 
Milstein et al., 2008; Gnanaprakasam et al., 2010; Gunan 
athan et al., 2010; Milstein, 2010; Gnanaprakasam and Mil 
stein, 2011). In view of these advances, it would be desirable 
to develop new pincer-type ligands having different proper 
ties or pro?les from those already known. If successful, such 
attempts would provide a greater palette of such ligands, 
which would expand the options available to a chemist, for 
example, to allow the best ligand to be selected for given 
application and/or to extend the use of these ligands to new 
applications. Similar considerations apply to metal catalysts 
comprising such ligands, as well as methods of using such 
metal catalysis. Therefore new pincer-type ligands, espe 
cially a novel class of these ligands, and transition metal 
complexes thereof would be a great advantage. 

SUMMARY OF THE INVENTION 

In one aspect, the present disclosure provides phospho 
amino ligands, including compounds according to Formula I: 

wherein: 
R1 and R2 are each independently alkyl(0512), arylwslz), 

aralkyl(0512), or a substituted version of any of these 
groups; and 

2 
R3 is a group comprising a nitrogen atom that is separated 

by one atom from the carbon atom to which R3 is con 
nected. 

In some embodiments, the compound of claim 1, wherein 
5 R1 and R2 are each alkyl(Css), for example, each tert-butyl. 

In some embodiments, R3 is selected from the group con 
sisting of formulas: 

(3) 

R0 

>< / T_Rb 
N 

15 R4/ \R 

wherein: 
Ra and Rh are each independently hydrogen or ?uoro; 

and 
20 R4 and R5 are each independently alkyl(Css), arylwss), 

aralkyl(CSS), or a substituted version of any of these 
groups; 

25 (b) 

0 R9 

30 N R8 

R 
R6 7 

wherein: 
35 R6, R7, R8 and R9 are each independently: 

hydrogen; or 
alkylwss), aryl(Css), aralkyl(CSS), or a substituted ver 

sion of any of these groups; 

40 

(C) 

\ 
45 R10 

wherein: 
R10 is: 

50 hydrogen, hydroxy, amino, halo, nitro; or 
alkyl(Css), alkoxy(C58), alkylamino(CSS), dialkylami 

nowss), or a substituted version of any of these 
groups; 

55 

(d) 

>{ R12 N 

60 IL \ 
\ 

R11 

65 wherein: 

R1 1 and R12 are each independently: 
hydrogen; or 
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alkyl(CSS), aryl(Css), aralkyl(CSS), or a substituted ver 
sion of any of these groups; and 

(6) 

R14 

wherein: 

R13 is hydrogen, alkyl(CSS) or substituted alkyl(C58); and 

R14 is: 
hydrogen, hydroxy, amino, halo, nitro; or 

alkylwss), alkoxywss), alkylaminowss), dialkylami 
nowss), or a substituted version of any of these 
groups; 

and a salt or tautomer thereof. 

In some embodiments, R3 is formula (a). In some embodi 
ments, Ra and Rb are hydrogen. In some embodiments, R4 and 
R5 are each alkylwss). In some embodiments, the compound 
is further de?ned as: 

In some embodiments, R3 is formula (b). In some embodi 
ments, R6 and R7 are each alkyl(CSS), for example, each 
methyl. In some embodiments, R8 and R9 are each hydrogen. 
In some embodiments, the compound is further de?ned as: 

In some embodiments, R3 is formula (c). For example, in 
some embodiments, the compound is further de?ned as: 

In some embodiments, R3 is formula (d). For example, in 
some embodiments, the compound is further de?ned as: 

10 

20 

30 

35 

40 

45 

50 

55 

60 

65 

In some embodiments, R1 1 and R1 2 are each alkyl(CSS). For 
example, in some embodiments, the compound is further 
de?ned as: 

In some embodiments, R1 1 and R12 are each aryl(Css). For 
example, in some embodiments, the compound is further 
de?ned as: 

In some embodiments, R3 is formula (e). In some embodi 
ments, R13 is alkylwss). For example, in some embodiments, 
the compound is further de?ned as: 

In another aspect of the present disclosure, there are pro 
vided complexes comprising a ligand and a metal or metal 
ion, Wherein the ligand is any of the above compounds or a 
deprotonated form thereof, and the ligand is chemically 
bound to the metal or metal ion in a 1:1 ratio. 

In some embodiments, the metal is a group 8 metal or metal 
ion, for example, ruthenium. In some embodiments, the com 
plex further comprises a second ligand, Wherein the second 
ligand is chloride. In some embodiments, the complex further 
comprises a third ligand, Wherein the third ligand is carbon 
monoxide. For example, in some embodiments, the complex 
is further de?ned as: 
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In some embodiments, the metal is a group 9 metal or metal 
ion, for example, cobalt. In other embodiments, the metal is a 
group 10 metal or metal ion, for example, nickel or palladium. 

In another aspect of the present disclosure, there are pro 
vided methods for the preparation of an ester of Formula III 
comprising reacting two or more alcohols of Formula II: 

(II) 
/\ 

in the presence of a catalyst to make an ester of Formula III: 

(III) 
0 

R, JI\O/\ 
Wherein: 

R' is alkyl(CSS), substituted alkylwss), arylwss), substituted 
arylwss), aralkyl(Css) or substituted aralkyl(C58); and 

the catalyst is any of the above complexes. 
In another aspect of the present disclosure, there are pro 

vided methods for the preparation of an imine of Formula V 
comprising reacting two or more alcohols of Formula II: 

R, 

20 

25 

30 

35 

40 
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(IV) 

in the presence of a catalyst to make an imine of Formula V: 

(V) 

Wherein: 
R' is alkylwss), substituted alkyl(Css), arylwss), substituted 

aryl(Css), aralkyl(Css) or substituted aralkylwss); and 
the catalyst is any of the above complexes. 
In another aspect of the present disclosure, there are pro 

vided methods for the preparation of an alcohol of Formula 
VII comprising reacting a ketone of Formula VI: 

(V1) 
O 

R, i, 
in the presence of a catalyst and a secondary alcohol to make 
an alcohol of Formula VII: 

(VII) 
OH 

R, A, 
Wherein: 

R' and R" are each independently alkylwss), substituted 
alkyl(Css), arylwss), substituted arylwss), aralkyl(Css) or 
substituted aralkylwss); and 

the catalyst is any of the above complexes. 
In another aspect of the present disclosure, there are pro 

vided methods for the preparation of a coupling product of 
Formula X comprising reacting a ?rst compound of Formula 
VIII: 

I (VIII) 

R/ ’ 

With a second compound of Formula IX: 

(1X) 
I 

in the presence of a catalyst to make a coupling product of 
Formula X: 

R, (X) 
R” / 

Wherein: 
R' and R" are each independently arylwsm) or substituted 

ary1(Cs 1 6); and 
the catalyst is any of the above complexes. 
In another aspect of the present disclosure, there are pro 

vided methods for the preparing a polyole?n, comprising 
polymeriZing an alkenewsm) or a substituted alkenewsm) in 
the presence of a catalyst to make a polyole?n, Wherein the 
catalyst is any one of the above complexes. In some embodi 
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ments, the alkene is l,3-butadiene. In some embodiments, the 
polyole?n microstructure is at least 98% cis-l,4. 

Other objects, features and advantages of the present dis 
closure will become apparent from the following detailed 
description. It should be understood, however, that the 
detailed description and the speci?c examples, while indicat 
ing speci?c embodiments of the invention, are given by way 
of illustration only, since various changes and modi?cations 
within the spirit and scope of the invention will become 
apparent to those skilled in the art from this detailed descrip 
tion. Note that simply because a particular compound is 
ascribed to one particular generic formula doesn’t mean that 
it cannot also belong to another generic formula. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The following drawings form part of the present speci?ca 
tion and are included to further demonstrate certain aspects of 
the present disclosure. The invention may be better under 
stood by reference to one of these drawings in combination 
with the detailed description of speci?c embodiments pre 
sented herein. 

FIG. 1 depicts synthetic schemes for the preparation and 
deprotonation of Ru complexes comprising an phospho 
amino pincer-type ligand. 

FIG. 2 an Ortep structure of ruthenium complex 3 with 
thermal ellipsoids drawn at the 30% level. All hydrogen 
atoms are omitted for clarity except the HiRu bond. 

FIG. 3 depicts a synthetic scheme for the preparation of the 
phospho-amino ligand L1 -4. 

FIG. 4 depicts a synthetic scheme for the preparation of the 
phospho-amino ligand L2-5. 

FIG. 5 depicts a synthetic scheme for the preparation of the 
phospho-amino ligand L3 -2. 

FIG. 6 depicts a synthetic scheme for the preparation of the 
phospho-amino ligand L4-3. 

FIG. 7 depicts a synthetic scheme for the preparation of the 
phospho-amino ligand L5-3. 

DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

In certain aspects of the present invention, there are pro 
vided a new class of pincer-type ligands, including those 
having a disubstituted-phosphinoamino (NHiPRZ) arm. 
Metal complexes of such ligands are also provided, including 
complexes that may be used as catalysts for a variety of 
transformations, including the dehydrogenation of alcohols, 
the synthesis of imines from amines, the transfer hydrogena 
tion of ketones and the polymerization of alkenes. Upon 
complexation to a transition metal and treatment of a base, in 
some embodiments, the resulting complex can undergo 
dearomatization after the elimination of HiX. 

aromatic dearomatized 

I \ I \ 
/ H 

I l/ I \I 
L M P — R i—g‘ L — M P — R 

Z/ | | | | 
X R Z R 

Compared to many if not all previously known CH2iPR2 
models, this new system possesses a more acidic proton 
(NiH) (Bordwell, 1988) as well as a more polar bond (Joule 
and Mills, 2010) in some embodiments. These properties 
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8 
allow the complexes provided herein to exhibit excellent 
reactivities towards a variety of substrates. 

Selected general structures L1, L2 Q(:O, NR), L3, L4, 
and L5 and examples of reactions catalyzed by the corre 
sponding transition metal complexes are depicted below. Fur 
ther details regarding different embodiments are provided 
throughout this disclosure. 

Ll 

| \ 
/ 

HIT N 

PR2 (NW 
L2 

| \ 
/ x 

HI|\I N R 
PR2 N R 

R 
R 

L3 

| \ 
/ 

HT N | \ 
PR2 N / 

L4 

| \ R 
/ 

HI N u 
PR2 / 

R 
L5 

| \ 
/ N 

HN N 

l \ 
PR2 N 

I. Phospho-Amino Pincer-Type Ligands 

In one aspect, the invention provides compounds of For 
mula I: 

(I) 
/ I 
\ 

HIII N R3 
P 

Rl/ \ R2 

wherein, R1 and R2 are each independently alkyl(CSlz), 
arylwslz), aralkylwslz), or a substituted version of any 0 
these groups; and R3 is a group comprising a nitrogen atom 
that is separated by one atom from the carbon atom to which 
R3 is connected. 
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Examples of such ligands and methods of preparing them, 
and optionally deprotonating them, are provided throughout 
this disclosure. For example, see FIGS. 3-7 and Example 5. 

These methods can be further modi?ed and optimized 
using the principles and techniques of organic chemistry as 
applied by a person skilled in the art. Such principles and 
techniques are taught, for example, in March’s Advanced 
Organic Chemistry: Reactions, Mechanisms, and Structure 
(2007), which is incorporated by reference herein. The above 
methods can be further modi?ed and optimized for prepara 
tive, pilot- or large-scale production, either batch of continu 
ous, using the principles and techniques of process chemistry 
as applied by a person skilled in the art. Such principles and 
techniques are taught, for example, in Practical Process 
Research & Development (2000), which is incorporated by 
reference herein. 

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

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 cata 
lytic hydrogenation of carbon dioxide (Tanaka et al., 2009), 
catalytic dehydrogenation of alkane (Gupta et al., 1996; 
Gupta et al., 1997; Xu et al., 1997; Liu et al., 1999; Haenel et 
al., 2001; Ray et al., 2005; Goldman et al., 2006), catalytic 
hydrogenation of ketone (Langer et al., 2011), or direct syn 
thesis of amides from alcohols and amines (Gunanathan et al., 
2007; Milstein et al., 2008; Gnanaprakasam et al., 2010; 
Gunanathan et al ., 2010; Milstein, 2010; Gnanaprakasam and 
Milstein, 2011). These references are incorporated herein in 
their entireties. 

For example, ruthenium complexes of ligands can be 
made, and optionally deprotonated, as shown in FIG. 1. 
Ruthenium complexes of ligands L1, L2 (FIG. 2), and L3 can 
catalyze, for example, the dehydrogenative homocoupling of 
alcohols to esters (Table 1), the homocoupling of amines to 
imines (Table 2), and the transfer hydrogenation of ketones 
and imines to secondary alcohols and amines (Table 3). 

Ni and Pd complexes of these phospho-amino ligands may 
also be made. See for example, the following scheme. 

| 
C1 

Ni complex 1: M I Ni 
Pd complex 1: M I Pd 
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1 0 
-continued 

/ I 

N / I|\I 
(But)2P M—N/\ 

11> 
Ni complex 2: M I Ni 
Pd complex 2: M I Pd 

Such complexes are applicable to a wide variety of organic 
transformation, including, for example, catalytic cross-cou 
pling reactions, such as the reaction shown in Example 2 
below. 

In other embodiments, Co complexes may be made using 
these ligands. 

Co complex 1: R I H 

Co complex 2: R I Me 
Co complex 3: R I Ph 

Such complexes may be used to polymerize alkenes. For 
example, results from a Co complex catalyzed polymeriza 
tion of butadiene to afford cis-1,4-polybutdiene materials are 
presented in Example 3 below. 
The above methods can be further modi?ed 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 in the art. Such 
principles and techniques are taught, for example, in Practical 
Process Research & Development (2000), which is incorpo 
rated by reference herein. 

lll. De?nitions 

When used in the context of a chemical group, “hydrogen” 
means IH; “hydroxy” means IOH; “oxo” means :0; 
“halo” means independently IF, ICl, IBr or II; “amino” 
means INHZ (see below for de?nitions of groups containing 
the term amino, e.g., alkylamino); “hydroxyamino” means 
INHOH; “nitro” means INO2; imino means :NH (see 
below for de?nitions of groups containing the term imino, 
e.g., alkylimino); “cyano” means ICN; “isocyanate” means 
IN:C:O; “azido” means IN3; in a monovalent context 
“phosphate” means IOP(O)(OH)2 or a deprotonated form 
thereof; in a divalent context “phosphate” means IOP(O) 
(OH)OI or a deprotonated form thereof; “mercapto” means 
ISH; “thio” means :S; “thioether” means :SI; “sulfona 
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mido” means iNHS(O)2i (see below for de?nitions of 
groups containing the term sulfonamido, e.g., alkylsulfona 
mido); “sulfonyl” means iS(O)2i (see below for de?ni 
tions of groups containing the term sulfonyl, e.g., alkylsulfo 
nyl); and “sul?nyl” means iS(O)i (see below for 
de?nitions of groups containing the term sul?nyl, e.g., alkyl 
sul?nyl). 

In the context of chemical formulas, the symbol “i 
means a single bon , “i 

a, 

a, i” means a double bond, and “5 
means triple bond. The symbol “----” represents an optional 
bond, which if present is either single or double. The symbol 
“ n ” represents a single bond or a double bond. Thus, for 
example, the structure 

includes the structures 

oooomo 
As will be understood by a person of skill in the art, no one 
such ring atom forms part of more than one double bond. The 
symbol “ \rwx ”, when drawn perpendicularly across a bond 
indicates a point of attachment of the group. It is noted that the 
point of attachment is typically only identi?ed in this manner 
for larger groups in order to assist the reader in rapidly and 
unambiguously identifying a point of attachment. The sym 
bol “< ” means a single bond where the group attached to 
the thick end of the wedge is “out of the page.” The symbol “ 
---|||| ” means a single bond where the group attached to the 
thick end of the wedge is “into the page”. The symbol “"""| ” 
means a single bond where the conformation (e. g., either R or 
S) or the geometry is unde?ned (e. g., either E or Z). 
Any unde?ned valency on an atom of a structure shown in 

this application implicitly represents a hydrogen atom 
bonded to the atom. When a group “R” is depicted as a 
“?oating group” on a ring system, for example, in the for 
mula: 

then R may replace any hydrogen atom attached to any of the 
ring atoms, including a depicted, implied, or expressly 
de?ned hydrogen, so long as a stable structure is formed. 
When a group “R” is depicted as a “?oating group” on a fused 
ring system, as for example in the formula: 

5 

10 
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12 
then R may replace any hydrogen attached to any of the ring 
atoms of either of the fused rings unless speci?ed otherwise. 
Replaceable hydrogens include depicted hydrogens (e.g., the 
hydrogen attached to the nitrogen in the formula above), 
implied hydrogens (e. g., a hydrogen of the formula above that 
is not shown but understood to be present), expressly de?ned 
hydrogens, and optional hydrogens whose presence depends 
on the identity of a ring atom (e.g., a hydrogen attached to 
group X, when X equals 4CHi), so long as a stable struc 
ture is formed. In the example depicted, R may reside on 
either the 5-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 in parenthe 
ses, represents a numeric variable. Unless speci?ed other 
wise, this variable can be 0, l, 2, or any integer greater than 2, 
only limited by the maximum number of replaceable hydro 
gen atoms of the ring or ring system. 

For the groups and classes below, the following parentheti 
cal subscripts further de?ne the group/class as follows: 
“(Cn)” de?nes the exact number (n) of carbon atoms in the 
group/class. “(Csn)” de?nes the maximum number (n) of 
carbon atoms that can be in the group/class, with the mini 
mum number as small as possible for the group in question, 
e.g., it is understood that the minimum number of carbon 
atoms in the group “alkenyl(C58)” or the class “alkene(C58)” is 
two. For example, “alkoxywslm” designates those alkoxy 
groups having from 1 to 10 carbon atoms (e.g., l, 2, 3, 4, 5, 6, 
7, 8, 9, or 10, or any range derivable therein (e.g., 3 to 10 
carbon atoms). (Cn-n') de?nes both the minimum (n) and 
maximum number (n') of carbon atoms in the group. Simi 
larly, “alkyl(C2_ 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)). 
The term “saturated” as used herein means the compound 

or group so modi?ed 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. Moreover, it does not preclude a carbon-carbon 
double bond that may occur as part of keto-enol tautomerism 
or imine/enamine tautomeri sm. 
The term “aliphatic” when used without the “substituted” 

modi?er signi?es that the compound/ group so modi?ed is 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 is joined by single bonds (alkanes/ 
alkyl), or unsaturated, with one or more double bonds (alk 
enes/alkenyl) or with one or more triple bonds (alkynes/alky 
nyl). When the term “aliphatic” is used without the 
“substituted” modi?er only carbon and hydrogen atoms are 
present. When the term is used with the “substituted” modi 
?er one or more hydrogen atom has been independently 
replaced by 40H, iF, iCl, iBr, fl, iNHZ, iNO2, 
4C02H, 4COZCH3, 4CN, iSH, iOCH3, iOCH2CH3, 
4C(O)CH3, iN(CH3)2, 4C(O)NH2 or iOC(O)CH3. 
The term “alkyl” when used without the “substituted” 

modi?er 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 4CH3 (Me), 4CH2CH3 (Et), 
4CH2CH2CH3 (n-Pr), 4CH(CH3)2 (iso-Pr), 4CH(CH2)2 
(cyclopropyl), 4CH2CH2CH2CH3 (n-Bu), iCH(CH3) 
CHZCH3 (sec-butyl), iCHZCH(CH3)2 (iso-butyl), 
4C(CH3)3 (tert-butyl), iCH2C(CH3)3 (neo-pentyl), 
cyclobutyl, cyclopentyl, cyclohexyl, and cyclohexylmethyl 
are non-limiting examples of alkyl groups. The term 
“alkanediyl” when used without the “substituted” modi?er 
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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 car 
bon-carbon double or triple bonds, and no atoms other than 
carbon and hydrogen. The groups, 4CH2i (methylene), 
iCHZCHzi, %H2C(CH3)2CH2i, CH2CH2CH2i, and 

W, 
are non-limiting examples of alkanediyl groups. The term 
“alkylidene” when used without the “substituted” modi?er 
refers to the divalent group :CRR' in which R and R' are 
independently hydrogen, alkyl, or R and R' are taken together 
to represent an alkanediyl having at least two carbon atoms. 
Non-limiting examples of alkylidene groups include: :CHZ, 
:CH(CH2CH3), and :C(CH3)2. When any of these terms is 
used with the “substituted” modi?er one or more hydrogen 

atom has been independently replaced by 40H, iF, 4C1, 
iBr, fl, iNHz, iNOz, %02H, %OZCH3, iCN, 
iSH, iOCH3, iOCHzCH3, %(O)CH3, iN(CH3)2, 
iC(O)NH2 or 4OC(O)CH3. The following groups are non 
limiting examples of substituted alkyl groups: 4CHZOH, 
iCHZCl, %F3, %H2CN, iCH2C(O)OH, iCH2C(O) 
OCH3, iCH2C(O)NH2, iCH2C(O)CH3, iCHZOCH3, 
iCH20C(O)CH3, %H2NH2, %H2N(CH3)2, and 
iCHZCH2Cl. The term “?uoroalkyl” is a subset of substi 
tuted alkyl, in which one or more hydrogen has been substi 
tuted with a ?uoro group and no other atoms aside from 
carbon, hydrogen and ?uorine are present. The groups, 
iCHzF, 4CF3, and iCHzCF3 are non-limiting examples 
of ?uoroalkyl groups. An “alkane” refers to the compound 
HiR, wherein R is alkyl. 

The term “alkenyl” when used without the “substituted” 
modi?er 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 non 
aromatic carbon-carbon double bond, no carbon-carbon 
triple bonds, and no atoms other than carbon and hydrogen. 
Non-limiting examples of alkenyl groups include: 
iCH:CH2 (vinyl), iCH:CHCH3, %H:CHCH2CH3, 
iCH2CH:CH2 (allyl), %H2CH:CHCH3, and 
iCH:CH4C6H5. The term “alkenediyl” when used with 
out the “substituted” modi?er refers to a divalent unsaturated 
aliphatic group, with two carbon atoms as points of attach 
ment, a linear or branched, cyclo, cyclic or acyclic structure, 
at least one nonaromatic carbon-carbon double bond, no car 
bon-carbon triple bonds, and no atoms other than carbon and 
hydrogen. The groups, 4CH:CHi, 4CH:C(CH3) 
CHZi, %H:CHCH2i, and 

m, 
are non-limiting examples of alkenediyl groups. When these 
terms are used with the “substituted” modi?er one or more 

hydrogen atom has been independently replaced by iOH, 
iF, %l, iBr, fl, iNHZ, iNOz, %02H, iCO2CH3, 
iCN, iSH, iOCH3, iOCH2CH3, %(O)CH3, 
iN(CH3)2, 4C(O)NH2 or 4OC(O)CH3. The groups, 
iCH:CHF, iCH:CHCl and 4CH:CHBr, are non 
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14 
limiting examples of substituted alkenyl groups. An “alkene” 
refers to the compound HiR, wherein R is alkenyl. 

The term “alkynyl” when used without the “substituted” 
modi?er 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 car 
bon-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, 4CECH, 4CECCH3, and 
4CH2CECCH3, are non-limiting examples of alkynyl 
groups. The term “alkynediyl” when used without the “sub 
stituted” modi?er 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 “substi 
tuted” modi?er one or more hydrogen atom has been inde 

pendently replaced by iOH, iF, 4C1, iBr, fl, iNHZ, 
iNOz, %02H, iCO2CH3, %N, iSH, ADCH3, 
ADCHzCHy %(O)CH3, iN(CH3)2, iC(O)NH2 or 
4OC(O)CH3. An “alkyne” refers to the compound HiR, 
wherein R is alkynyl. 

The term “aryl” when used without the “substituted” modi 
?er 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 is 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 limitation permitting) attached to the ?rst aromatic 
ring or any additional aromatic ring present. Non-limiting 
examples of aryl groups include phenyl (Ph), methylphenyl, 
(dimethyl)phenyl, 4C6H44CH2CH3 (ethylphenyl), naph 
thyl, and the monovalent group derived from biphenyl. The 
term “arenediyl” when used without the “substituted” modi 
?er 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 ?rst aromatic 
ring or any additional aromatic ring present. If more than one 
ring is present, the rings may be fused or unfused. Non 
limiting examples of arenediyl groups include: 

+o+ jig}, 
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-continued 

When these terms are used with the “substituted” modi?er 
one or more hydrogen atom has been independently replaced 

by ADH, iF, iCl, iBr, fl, iNHZ, iNOz, %02H, 
iCOZCH3, %N, iSH, iOCH3, iOCHzCH3, %(0) 
CH3, iN(CH3)2, %(O)NH2 or iOC(O)CH3. An “arene” 
refers to the compound HiR, wherein R is aryl. 

The term “aralkyl” when used without the “substituted” 
modi?er refers to the monovalent group -alkanediyl-aryl, in 
which the terms alkanediyl and aryl are each used in a manner 
consistent with the de?nitions provided above. Non-limiting 
examples of aralkyls are: phenylmethyl (benzyl, Bn) and 
2-phenyl-ethyl. When the term is used with the “substituted” 
modi?er one or more hydrogen atom from the alkanediyl 
and/or the aryl has been independently replaced by iOH, 
iF, %l, iBr, fl, iNHZ, iNOz, %02H, iCO2CH3, 
iCN, iSH, iOCH3, iOCH2CH3, %(O)CH3, 
iN(CH3)2, 4C(O)NH2 or 4OC(O)CH3. Non-limiting 
examples of substituted aralkyls are: (3-chlorophenyl)-me 
thyl, and 2-chloro-2-phenyl-eth- l -yl. 

The term “heteroaryl” when used without the “substituted” 
modi?er refers to a monovalent aromatic group with an aro 
matic carbon atom or nitrogen atom as the point of attach 
ment, said carbon atom or nitrogen atom forming part of an 
aromatic ring structure wherein at least one of the ring atoms 
is 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 group 
(carbon number limitation permitting) attached to the aro 
matic ring or any additional aromatic ring present. Non-lim 
iting examples of heteroaryl groups include furanyl, imida 
Zolyl, indolyl, indazolyl (lm), methylpyridyl, oxazolyl, 
pyridyl, pyrrolyl, pyrimidyl, pyraZinyl, quinolyl, quinazolyl, 
quinoxalinyl, thienyl, and triaZinyl. The term “heteroarene 
diyl” when used without the “substituted” modi?er refers to 
an divalent aromatic group, with two aromatic carbon atoms, 
two aromatic nitrogen atoms, or one aromatic carbon atom 
and one aromatic nitrogen atom as the two points of attach 
ment, said atoms forming part of one or more aromatic ring 
structure(s) wherein at least one of the ring atoms is 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 ?rst 
aromatic ring or any additional aromatic ring present. If more 
than one ring is present, the rings may be fused or unfused. 
Non-limiting examples of heteroarenediyl groups include: 

m 
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/ and 
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N / 

When these terms are used with the “substituted” modi?er 
one or more hydrogen atom has been independently replaced 

by ADH, iF, iCl, iBr, fl, iNHz, iNOz, %02H, 
%OZCH3, iCN, iSH, iOCH3, iOCH2CH3, %(0) 
CH3, iN(CH3)2, iC(O)NH2 or A)C(O)CH3. 
The term “acyl” when used without the “substituted” 

modi?er refers to the group iC(O)R, in which R is a hydro 
gen, alkyl, aryl, aralkyl or heteroaryl, as those terms are 
de?ned above. The groups, 4CHO, iC(O)CH3 (acetyl, Ac), 
%(O)CH2CH3, %(O)CH2CH2CH3, iC(O)CH(CH3)2, 
%(O)CH(CH2)2, iC(O)C6H5, iC(O)C6H4%H3, 
4C(O)CH2C6H5, 4C(O)(imidazolyl) are non-limiting 
examples of acyl groups. A “thioacyl” is de?ned in an analo 
gous manner, except that the oxygen atom of the group 
4C(O)R has been replaced with a sulfur atom, 4C(S)R. 
When either of these terms are used with the “substituted” 
modi?er one or more hydrogen atom has been independently 

replaced by 40H, iF, iCl, iBr, fl, iNHZ, iNOZ, 
%02H, %OZCH3, %N, iSH, iOCH3, iOCH2CH3, 
%(O)CH3, iN(CH3)2, %(O)NH2 or iOC(O)CH3. The 
groups, 4C(O)CH2CF3, 4C02H (carboxyl), 4CO2CH3 
(methylcarboxyl), 4CO2CH2CH3, 4C(O)NH2 (carbam 
oyl), and iCON(CH3)2, are non-limiting examples of sub 
stituted acyl groups. 
The term “alkoxy” when used without the “substituted” 

modi?er refers to the group 40R, in which R is an alkyl, as 
that term is de?ned above. Non-limiting examples of alkoxy 
groups include: 4OCH3, 4OCH2CH3, 4OCH2CH2CH3, 
4OCH(CH3)2, 4OCH(CH2)2, iO-cyclopentyl, and i0 
cyclohexyl. The terms “alkenyloxy”, “alkynyloxy”, “ary 
loxy”, “aralkoxy”, “heteroaryloxy”, and “acyloxy”, when 
used without the “substituted” modi?er, refers to groups, 
de?ned as 40R, in which R is alkenyl, alkynyl, aryl, aralkyl, 
heteroaryl, and acyl, respectively. Similarly, the term “alky 
lthio” when used without the “substituted” modi?er refers to 
the group iSR, in which R is an alkyl, as that term is de?ned 
above. When any of these terms is used with the “substituted” 
modi?er one or more hydrogen atom has been independently 

replaced by 40H, iF, iCl, iBr, fl, iNHZ, iNOZ, 
%02H, %OZCH3, %N, iSH, iOCH3, iOCH2CH3, 
%(O)CH3, iN(CH3)2, %(O)NH2 or iOC(O)CH3. The 
term “alcohol” corresponds to an alkane, as de?ned above, 
wherein at least one of the hydrogen atoms has been replaced 
with a hydroxy group. 
The term “alkylamino” when used without the “substi 

tuted” modi?er refers to the group iNHR, in which R is an 
alkyl, as that term is de?ned above. Non-limiting examples of 
alkylamino groups include: iNHCH3 and iNHCHzCHy 
The term “dialkylamino” when used without the “substi 
tuted” modi?er refers to the group iNRR', 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: iN(CH3)2, 
iN(CH3)(CH2CH3), and N-pyrrolidinyl. The terms 
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“alkoxyamino”, “alkenylamino”, “alkynylamino”, “ary 
lamino”, “aralkylamino”, “heteroarylamino”, and “alkylsul 
fonylamino” when used without the “substituted” modi?er, 
refers to groups, de?ned as iNHR, in which R is alkoxy, 
alkenyl, alkynyl, aryl, aralkyl, heteroaryl, and alkylsulfonyl, 
respectively. A non-limiting example of an arylamino group 
is iNHC6H5. The term “amido” (acylamino), when used 
without the “substituted” modi?er, refers to the group 
iNHR, in which R is acyl, as that term is de?ned above. A 
non-limiting example of an amido group is iNHC(O)CH3. 
The term “alkylimino” when used without the “substituted” 
modi?er refers to the divalent group :NR, in which R is an 
alkyl, as that term is de?ned above. When any of these terms 
is used with the “substituted” modi?er one or more hydrogen 
atom has been independently replaced by 40H, iF, 4C1, 
iBr, i1, iNHz, iNOz, %02H, %OZCH3, iCN, 
iSH, iOCH3, iOCH2CH3, %(O)CH3, iN(CH3)2, 
iC(O)NH2 or iOC(O)CH3. The groups iNHC(O)OCH3 
and iNHC(O)NHCH3 are non-limiting examples of substi 
tuted amido groups. 

The above de?nitions supersede any con?icting de?nition 
in any of the reference that is incorporated by reference 
herein. The fact that certain terms are de?ned, however, 
should not be considered as indicative that any term that is 
unde?ned is inde?nite. 

Rather, all terms used are believed to describe the invention 
in terms such that one of ordinary skill can appreciate the 
scope and practice the present invention. 

IV. Examples 

The following examples are included to demonstrate pre 
ferred embodiments of the invention. It should be appreciated 
by those of skill in the art that the techniques disclosed in the 
examples which follow represent techniques discovered by 
the inventor to function well in the practice of the invention, 
and thus can be considered to constitute preferred modes for 
its practice. However, those of skill in the art should, in light 
of the present disclosure, appreciate that many changes can be 
made in the speci?c embodiments which are disclosed and 
still obtain a like or similar result without departing from the 
spirit and scope of the invention. 
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Example 1 

Ruthenium Complexes 

Ruthenium complexes of ligands L1, L2 (FIG. 2), and L3 
can catalyze dehydrogenative homocoupling of alcohols to 
esters (Table 1), homocoupling of amines to imines (Table 2), 
and transfer hydrogenation of ketones and imines to second 
ary alcohols and amines (Table 3). The catalyst loading can be 
as low as 0.1 mol % and the products were obtained in good 
to excellent yields. 

For catalytic dehydrogenative esteri?cation of primary 
alcohols, a mixture of Ruthenium complex (0.01 mmol) and 
alcohol (10 mmol) was heated under an argon ?ow at the 
temperature shown in Table 1. 

TABLE 1 

Dehydrogenation of Primary Alcohols to 
Esters and H2 Catalyzed by Ru Complex.“ 

Ru com lex 2 R/\OH —p> + 2H2 

Entry Substrate Cat. loading T (° C.) Time Yieldl7 

1 1-butanol 0.3 mol % 118 12 h >99% 
2 1—pentanol 0.3 mol % 138 12 h >99% 
4 l—hexanol 0.1 mol % 157 24 h >99% 
5 benzyl alcohol 0.5 mol % 160 12 h 94% 
6 1,5—pentadiol 1.0 mol % 160 24 h 80%C 

“Reaction condition: 0.1-1.0 mol % catalyst in alcohols were heated under argon ?ow; 

bDetermined by GC-MS and crude 1H NMR. 
‘Lactone was formed as the product. 

For the catalytic synthesis of an imine from an amine, a 
mixture of amine (1 mmol) and the ruthenium complex (0.01 
mmol) in toluene (2 mL) was heated in to 106° C. in a schlenk 
?ask equipped with a cooling ?nger under argon atmosphere. 
Results are shown in Table 2. 

TABLE 2 

Synthesis of Irnine from Amine“: 

0 t1 t 1.0 10/ \ 
2 RANHZ RAN/\R H, + NH. 

Toluene, re?ux 

Entry Amine T (° C.) Time (h) Imine Yieldl7 

1 160 16 \ 92% Ph/\NH2 Ph/\N/\Ph 

2 /\/\/NH2 120 16 W /W\ 90% N 

77 16 90% 3 W NHZ MNM 

“Reaction Conditions: 0.01 rnrnol catalyst and 1 rnrnol amine were heated in toluene under Argon ?ow. 

bDetermined by GC. 
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For the catalytic transfer hydrogenation of ketones or imi 
nes, a mixture containing ketone (0.5 mmol), ruthenium(ll) 
complex (0.005 mmol) in 1 mL of 2-propanol in a schlenk 
?ask equipped with a cooling ?nger are heated at the stated 
temperature (Table 3) under argon atmosphere. Thereafter, 5 
0.1 mL of the reaction mixture was sampled and immediately 
diluted with 0.5-1.0 mL iPrOH for GC analysis. After the 
reaction was complete, the reaction mixture was condensed 
under reduced pressure and puri?ed by silica gel column 

10 chromatography to afford the alcohol product. 

TABLE 3 

Transfer Hydrogenation of Ketones and Imines with Ru Complex.“ 15 

X OH 

i Ru complex, Z'PrOH )\ —> 

R1 R2 R1 R2 

20 
Entry Substrate T (° C.) Time Yield (%)l7 

1 O 40 24 h >99 

65 25 
2 O 82 5 h 90 

30 

3 Wok 40 24 h 94 35 

4 O 82 24 h >99 

W 40 
5 O 82 24 h >99 

W 45 
6 \ 40 24 h 94 (92) 

N 
50 

“Reaction condition: 0.5 rnrnol ofketone, 1.0 rnol % ofRu complex in 1 rnL ofiPrOH; 

bDeterrnined by GC, isolated yield in parenthesis. 

55 

Example 2 

Pd Complex Catalyzed Nigishi Coupling 
60 

Results for the cross-coupling reaction of two phenyl 
based compounds are provided here. Under argon atmo 
sphere, Pd complex 2 (2.3 mg, 0.005 mmol) and iodobenzene 
(102 mg, 0.5 mmol) were dissolved in THF. Then, the phenyl 
zinc chloride reagent (1 mmol) was added. The mixture was 
stirred overnight at 60° C. 

65 

\ 

I / MClZ or MC12(COD) 

Hlil N 

P(tBu)2 rNW 
L1-4 

+ 

\ 

HT 1 KOtB 

(But)2P hl/l—N/\ —u> 

Ni complex 1: M I Ni 
Pd complex 1: M I Pd 

/ I 

l / N 

(But)2P LIA—NA 
C1 > 

Ni complex 2: M I Ni 
Pd complex 2: M I Pd 

1 ZnCl 

+ Pd complex 2, THF, 60° C. 
—> 

92% yield 

Example 3 

Co Complex Catalyzed Butadiene Polymerization 

Co complexes show high selectivity and activities in poly 
merization of butadiene to afford cis-1,4-polybutdiene mate 
rials. A representative procedure is as follows: A toluene 
solution of butadiene (1.62 g, 30 mmol) was added to a 
moisture free ampule bottle preloaded with the Co complex 
(10 umol). MAO (A1, 2.0 mmol) was then injected to initiate 
the polymerization at 20° C. After 4 h, methanol was added to 

the system to quench the polymerization. The mixture was 
poured into a large quantity of methanol containing 2,6-di 
tert-butyl-4-methylphenol (1.0 wt-%) as a stabilizer, then 
?ltered and dried under vacuum at 40° C. The resulting polyb 
utadiene was resulted had a constant weight. 
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R I \ 00012 
/ 

/ l|\I N NH 
/ N P(tBu)2 

R 

L4-3 

\ R | 

/ l 1 TH 
/ N [Co P(tBu)2 

C1 ’01 
R 

Co complex 1: R I H 

Co complex 2: R I Me 
Co complex 3: R I Ph 

\ | \ 
N / CoClZ 

/ N 1TH —> 
N P(tBu)2 

L5-3 

| \ 
N 

| 1 1|“ 
N lC_o P(tBu)2 

C1 ’01 

Co complex 4 

TABLE 4 

1 3—Butadiene Polymerization Results by Complexes 4a—4d/MAO. 

Microstructure % 

MAO/ Yield Mn MW/ Cis- Trans 
Complex Co M/Mt (%) (x104) Mn 1,4 1,4 1,2 

Co 200 3000 99 12.6 2.2 98.2 0.3 1.5 
Complex 
1 
Co 200 3000 99 13.5 2.0 98.7 0.2 1.1 
Complex 
2 
Co 200 3000 95 15.9 1.5 99.6 0 0.4 
Complex 
3 
Co 200 3000 91 14.2 1.8 98.9 0.1 1.0 
Complex 
4 

Polymerization conditions: precursor, 10 pmol; butzdiene: 25 Wt-% in toluene, polymeriza 
tion time 4 h; temperature, 20° C. 

Example 4 

Methods 

All manipulation of air- and/or moisture-sensitive com 
pounds were carried out under a dry argon atmosphere by 
using standard Schlenk techniques or under a dry argon atmo 
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sphere in an MBraun glovebox unless otherwise noted. All 
solvents were distilled under N2 from appropriate drying 
agents. Deuterated solvents were dried with appropriate dry 
ing agents and distilled prior to use. 
Column chromatography puri?cations were performed by 

?ash chromatography using Merck silica gel 60. 1H, 13 C and 
31P NMR spectra were recorded using Bruker AMX-400 or 
AMX-500 NMR spectrometer. Chemical shifts were reported 
in parts per million (ppm), and the residual solvent peak was 
used as an internal reference: proton (benzene 6 7.16, chlo 
roform 6 7.26). Multiplicity was indicated as follows: 5 (sin 
glet), d (doublet), t (triplet), q (quartet), m (multiplet), dd 
(doublet of doublet), br s (broad singlet). Coupling constants 
were reported in Hertz (Hz). Mass spectra were recorded on 
Micromass Platform LCZ 4000, using Electro Spray Ioniza 
tion (ESI) mode. The X-ray diffraction data were collected 
using Bruker-AXS KAPPA-APEXH CCD diffractometer. 
The yields of transfer hydrogenation products were deter 
mined by using Agilent 5975C inert XL EI/CI MSD with 
Triple-Axis Detector and crude 1H NMR. 

Example 5 

Ligand Synthesis 

Schemes for synthesis of various classes of pincer ligands 
are shown in FIGS. 3-7. 

Synthesis of N-(di-tert-butylphosphino)-6-((diethy 
lamino)methyl)pyridin-2 -amine L1 -4 

To a suspension of L1-3 (180 mg, 1 mmol) in toluene (10 
ml) was added NEt3 (0.24 mL, 2 mmol). The mixture was then 
cooled to 0° C., and tBu2PC1 (180 mg, 1 mmol) was added 
dropwise. Upon further cooling to —700 C., n-BuLi (2 mmol, 
1.25 mL of a 1.6 M solution in hexane) was slowly added. The 
solution was allowed to reach room temperature and was then 

stirred overnight at 80° C. After that, the solution was ?ltered 
the solvent was removed under vacuum to afford the crude 

product L1-4, which was used for next step without further 
puri?cation. 

Synthesis of 6-bromo-N-(1-hydroxy-2-methylpro 
pan-2-yl)picolinamide L2-1 

To a solution of oxalyl chloride (7.5 mmol, 635 uL) in THF 
(10 mL) were added 2-bromo-pyridine-6-carboxylic acid 
(5 .0 mmol, 1.01 g), and the reaction mixture was stirred for 1 
hour at room temperature. The excess oxalyl chloride and the 
solvent were removed under reduced pressure, and the solid 
residue was dissolved in CH2C12 (20 mL). This solution was 
added dropwise to a cooled solution of 2-amino-2-methyl-1 - 
propanol (6.0 mmol, 618 mg) and triethylamine (9.0 mmol, 
1.2 mL) in CH2C12 (20 mL). The solution was stirred for 4 h, 
and then quenched with 1 M NaOH (50 mL). The organic 
layer was separated, washed with saturated NaHCO3, brine 
and dried over MgSO4. The crude product was puri?ed by 
column chromatography on silica gel (Hexaneszethyl 
acetateI2:1 as eluent) to afford white solid (1.10 g, 81%). 1H 
NMR (400 MHz, CDC13): 8.14 (d, 1H, JI7.6 Hz), 7.91 (br, 
1H), 7.72 (t, 1H, JI7.8 Hz), 7.62 (d, 1H, JI7.9 Hz), 4.65 (t, 
1H, JI6.4 Hz), 3.73 (d, 2H, JI6.4 Hz), 1.43 (s, 6H). 13C NMR 
(100 MHz, CDC13): 163.07, 150.96, 140.36, 139.75, 130.82, 
121.14, 70.44, 56.24, 24.68. MS (ESI, MeOH): 273 (100%, 
(M+1)+). 
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Synthesis of 6-amino-N-(1-hydroxy-2-methylpro 
pan-2-yl)picolinamide L2-2 

A mixture of 6-bromo-N-(1-hydroxy-2-methylpropan-2 
yl)picolinamide (0.5 mmol, 136 mg), 3 mL of 37% NH3 .H20 
and 32 mg (0.5 mmol) of copper powder in 3 mL iPrOH was 
heated at 100° C. in sealed tube for 24 hours. After cooling to 
room temperature, brine was added and the mixture was 
extracted with DCM (20 mL><3). The combined organic lay 
ers were washed with brine, dried over MgSO4. After solvent 
evaporation, the crude product was crystallized from ethyl 
acetate to obtain compound 2 as a white solid (75 mg, 72%). 
1H NMR (500 MHZ, CDC13): 8.04 (br, 1H), 7.59-7.56 (m, 
1H), 7.54-7.52 (m, 1H), 6.64 (d, 1H, 1:8.9 HZ), 5.24 (t, 1H, 
1:6.4 HZ), 4.52 (br, 2H), 3.70 (d, 2H, 1:64), 1.40 (s, 6H). 13C 
NMR (125 MHZ, CDC13): 164.99, 156.79, 147.91, 139.01, 
112.66, 111.82, 70.93, 55.90, 24.85. MS (ESI, MeOH): 210 
(40%, (M+1)), 441 (100%, (M+23)). 

Synthesis of 6-amino-N-(1-chloro-2-methylpropan 
2-yl)picolinamide L2-3 

A solution of 6-amino-N-(1-hydroxy-2-methylpropan-2 
yl)picolinamide (0.35 mmol, 74 mg) in CHCl3 was cooled to 
0° C. and SOCl2 (2.8 mmol, 200 11L) was added. The mixture 
was re?uxed overnight. After cooling to room temperature, 
the reaction was quenched with 1 M NaOH. The aqueous 
phase was extracted with CH2C12, and the combined organic 
phases were dried with MgSO4. The crude product was puri 
?ed by column chromatography on silica gel (Hexanes:ethyl 
acetate:2:1 as eluent). White solid, 76 mg, 95% yield. 1H 
NMR (500 MHZ, CDC13): 7.93 (br, 1H), 7.57-7.54 (m, 1H), 
7.52-7.51 (m, 1H), 6.62 (d, 1H, 1:8.0 HZ), 4.51 (br, 2H), 3.94 
(s, 2H), 1.52 (s, 6H). 13C NMR (125 MHZ, CDC13): 163.97, 
156.83, 148.37, 138.88, 112.33, 111.63, 53.72, 51.19, 25.08. 
MS (ESI, MeOH): 228 (100%, (M+1)+). 

Synthesis of 6-(4,4-dimethyl-4,5-dihydroova01-2 
yl)pyridin-2-amine L2-4 

To a suspension of sodium hydride (633 mg, 27.5 mmol) in 
THF (40 mL) at 0° C., 6-amino-N-(1-chloro-2-methylpro 
pan-2-yl)picolinamide in 10 mL (1.10 g, 4.82 mmol) was 
added dropwise and the mixture was stirred at 0° C. for 3 
hours. The reaction was quenched with water. The aqueous 
phase was extracted with CH2C12, and the combined organic 
phases were dried with MgSO4. The crude product was crys 
talliZed from ethyl acetate/hexanes to obtain compound 4 as a 
white solid (746 mg, 81%). 1H NMR (500 MHZ, CDCl3): 
7.48 (t, 1H, 1:7.6 HZ), 7.35 (d, 1H, 1:7.4 HZ), 6.58 (d, 1H, 
1:8.2 HZ), 4.64 (br, 2H), 4.14 (s, 2H), 1.40 (s, 6H). 13C NMR 
(125 MHZ,CDCl3)Z 161.35, 158.17,145.06,138.06, 114.30, 
111.07, 79.44, 67.75, 28.38. MS (ESI, MeOH): 192 (100%, 
(M+1)+). 

Synthesis of N-(di-tert-butylphosphino)-6-(4,4-dim 
ethyl-4,5-dihydroovaol-2-yl)pyridin-2-amine L2-5 

To a suspension of 6-(4,4-dimethyl-4,5-dihydroova01-2 
yl)pyridin-2-amine (95 mg, 0.5 mmol) in toluene was added 
NEt3 (70 11L, 0.5 mmol). The mixture was then cooled to 0° 
C., and (tBu)2PC1 (96 11L, 0.5 mmol) was added dropwise. 
Upon further cooling to —70° C., n-BuLi (0.5 mmol, 320 11L of 
a 1.6 M solution in hexane) was slowly added. The solution 
was allowed to reach room temperature and was then stirred 
overnight at 80° C. After that, the solution was ?ltered and the 
solvent was removed under vacuum. The remaining yellow 
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oil was washed with hexanes. The resulting product (with a 
purity of 80% as determined by NMR spectroscopy) was 
directly used for the next step. 3 1P NMR (162 MHZ, CDCl3): 
65.93 (s). MS (ESI, MeOH): 336 (100%, (M+1)+). 

Synthesis of [2,2'-bipyridin]-6-amine L3-1 

To a mixture of 6-bromo-2,2'-bipyridine (3.0 mmol, 705 
mg) and CuZO (0.01 mmol, 1.0 mg) in glycol in autoclave 
NH3 was feed. The reaction was maintained under 10 atm of 
NH3 at 110° C. for 24 h. After cooling to room temperature, 
water was added and the aqueous phase was extracted with 
DCM. The combined organic layers were washed with brine 
and dried over MgSO4. After solvent evaporation, the crude 
product was puri?ed by column chromatography on silica gel 
(Hexanes:ethyl acetate:1 :1 as eluent) to afford a white solid 
(437 mg, 85% yield). 1H NMR (500 MHZ, CDCl3, ppm): 8.65 
(s, 1H), 8.25 (d, 1H, 1:7.9 HZ), 7.79-7.76 (m, 1H), 7.71-7.70 
(m, 1H), 7.57 (t, 1H, 1:7.1 HZ), 7.26 (t, 1H, 1:7.1 HZ), 6.65 
(d, 1H, 1:7.9 HZ), 4.53 (br, 2H). 13C NMR (125 MHZ, CDC13, 
ppm): 157.97, 156.38, 154.57, 149.11, 138.58, 136.73, 
123.31, 120.94, 111.59, 108.87. 

Synthesis of 2-bromo-6-(1H-pyraZ01-1 -yl)pyridine 
L4-1 -1 

To a solution of 1H-PyraZ01e (10.0 mmol, 680 mg) in 
distilled dioxane (30 mL) were added KOtBu (11.0 mmol, 
1.26 g), and followed by addition of 2,6-dibromopyridine 
(10.0 mmol, 2.37 g). The reaction mixture was re?uxed for 48 
hour, and then quenched with 5 mL of water. Solvent was 
removed under reduced pres sure and water was added to the 
residue, then the mixture was extracted with DCM. The com 
bined organic layers were washed with brine and dried over 
MgSO4. After solvent evaporation, the crude product was 
puri?ed by column chromatography on silica gel (Hexanes: 
ethyl acetate:20:1 as eluent) to afford a white solid (2.01 g, 
90%). 1H NMR (400 MHZ, CDC13, ppm): 8.53 (s, 1H), 7.92 
(d, 1H, 1:7.6 HZ), 7.73 (s, 1H), 7.67 (t, 1H, 1:7.8 HZ), 7.35 (d, 
1H, 7.6 HZ), 6.46 (s, 1H). 13C NMR (100 MHZ, CDC13, ppm): 
162.72, 140.73, 139.91, 127.58, 125.25, 110.89, 108.23. 
Compounds L4-1-2 and L4-1-3 were obtained with the 

same procedure as compound L4-1-1. 

L4-1-2 

1H NMR (400 MHz, coc13, ppm): 7.90 (d, 1H, 1:7.6 HZ), 
7.55 (d, 1H, 1:7.6 HZ), 7.25 (1, 1H, 1:7.8 HZ), 6.96 (s, 1H), 
2.61 (s, 3H), 2.24 (s, 3H). 13CNMR (100 MHz, coc13, ppm): 
153.15, 150.53, 142.21, 140.25, 138.87, 124.20, 113.50, 
109.74, 14.73,13.68. 

L4-1-3 

1H NMR (400 MHz, coc13, ppm): 7.96 (d, 2H, 1:7.6 Hz), 
7.46 (d, 1H, 1:7.6 Hz), 7.44 (1, 1H, 1:7.8 Hz), 7.39-7.26 (m, 
9H), 6.82 (s, 1H). 13C NMR (100 MHz, coc13); 152.55, 
151.68, 145.28, 139.76, 139.06, 132.09, 128.64, 128.33, 
128.11, 128.03, 127.71, 126.70, 125.78, 125.65, 115.94, 
106.83. 

Synthesis of 2-Amino-6-(1H-pyraZ01-1-yl)pyridine 
L4-2-1 

To a mixture of 2-bromo-6-(1H-pyraZ01-1 -yl)pyridine (3.0 
mmol, 669 mg) and CuZO (0.01 mmol, 1.0 mg) in glycol in 
autoclave NH3 was feed. The reaction was maintained under 














