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SYNTHESIS OF PHOSPHINE LIGANDS BEARING TUNABLE
LINKAGE: METHODS OF THEIR USE IN CATALYSIS

Technical Field

The present invention relates to a series of novel linked indolyl phosphine
ligands for transition metals, the synthesis thereof and their use in catalytic reactions.
The disclosed method provides improvements of transition-metal-catalyzed reactions,
including the range of substrates scope, reaction conditions, and efficiency. For
examples, remarkable improvements have been realized in the preparation of
sterically hindered biaryl compounds by transition-metal-catalyzed cross-coupling

reactions.

Background Art

Transition-metal-catalyzed cross-coupling reactions have received significant
attention and became an extremely versatile protocol in organic synthesis for the
connection of two different fragments via the formation of either carbon-carbon
and/or carbon-heteroatom bonds (de Meijere, A.; Brase, S.; Oestreich, M. Eds. Metal-
Catalyzed Cross-Coupling Reactions, Vol. 3: Wiley-VCH, Weinheim, 2013. Colacot,
T. J. Eds. New Trends in Cross-Coupling, Theory and Applications: Royal Society of
Chemistry, Cambridge, 2015). Particularly, Suzuki-Miyaura coupling is one of the
preeminent methods of the formation of carbon-carbon bonds and has been used in
the construction of diversified biaryls, and they have a myriad of applications in
pharmaceutical, materials, and agricultural chemistry (Miyaura, N. Topics in Current
Chemistry, 2002, 219, 11). Arylamines are frequently encountered in natural and
pharmaceutical products. Buchwald-Hartwig amination is a highly valuable method
for the formation of carbon-nitrogen bond (Ricci, A Ed Modern Amination Methods:
Wiley-VCH, Weinheim, 2000). Efforts have been made toward increasing the
reaction efficacy and it has been recognized that ligands play essential roles during
each step of the catalytic cycle including oxidative addition, transmetallation, and
reductive elimination. The structural features of the ligands can greatly influence the
reaction rate, regioselectivity, and stereoselectivity of the cross-coupling reaction.
Thus, the strategic design of ligands with appropriate steric/electronic natures and

great diversity is crucial in dealing with challenging and problematic substrates in this
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area. Despite the recent advances on cross-coupling reactions, sterically hindered
substrates and a further decrease of the catalyst loading remain great challenges. It
was demonstrated that the sterically bulky and electron-rich phosphine ligands can
have profound effects on the reactivity in catalytic reactions for carbon-carbon/
carbon-heteroatom bond coupling processes. Development of new ligands remains
imperative to further increase the efficiency of cross-coupling reaction.

Noteworthy, Beller (Zapf, A.; Sundermeier, M.; Jackstell, R.; Beller, M.;
Riermeier, T.; Monsees, A.; Dingerdissen, U. WO 2004/101581 A2), Buchwald
(Buchwald, S. L.; Fors, B. P;; Surry, D. S. WO 2009/076622 A2; Buchwald, S. L.; Old,
D. W.; Wolfe, J. P.; Palucki, M.; Kamikawa, K. US 6307087 Bl), Tang (Haddad, N.;
Qu, B.; Rodriguez, S.; Senanayake, C.; Tang, W.; Wei, X.; Yee, N. K. WO
2011/126917 Al), Fu, Hartwig and other groups are highly versatile in the phosphine
ligand design and synthesis. The present invention is to provide novel ligands and
catalysts, which are suitable for large-scale applications, are readily accessible, highly
tunable, and convert haloaromatic compounds especially sterically hindered one to the

respective coupling products in high yield.

Mode for Invention

The present invention relates to a series of novel and efficient linked indolyl
phosphine ligands for transition metals, to their preparation and to their use in
catalytic reactions. The disclosed method provides improvements of transition-metal-
catalyzed reactions, including the range of substrates scope, reaction conditions, and
efficiency. With the linked indolyl phosphine ligands, several reactions can be
effectively handled such as Suzuki-Miyaura, Heck, Sonogashira, Hiyama, Stille cross-
coupling reactions; Buchwald-Hartwig amination; direct arylation; and cyanation with
aryl halides or vinyl halides. Especially, remarkable improvements have been
realized in the preparation of sterically hindered biaryl compounds by transition-
metal-catalyzed Suzuki-Miyaura cross-coupling reactions.  The basic indolyl
phosphines bearing tunable linkage can be prepared via traditional Fischer
Indolization protocol. A combination of phenylhydrazines and acetophenones
provides a high diversification of the ligand structure. The ligands are suitable to use
as scaffolds in metal-ligand complexes, which can serve as catalysts for further

reactions. The ligands can be prepared in a large scale, and purified by simple
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recrystallization. These ligands can exhibit exceptionally high stability in both solid
and solution states.

The following description of certain exemplary embodiment(s) is merely
exemplary in nature and is in no way intended to limit the invention, its application,
or uses. Throughout this description, the term 'tunable’ shall refer to the ability to
design a chemical compound using to exhibit specific properties.

The present invention relates to indolyl phosphine ligands bearing tunable
linkage, and methods of making such utilizing phenylhydrazine and acetophenones as
the starting materials with various linkage reagents. The present invention further
includes uses of the ligands in the synthesis of pharmaceuticals, materials, and
agriculture.

In its first aspect, the present invention is achieved according to the novel

phosphine ligands structure formula (I), below:

@

wherein: Y independently represents an oxygen atom or C-R® group or NR®

group and R' for each of the two R' groups independently of the other represents C;-
Cs-alkyl; C3-Cip-cycloalkyl, which includes especially both monocyclic and also bi-
and tri-cyclic cycloalkyl; (5- to 11-membered)heterocycloalkyl; CFs; ferrocenyl; Cs-
Cyo-aryl, which includes especially the phenyl, naphthyl, fluorenyl; (5- to 11-
membered)heteroaryl, wherein the number of hetero atoms, selected from the group N,
O, S, may be from 1 to 2; wherein the two R! may also be linked to one another; or
wherein each such Cs;-Cjp-cycloalkyl, (5- to 11-membered)heterocycloalkyl, Ce-Cao-
aryl or (5- to 11-membered)heteroaryl group is optionally mono- or poly-substituted.
These substituents independently of one another, may be hydrogen, C;-Cyp-alkyl, Cs-
Cyo-alkenyl, C3-Cs-cycloalkyl, C,-Co-heteroalkyl, Cs-Cjp-aryl, C,-Co-heteroaryl,
wherein the number of heteroatoms, especially from the group N, O, S, may be from 1
to 4; C;-Cys-alkoxy, preferably -O(C;-Ce)alkyl, particularly preferably OMe; C;-Co-

halo-alkyl, preferably CFs, hydroxyl, secondary, tertiary amino groups; wherein two
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of the mentioned substituents may also bridged with one another to form 4- to 8-
membered ring which can be further substituted preferably by linear or branched C;-
Cio-alkyl, Cs-aryl, benzyl, C;-Cjp-alkoxy, hydroxyl or benzyloxy groups.

R%, R, R*, and R’ are each independently selected from the group comprising
hydrogen; halogen; C;-Cjp-alkyl; hydroxyl; -O(C;-Ce)alkyl; CF5; Cs3-Cjp-cycloalkyl;
(5- to 11-membered)heterocycloalkyl; amino; silyloxy; sulfhydryl; alkylthio; thioalkyl;
phosphoryl; phosphonate; phosphine; urea; thiourea; nitrile; carbonyl; carboxyl;
carboxamide; Cg-Cop-aryl; (5- to 11-membered)heteroaryl, wherein the number of
hetero atoms, selected from the group N, O, S, may be from 1 to 2; wherein any two
or more adjacent instances of Rz, RS, R4, and RS, taken together with the carbons to
which they are bound, form a five- or six-membered substituted or unsubstituted aryl
or heteroaryl ring.

R6, R7, and R® are the substituted at the linked carbon chain between the nitrogen
atom and Y, wherein n = 1-9, each independently selected from the group comprising
hydrogen; halogen; C;-Cyp-alkyl; hydroxyl; -O(C;-Cip)alkyl; CF3; Cs5-Cio-cycloalkyl;
(5- to 11-membered)heterocycloalkyl; amino; silyloxy; sulthydryl; Cs-Cop-aryl; (5- to
11-membered)heteroaryl, wherein the number of hetero atoms, selected from the
group N, O, S, may be from 1 to 2; wherein any two or more adjacent instances of R®,
R7, and RS, taken together with the carbons to which they are bound, form a five- or
six-membered substituted or unsubstituted aryl or heteroaryl ring.

R’, R', R, and R" are each independently selected from the group comprising
hydrogen; halogen; C;-Cjp-alkyl; hydroxyl; —O(C;-Ce)alkyl; CFs; C3-Cjp-cycloalkyl;
(5- to 11-membered)heterocycloalkyl; amino; silyloxy; sulfhydryl; alkylthio; thioalkyl;
phosphoryl; phosphonate; phosphine; urea; thiourea; nitrile; carbonyl; carboxyl;
carboxamide; Cg-Cop-aryl; (5- to 11-membered)heteroaryl, wherein the number of
hetero atoms, selected from the group N, O, S, may be from 1 to 2; wherein any two
or more adjacent instances of R9, RIO, RH, and Ru, taken together with the carbons to
which they are bound, form five- or six-membered substituted or unsubstituted aryl or
heteroaryl rings.

n is independently for each occurrence an integer in the range 1 to 8 inclusive,
and the ligand is achiral or, when chiral, is a single stereoisomer or a mixture of
stereoisomers.

In a second aspect, the invention relates to formula (I), wherein one of the R' is

C;-Csg-alkyl selected from —CH3, —CH,CH3, —C(CH»).CH3, —CH(CH3),, —C(CH3)3, —



WO 2017/193288 PCT/CN2016/081589

C(CH,CH3)3, -C(CH.CH3)(CH3),, and R%, R, R, R’, R% R”, R®, R’, R'’, R"", and R
are as defined in the first aspect.

In a third aspect, the invention relates to formula (I), wherein one of the R' is Cs-
Cio-cycloalkyl, which includes especially both monocyclic and also bi- and tri-cyclic
cycloalkyl, selected from cyclopentyl, cyclohexyl, 1-adamantyl, and Rz, RS, R4, RS, R6,
R7, RS, R9, RIO, RH, and R'? are as defined in the first aspect.

In a fourth aspect, the invention relates to formula (I), wherein one of the R'is
Cs-Cyo-aryl selected from phenyl, 2-methylphenyl, 4-methylphenyl, 3.5-
dimethylphenyl, 3,5-di(fluoromethyl)phenyl, 3,5-di-tert-butylphenyl, 4-
methoxyphenyl, 2-trifluoromethylphenyl, 2,4,6-trimethylphenyl, 3,5-di-zert-butyl-4-
methoxyphenyl, and naphthyl, and Rz, RS, R4, RS, R6, R7, RS, R9, RIO, RH, and R are
as defined in the first aspect.

The present invention provides a process for the preparation of the above-
described ligands of formula (I). In general, the ligands can be prepared by traditional

Fischer Indolization followed the general reaction scheme 1 below.

Scheme 1

According to the invention, the novel phosphine ligands bearing tunable linkage
are used as catalysts in combination with transition metal complexes. The transition
metal compounds used are particularly preferably palladium compounds. The ligands
according to the invention can generally be added in situ to corresponding transition
metal precursor compounds and accordingly used for catalytic applications. However,
it may occasionally be advantages for specific phosphine complexes of the mentioned
transition metals to be prepared first and subsequently used as catalyst to increase the
catalytic activity. The phosphine ligands bearing tunable linkage prepared in
accordance with the invention have proved suitable especially as the ligand
component for the biaryl synthesis from aryl halides or vinyl halides.

Catalyst compositions
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The ligands described herein find application in catalyst compositions in
combination with transition metal compounds. In various embodiments, catalyst
compositions contain a ligand described herein and a transition metal compound.
Examples of transition metal compounds include those of palladium, rhodium,
ruthenium, platinum, gold, cobalt, iridium, copper, and nickel, as well as
combinations. In various embodiments, the transition metal compound and the ligand
are provided in the catalyst composition in stoichiometric amounts with respect to one
other. In various embodiments, the optimum ligand to metal ratio depends on the
metal source used as well as the specifics of the transformation being attempted. In
various embodiments, the transition metal compound is provided in the catalyst
composition as a salt of a central atom. A non-limiting example of such a salt is an
acetate salt. When the central atom is palladium in a preferred embodiment, a
preferred transition metal compound is palladium acetate, or Pd(OAc),. A catalyst
composition is then formed of a mixture of palladium acetate and a ligand compound
coordinated as a complex as described herein. Other embodiments of palladium
sources formally in the 2+ oxidation state include but are not limited to PdCl,,
Pd(TFA),, PA(CH3CN)4(BFE;), and PACL,(CH3CN),.

In various embodiments, the transition metal compound is in zero valence state.
An example is tris(dibenzylideneacetone)dipalladium(0), commonly abbreviated as
Pd,(dba)s. Other palladium sources in formally the zero or other valence states may
also be suitable. Examples include but are not limited to Pd(dba)s.

Catalytic reactions

The ligands described herein exhibit utility in transition metal catalyzed
reactions. In embodiments, the disclosed ligands may be combined with a variety of
transition metal compounds to catalyze a range of chemical transformations. In
embodiments, compositions containing a transition metal compound and a disclosed
ligand can be used to catalyze a variety of organic reactions. A non-limiting example
of a reaction catalyzed by a disclosed ligand is given in Scheme I, illustrating the
catalysis of a C-N reaction. Other reactions of interest include carbon-oxygen, carbon-
carbon. In non-limiting examples, the catalysts can be used to catalyze Suzuki-
Miyaura type C-C bond-forming reactions, Buchwald-Hartwig Amination C-N bond
forming reactions, direct arylation C-C bond forming reactions, and Hiyama type C-
C bond forming reactions.

More specifically, a combination of a ligand with a transition metal compound
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catalyzes the following reactions:
1. Carbon-carbon bond forming reactions such as Suzuki-Miyaura, Hiyama,
Stille, Heck, Sonogashira cross-coupling reactions and direct arylation;
ii. Carbon-nitrogen bond forming reactions such as Buchwald-Hartwig
Amination reactions;
1il. Carbon-Boron bond forming reactions such as Borylation reactions;
1v. Carbon-Phosphorus bond forming reactions.
Ligands, catalyst compositions, and catalyzed reactions have been described with
respect to various preferred embodiments. Further non-limiting description is given

by way of the working examples in the section following.

IMPLEMENTATION EXAMPLES

Reactions of compounds were carried out in standard Rotaflo®(England)
resealable screw-cap tubes. The solvents 1,4-dioxane, tetrahydrofuran (THF), and
toluene were degassed and freshly distilled over sodium under nitrogen.
Dichloromethane and tert-butanol were freshly distilled over calcium hydride under
nitrogen.

The following examples, which follow, serve to explain the process for making

the ligands and the catalytic cross-coupling reactions without limiting it thereto.

Examples 1 to 4: General Preparation of Ligand

In general, the present invention provides a process for the preparation of the
above-described ligands. These ligands may be prepared in the manner depicted in

the general reaction Scheme 1.

w

To prepare compound II, two general methods were used. Method A: Follow

the general procedures of Fischer-indole synthesis, compound II can be obtained from
corresponding substituted acetophenone (100 mmol), corresponding substituted
phenylhydrazine (110 mmol) and polyphosphoric acid (PPA) as an off-white solid.
Compound II from Method A may be made in the manner described by Kwong,
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Organic Syntheses 2016, 93, 14-28. Method B: According to the literature,
compound II can be obtained from corresponding substituted oxindole (50 mmol), 2-
chloropyridine (60 mmol), trifluoromethanesulfonic anhydride (60 mmol) and
corresponding substituted 2-naphthol (50 mmol) as a grey solid. Compound II from
Method B may be made in the manner described by Ghandi, Tetrahedron Letters 2011,
270-273; and Shibata, Organic Letters 2013, 15, 686-689.

To a solution of 10 mmol of II in 75 ml of anhydrous DMF, 30-80 mmol of
potassium hydroxide was added under nitrogen, and kept stirring at room temperature
until most of the KOH were dissolved. Dialkyl bromide (12-24 mmol) or dialkyl
tosylate (11-22 mmol) was then added to the reaction mixture and stirred at 25-110
°C overnight. Water was added to quench the reaction and the organic layer was
extracted with CH,Cl,, separated, dried over sodium sulfate, concentrated and
purified by silica gel column chromatography (eluents: hexane to CH»Cly), ligand
precursor I1II can be obtained.

To a solution of III (8 mmol) in anhydrous DMF (40 mL), a solution of N-
bromosuccinimide (8.8 mmol) in anhydrous DMF (25 mlL) was added at room
temperature and stirred overnight. The reaction mixture was poured into crushed ice
and CH,Cl, was added to the flask followed by water for extraction. The organic
phase was washed with a large amount of water, concentrated and then purified by
silica gel column chromatography (eluents: hexane to CH,CL,), ligand precursor IV
was obtained.

Compound IV (5 mmol) was dissolved in freshly distilled anhydrous THF at
room temperature under nitrogen atmosphere. The solution was then cooled to -78 °C
in dry ice/acetone bath. Titrated n-BuLi (5.5 mmol) was added dropwise by syringe.
After stirring the reaction mixture for 30 min at -78 °C, Cl—PRlz in THF (5 mL) was
added. The reaction was allowed to warm to room temperature and stirred overnight.
The solvent was removed under reduced pressure, and the product was successively
washed with cold MeOH/EtOH mixture. The resulting white solid was filtered off

and dried in vacuo (purity 90-99%).

Example 1: Synthesis of ligand L1 - L3
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X X Br PR12
‘ \> ,Q S O NBS O CI-PR! O
O N X=Br, OTs B
HO N N N

(la) (a) (IVa) L1-L3

Follow the general procedure of Fischer-indole synthesis (Method A), 2-(1H-
indol-2-yl)phenol (IIa) was obtained from 1-(2-hydroxyphenyl)ethanone (100 mmol),
phenylhydrazine (110 mmol) and PPA as an off-white solid.

After purification, 10 mmol of 2-(1H-indol-2-yl)phenol (IIa) was dissolved in 75
ml of anhydrous DMF under nitrogen. 40 mmol of potassium hydroxide was added to
the reaction mixture and kept stirring at room temperature. After all the KOH was
dissolved, 1,2-dibromoethane (12 mmol) or 1,2-ditosylethane (11 mmol) was added
and stirred overnight. Water was added to quench the reaction and the organic layer is
extracted with CH,Cl,, separated, dried over sodium sulfate, concentrated and
purified by silica gel column chromatography (eluents: hexane to CHCL), 6,7-
dihydrobenzo[6,7][1,4]oxazepino[4,5-a]indole (IIIa) was obtained as a pale yellow
solid.

To a solution of 6,7-dihydrobenzo[6,7][1,4]Joxazepino[4,5-a]indole (IIla) (8
mmol) in anhydrous DMF (40 mL), a solution of N-bromosuccinimide (8.8 mmol) in
anhydrous DMF (25 mL) was added at room temperature and stirred overnight. The
reaction mixture was poured into crushed ice and CH>Cl, was added to the flask
followed by water for extraction. The organic phase was washed with a large amount
of water, concentrated and then purified by silica gel column chromatography (eluents:
hexane to CHyCly), 13-bromo-6,7-dihydrobenzo[6,7][1,4]Joxazepino[4,5-a]indole
(IVa) was obtained as a pink solid.

13-Bromo-6,7-dihydrobenzo[6,7][1,4]oxazepino[4,5-a]indole (IVa) (5 mmol)
was dissolved in freshly distilled anhydrous THF at room temperature under nitrogen
atmosphere. The solution was then cooled to -78 °C in dry ice/acetone bath. Titrated
n-BuLi (5.5 mmol) was added dropwise by syringe. After stirring the reaction
mixture for 30 min at -78 °C, Cl—PRlz in THF (5 mL) was added. The reaction was
allowed to warm to room temperature and stirred overnight. The solvent was
removed under reduced pressure, and the product was successively washed with cold
MeOH/EtOH mixture. The resulting white solid was filtered off and dried in vacuo
(purity 90-99%).
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Yields:

PR, =PCy, 55% (’'P-NMR: -18.2 ppm) (L1)
PR'; =PPh, 80% (’'P-NMR: -28.6 ppm) (L2)
PR'; =Pi-Pr, 47% ('P-NMR: -8.4 ppm)  (L3)

Example 2: Synthesis of ligand L4 — L6

Br PRI,
X\/\/X NBS CI-PR',
N . N Eilb N
X=Br, OTs N\/O Q N\/o n-Buli O N o

(lla) (llib) (IVb) LA-L6

10 mmol of 2-(1H-indol-2-yl)phenol (Ila) was dissolved in 75 ml of anhydrous
DMF under nitrogen. 40 mmol of potassium hydroxide was then added into the
reaction mixture and kept stirring at room temperature. After all the KOH was
dissolved, 1,3-dibromopropane (12 mmol) or 1,3-ditosylpropane (11 mmol) was
added and stirred overnight. Water was added to quench the reaction and the organic
layer was extracted with CH,Cl,, separated, dried over sodium sulfate, concentrated
and purified by silica gel column chromatography (eluents: hexane to CH,CL), 7,8-
dihydro-6H-benzo[2,3][1,5]oxazocino[5,4-alindole (IIIb) was obtained as a pale

yellow solid.

To a solution of 7,8-dihydro-6H-benzo[2,3][1,5]oxazocino[5,4-a]indole (IIIb) (8
mmol) in anhydrous DMF (40 mL), a solution of N-bromosuccinimide (8.8 mmol) in
anhydrous DMF (25 mL) was added at room temperature and stirred overnight. The
reaction mixture was poured into crushed ice and CH>Cl, was added to the flask
followed by water for extraction. The organic phase was washed with a large amount
of water, and then concentrated and purified by silica gel column chromatography
(eluents: hexane to CH,Clp), 14-bromo-7,8-dihydro-6H-
benzo[2,3][1,5]oxazocino[5,4-a]indole (IVb) was obtained as a pink solid.

14-Bromo-7,8-dihydro-6H-benzo[2,3][1,5]oxazocino[5,4-alindole  (IVb) (5
mmol) was dissolved in freshly distilled anhydrous THF at room temperature under
nitrogen atmosphere. The solution was then cooled to -78 °C in dry ice/acetone bath.
Titrated n-BuLi (5.5 mmol) was added dropwise by syringe. After stirring the
reaction mixture for 30 min at -78 °C, Cl—PRlz in THF (5 mL) was added. The

reaction was allowed to warm to room temperature and stirred overnight. The solvent

10
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was removed under reduced pressure, and the product was successively washed with
cold MeOH/EtOH mixture. The resulting white solid was filtered off and dried in
vacuo (purity 90-99%).

Yields:

PR, =PCy, 55% (’'P-NMR: -18.3 ppm) (L4)
PR'; =PPh, 73% (’'P-NMR: -27.2ppm) (L5)
PR'; = Pi-Pr; 45% (’'P-NMR: -6.9 ppm) (L6)

Example 3: Synthesis of ligand L7 — L8

A\ O X X O NBS
N _— N —_—
H X=Br, OTs Q N
o
N

HO
(Ilb) (Va) (Vla) L7-L8

Follow the general procedure of Method B, 1-(1H-indol-2-yl)naphthalen-2-o0l
(IIb) was obtained from oxindole (50 mmol), 2-chloropyridine (60 mmol),

trifluoromethanesulfonic anhydride (60 mmol) and 2-naphthol (50 mmol) as a grey

solid.

After purification, 10 mmol of 1-(1H-indol-2-yl)naphthalen-2-ol (IIb) was
dissolved in 75 ml of anhydrous DMF under nitrogen. 40 mmol of potassium
hydroxide was then added into the reaction mixture and kept stirring at room
temperature. After all the KOH was dissolved, 1,2-dibromoethane (12 mmol) or 1,2-
ditosylethane (11 mmol) was added and stirred at 110 °C overnight. Water was added
to quench the reaction and the organic layer was extracted with CH,Cl,, separated,
dried over sodium sulfate, concentrated and purified by silica gel column
chromatography (eluents: hexane to CH:CL), 8,9-
dihydronaphtho[1',2":6,7][1,4]oxazepino[4,5-a]indole (Va) was obtained as a pale

yellow solid.

To a solution of 8,9-dihydronaphtho[1',2":6,7][1,4]oxazepino[4,5-a]indole (Va)
(8 mmol) in anhydrous DMF (40 mL), a solution of N-bromosuccinimide (8.8 mmol)
in anhydrous DMF (25 mL) was added at room temperature and stirred overnight.
The reaction mixture was poured into crushed ice and CH>ClL, was added to the flask

followed by water for extraction. The organic phase was washed with a large amount
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of water, and then concentrated and purified by silica gel column chromatography
(eluents: hexane to CH>Cl), 15-bromo-8,9-
dihydronaphtho[1',2":6,7][1,4]oxazepino[4,5-a]indole (VIa) was obtained as a pale

yellow solid.

15-Bromo-8,9-dihydronaphtho[1',2":6,7][1,4]oxazepino[4,5-a]indole (VIa) (5
mmol) was dissolved in freshly distilled anhydrous THF at room temperature under
nitrogen atmosphere. The solution was then cooled to -78 °C in dry ice/acetone bath.
Titrated n-BuLi (5.5 mmol) was added dropwise by syringe. After stirring the
reaction mixture for 30 min at -78 °C, Cl—PRlz in THF (5 mL) was added. The
reaction was allowed to warm to room temperature and stirred overnight. The solvent
was removed under reduced pressure, and the product was successively washed with
cold MeOH/EtOH mixture. The resulting white solid was filtered off and dried in
vacuo (purity 90-99%).

Yields:
PR, =PCy, 74% ('P-NMR: -17.3 ppm) (L7)
PR'; =PPh, 68% (’'P-NMR: -27.1 ppm) (LS8)

Example 4: Synthesis of ligand L9 — L10

X PR1
O \_/_\X NBS C| PR,

T Xeow R R
O N X=Br, OTs O n- BUL'

H

HO
(llb) (Vb) (Vlb) Lo L10

10 mmol of 1-(1H-indol-2-yl)naphthalen-2-ol (IIb) was dissolved in 75 ml of
anhydrous DMF under nitrogen. 40 mmol of potassium hydroxide was then added
into the reaction mixture and kept stirring at room temperature. After all the KOH
was dissolved, 1,4-dibromobutane (12 mmol) or 1,4-ditosylbutane (11 mmol) was
added and stirred at room temperature overnight. Water was added to quench the
reaction and the organic layer was extracted with CH,Cl,, separated, dried over
sodium sulfate, concentrated and purified by silica gel column chromatography
(eluents: hexane to CH,Cl), 8,9,10,11-
tetrahydronaphtho[2',1":2,3][1,5]oxazonino[5,4-a]indole (Vb) was obtained as a pale

yellow solid.
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To a solution of 8§,9,10,11-tetrahydronaphtho[2',1":2,3][1,5]oxazonino[5,4-
alindole (Vb) (8 mmol) in anhydrous DMF (40 mL), a solution of N-
bromosuccinimide (8.8 mmol) in anhydrous DMF (25 mlL) was added at room
temperature and stirred overnight. The reaction mixture was poured into crushed ice
and CH,Cl, was added to the flask followed by water for extraction. The organic
phase was washed with large amount of water, and then concentrated and purified by
silica gel column chromatography (eluents: hexane to CH,Cl), 17-bromo-8,9,10,11-
tetrahydronaphtho[2',1":2,3][1,5]oxazonino[5,4-a]indole (VIb) was obtained as a pale

yellow solid.

17-Bromo-8,9,10,11-tetrahydronaphtho[2',1":2,3][ 1,5]oxazonino[ 5,4-a]indole
(VIb) (5 mmol) was dissolved in freshly distilled anhydrous THF at room
temperature under nitrogen atmosphere. The solution was then cooled to -78 °C in
dry ice/acetone bath. Titrated n-BuLi (5.5 mmol) was added dropwise by syringe.
After stirring the reaction mixture for 30 min at -78 °C, Cl—PRlz in THF (5 mL) was
added. The reaction was allowed to warm to room temperature and stirred overnight.
The solvent was removed under reduced pressure, and the product was successively
washed with cold MeOH/EtOH mixture. The resulting white solid was filtered off

and dried in vacuo (purity 90-99%).

Yields:
PR, =PCy, 64% ('"P-NMR: -16.9 ppm) (L9)
PR'; =PPh, 57% ('P-NMR: -27.3 ppm) (L10)

Example 5-6: Catalysis Examples — Suzuki-Miyaura Couplings

General procedure for reaction screening in Suzuki-Miyaura coupling of aryl
chlorides (Pd(1l) catalysts loading ranging from 1-2 mol %): Pd(Il) source and ligand
were loaded into a Schlenk tube equipped with a Teflon-coated magnetic stir bar. The
tube was evacuated and flushed with nitrogen for three cycles. Precomplexation was
applied by adding freshly distilled dichloromethane and Et:N into the tube. The
palladium complex stock solution was stirred and warmed using hair drier for about 1
to 2 minutes until the solvent started boiling. The solvent was then evaporated under
high vacuum. Aryl chloride (0.5 mmol), boron source (1.0 mmol), and base (1.5

mmol) were then added to Schlenk tubes. 1.0 mL of solvent was added (to rinse the
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tube wall) with stirring at room temperature for several minutes. The tube was then
placed in a preheated oil bath and stirred for 12-24 hours. After the completion of
reaction as judged by GC or TLC analysis, the reaction was cooled down to room
temperature and quenched with water and diluted with ethyl acetate. The filtrate was
concentrated under reduced pressure. The crude product was purified by flash
column chromatography on silica gel (230-400 mesh) to afford the desired product.

General procedure for reaction screening in Suzuki-Miyaura coupling of aryl
chlorides (Pd(1l) catalysts loading lower than 0.5 mol %): A stock solution of Pd(II)
source with ligand in freshly distilled dichloromethane was initially prepared with
continuous stirring at room temperature. The Schlenk tube was equipped with a
Teflon-coated magnetic stir bar and evacuated and flushed with nitrogen for three
cycles. Different volume of stock solution of palladium complex was added to the
Schlenk tube by syringe according to the Pd loading indicated. Precomplexation was
then applied by adding distilled Et3N into the tube. The palladium complex solution
was stirred and warmed using hair drier for about 1 to 2 minutes until the solvent
started boiling. The solvent was then evaporated under high vacuum (If Pd(0) was
used, this step was unnecessary). Aryl chloride (0.5 mmol), boron source (1.0 mmol),
and base (1.5 mmol) were then added to Schlenk tubes. 1.0 mL of solvent was added
(to rinse the tube wall) with stirring at room temperature for several minutes. The
tube was then placed into a preheated oil bath and stirred for the duration as indicated
(12-24 hours). After the completion of reaction as judged by GC or TLC analysis, the
reaction was cooled down to room temperature and quenched with water and diluted
with ethyl acetate. The filtrate was concentrated under reduced pressure. The crude
product was purified by flash column chromatography on silica gel (230-400 mesh) to
afford the desired product.

Example 5: Catalytic Suzuki-Miyaura Couplings of aryl chlorides and arylboronic
acids

Experiment 1: Preparation of 2'-ethyl-2,6-dimethyl-1,1'-biphenyl [Table 1, entry
12] — A typical example of Suzuki-Miyaura coupling (using arylboronic acid as
coupling partner) catalyzed by a metal complex of a ligand according to the present

invention as described herein above (0.1 mol % Pd catalysts loading):

14
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Me Et 0.05 mol% Pdp(dba)g ME!
0.2 mol% L3 O
o+ Cysom, -
3.0 equiV. K3PO4'H20 O
dioxane, 110 °C Me

Me

A stock solution of Pd»(dba)s (1.0 mol%, 0.0023 g) with L3 (4.0 mol%, 0.0099 g)
in freshly distilled dioxane (5.0 ml) was initially prepared by continuously stirring at
room temperature for 10 min. 1 ml of the stock solution was transferred to another
nitrogen-filled tube for further dilution. Freshly distilled dioxane was then added to
the tube to give the needed concentration of palladium complex in total 4 ml final
solution volume. 2-Chloro-1,3-dimethylbenzene (0.5 mmol, 0.07 g), (2-
ethylphenyl)boronic acid (1.0 mmol, 0.15 g, 2.0 equiv.), potassium phosphate tribasic
monohydrate (1.5 mmol, 0.345 g, 3.0 equiv.) and magnetic stirrer bar were charged to
another Schlenk tube. The tube was carefully evacuated and backfilled with nitrogen
(3 cycles). 1 ml of the diluted stock solution was then transferred to Schlenk tube via
syringe. The tube was then placed into a preheated oil bath (110 °C) and stirred for
24 hours. The reaction was cooled down to room temperature and quenched with
water and diluted with ethyl acetate. The organic phase was separated, washed,
concentrated, and purified by column chromatography to provide pure desired product

2'-ethyl-2,6-dimethyl-1,1'-biphenyl as an off-white solid (0.1 g, 0.475 mmol, 95%).

Table 1: Summary of the optimaization of the results of Catalysis Experiment 1

entry Pd source/ mol% ligand Pd:L Base Solvent % yieldb
1 Pd,(dba); (0.5) L1 I:4  Ks;POs/H>O  dioxane 99
2 Pd,(dba); (0.5) L2 1:4  KsPOsH,O  dioxane 60
3 Pd,(dba); (0.5) L3 I:4  K3;POy/H,O dioxane 99
4 Pd,(dba); (0.5) L4 1:4  KsPOsH,O  dioxane 88
5 Pd,(dba); (0.5) L5 1:4  KsPOsH,O  dioxane 79
6 Pd,(dba); (0.5) L6 I:4  K3;POy/H,O dioxane 99
7 Pd,(dba); (0.5) L7 1:4  KsPOsH,O  dioxane 45
8 Pd,(dba); (0.5) L8 I:4  K3;POy/H,O dioxane 83
9 Pd,(dba); (0.5) L9 1:4 K;POsH,O dioxane 57
10 Pd,(dba); (0.5) L10 I:4  K3;POy/H,O dioxane 99
11 Pd,(dba)s (0.05) L1 I:4  K3;POy/H,O dioxane 83
12 Pd,(dba)s (0.05) L3 I:4  K3;POy/H,O dioxane 95
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13 Pd,(dba); (0.05)  L10 1:4  Ki;PO4s/H,O dioxane 57
14 Pd,(dba); (0.05) L3 1:4 KOH dioxane 86
15 Pd,(dba); (0.05) L3 1:4 K>CO; dioxane 32
16 Pd,(dba); (0.05) L3 1:4 NaH,PO,  dioxane 68
17 Pd,(dba); (0.05) L3 1:4 Cs,COs dioxane 46
18 Pd,(dba); (0.05) L3 1:4 KOAc dioxane 53
19 Pd,(dba); (0.05) L3 1:4 KO(#-Bu)  dioxane 0
20 Pd,(dba); (0.05) L3 1:4 KsPOsH,O  toluene 58
21 Pd,(dba); (0.05) L3 1:4 K;3;POsHO THF 90
22 Pd,(dba); (0.05) L3 1:4 Ki;POs/H>O r-butanol 46
23 Pd(OAc), (0.05) L3 1:4  KsPOsH,O  dioxane 0
24 PdCl, (0.05) L3 1:4  Ki;PO4s/H,O dioxane 0

“Reaction conditions: 2-Chloro-1,3-dimethylbenzene (0.5 mmol, 70 mg), (2-ethylphenyl)boronic acid
(1.0 mmol, 136 mg, 2.0 equiv.), Pd source: Ligand (indicated in table), base (1.5 mmol, 3.0 equiv.) and
solvent (1 mL) were stirred for 24 h at 110 °C under nitrogen. ’Calibrated GC yields were reported
using dodecane as the internal standard.

Experiment 2: Catalysis Examples — Suzuki-Miyaura Couplings of aryl chlorides

with arylboronic acids using ligand L3

R R 0.05 mol% Pd,(dba); RR"
0.2 mol% L3 O
o+ Cysom,
3.0 equiv. K3gPO4H,0 O

- dioxane, 110 °C R

Aryl chlorides (0.5 mmol), arylboronic acids (1.0 mmol, 2.0 equiv.), Pd»(dba);
(0.05 mol%), Pd/L3 = 1:4, KsPO,4 (1.5 mmol, 3.0 equiv.) and dioxane (1 mL) were
stirred at 110 °C under nitrogen for 24 h. The reactions were then cooled down to
room temperature, quenched with water and diluted with ethyl acetate. The organic
phase was purified by column chromatography to provide pure desired product. The

results of the catalysis are summarized in Table 2 and Table 3.

Table 2: Summary of the results of Catalysis Experiment 2 using o-tolylboronic acids

entry ArCl Ar’B(OH); product % yieldb
Me Me Me Me
! QiCI (H0)25~© 98
Me Me
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96

“Reaction conditions: ArCl (0.5 mmol), o-tolylboronic acid (1.0 mmol, 2.0 equiv.), Pd loading (0.05
mol%), Pdy(dba);: L3 = 1:4, KsPO, (1.5 mmol, 3.0 equiv.) and dioxane (1 mL) were stirred for 24 h at
110 °C under nitrogen. “Tsolated yield was reported. “0.2 mol% of Pd,(dba); was used.

Table 3: Summary of the results of Catalysis Experiment 2 using arylboronic acids

entry ArCl Ar’B(OH), product % yieldb
Me Me MeMe
1 Qim (H@zB@ 92
Me Me
Me Me Mex: "
2 Qic' (HO)QBOOMe OMe 87
Me Me
3 QiMe - O "ove 80
1 Cl (Ho)2a© Me O
Me Me
O @,
T SR e =a T
Me
5 QEMe OHCC Q “owo 51
1 Cl (HO),B Me O
0y ¢ €D
6 Me (HO)ZB M Q 83
O,
, QD =8 89
Cl (HO)B O O
N
X GRS,
8 ' / ¢ N ) 92
(HO),B O —
cl O
CHO
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Y X0
10 OEt (HO),B Q O O 7%

Cl
OFEt
“Reaction conditions: ArCl (0.5 mmol), arylboronic acid (1.0 mmol, 2.0 equiv.), Pd loading (0.1 mol%),
Pd,(dba);: L3 = 1:4, K;PO, (1.5 mmol, 3.0 equiv.) and dioxane (1 mL) were stirred for 24 h at 110°C
under nitrogen. “Tsolated yield was reported. “0.5 mol% of Pdy(dba); was used.

Example 6: Catalytic Suzuki-Miyaura Couplings of aryl chlorides and potassium
aryltrifluoroborates

Experiment 3: Preparation of 2,2',4,6,6-pentamethyl-1,1'-biphenyl — A typical
example of Suzuki-Miyaura coupling (using potassium aryltrifluoroborates as
coupling partner) catalyzed by a metal complex of a ligand according to the present
invention as described herein above (Pd catalysts loading ranging from 1-2 mol %):

Me Me 1.0 mol% Pd,(dba)s M\(/_I}e
4.0 mol% L10 ‘
Me cl + BF3K Co.CO >
3.0 equiv. Cs,CO4
Me Me

Me Me dioxane, 110 °C Me

Pdy(dba); (1.0 mol%, 0.0023 g) and L3 (4.0 mol%, 0.0099 g) were loaded into a
Schlenk tube equipped with a magnetic stir bar. The tube was carefully evacuated
and backfilled with nitrogen (3 cycles). Precomplexation was applied by adding
freshly distilled dioxane (0.5 ml) into the tube. The palladium complex stock solution
was continuously stirred at room temperature for 10 min.  2-Chloro-1,3,5-
trimethylbenzene (0.5 mmol, 0.077 g), potassium 2,6-dimethylphenyltrifluoroborate
(1.0 mmol, 0.21 g, 2.0 equiv.) and cesium carbonate (1.5 mmol, 0.49 g, 3.0 equiv.)
were charged to Schlenk tube. Further 0.5 ml of dioxane was added (to rinse the tube
wall) with stirring at room temperature for 1-2 minutes. The tube was then placed
into a preheated oil bath (110 °C) and stirred for 24 hours. The reaction was cooled
down to room temperature, quenched with water and diluted with diethyl ether. The
organic phase was separated, washed, concentrated, and purified by column
chromatography to provide pure desired product 2,2',4,6,6'-pentamethyl-1,1'-biphenyl
as an off-white solid (0.097 g, 0.435 mmol, 87%).

Table 4: Summary of the optimaization of the results of Catalysis Experiment 3“

entry Pd source/ mol% ligand Pd:L Base Solvent % yieldb
1 Pd,(dba); (1.0) L1 1:4 Cs,CO3 dioxane trace
2 Pd,(dba); (1.0) L2 1:4 Cs,CO3 dioxane trace
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3 Pd,(dba); (1.0) L3 1:4 Cs,CO3 dioxane trace
4 Pd,(dba); (1.0) L4 1:4 Cs,CO3 dioxane trace
5 Pd,(dba); (1.0) L5 1:4 Cs,CO3 dioxane trace
6 Pd,(dba); (1.0) L6 1:4 Cs,CO3 dioxane trace
7 Pd,(dba); (1.0) L7 1:4 Cs,CO3 dioxane trace
8 Pd,(dba); (1.0) LS8 1:4 Cs,CO3 dioxane 66
9 Pd,(dba); (1.0) L9 1:4 Cs,CO3 dioxane trace
10 Pd,(dba); (1.0) L10 1:4 Cs2CO3 dioxane 89
11 Pd(OAc), (1.0) L10 1:4 Cs2CO3 dioxane 12
12 Pd(TFA), (1.0) L10 1:4 Cs2CO3 dioxane 55
13 Pd,(dba); (2.0) L10 1:4 Cs2CO3 dioxane 87
14 Pd,(dba); (3.0) L10 1:4 Cs2CO3 dioxane 85
15 Pd,(dba); (1.0) L10 1:4 K>CO3 dioxane 30
16 Pd,(dba); (1.0) L10 1:4 K5POy4 dioxane 76
17 Pd,(dba); (1.0) L10 1:4  KsPOs/H,O  dioxane 20
18 Pd,(dba); (1.0) L10 1:1 Cs2CO3 dioxane 23
19 Pd,(dba); (1.0) L10 1:2 Cs2CO3 dioxane 22
20 Pd,(dba); (1.0) L10 1:3 Cs,CO3 dioxane 40
21 Pd,(dba); (1.0) L10 1:4 Cs,CO3 toluene 7
22 Pd,(dba); (1.0) L10 1:4 Cs2CO3 THF 28
23 Pd,(dba); (1.0) L10 1:4 Cs2CO3 t-butanol 20

“Reaction conditions: 2-Chloro-1,3,5-trimethylbenzene 0.5 mmol), potassium  2,6-
dimethylphenyltrifluoroborate (1.0 mmol, 136 mg, 2.0 equiv.), Pd source: Ligand (indicated in table),
base (1.5 mmol, 3.0 equiv.) and solvent (1 mL) were stirred for 24 h at 110 °C under nitrogen.
bCalibrated GC yields were reported using dodecane as the internal standard.

Experiment 4: Catalysis Examples — Suzuki Couplings of aryl chlorides with

potassium aryltrifluoroborates using ligand L10

R R 1.0 mol% Pdy(dba)s rH
4.0 mol% L10 O
R cl o+ BF;K >
3.0 equiv. Cs,CO5 O R
R R

R dioxane, 110 °C R

Aryl chlorides (0.5 mmol), potassium aryltrifluoroborates (1.0 mmol, 2.0 equiv.),
Pd,(dba); (0.05 mol%), Pd/L10 = 1:4, Cs,COs5 (1.5 mmol, 3.0 equiv.) and dioxane (1
mL) were stirred for 24 h at 110 °C under nitrogen. The reactions were cooled down
to room temperature, quenched with water and diluted with ethyl acetate. The organic

phase was purified by column chromatography to provide pure desired product. The
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results of the catalysis are summarized in Table 5 and Table 6.

Table 5: Summary of the results of Catalysis Experiment 4 using potassium 2,6-

dimethylphenyltrifluoroborates

entry ArCl Ar’B(OH); product % yieldb
Me Me Me MeMe
1 \Q: ol BF3K Me 87
Me Me Me Me
@[CN Me O cN_
2 . Qsm 95
OMe Me MeC e O
CHO Me O cHo
3 Qim QBFaK 84
OMe Me MeOMe O
. F - Me F FMe
4 Fﬁ[m QBFak |= 74
£ Me F FMe
o o]
MeO Me MeO O
5 O Me Q—BFak O ME1e 87
CI Me O
Me MSe
MeMe Me MeMe
6 BnO Q—BFsk BnO 71
MeMe Me Me Me
N Me O Me
7 | /\ Q—BF:,K N O 91
cl Me O Mé
CHO Me O Me
8 OOO Q»BF:,K OHC O O 95
cl Me O Me
Me O
BF;K 55

O
2V
O
W
>
= ;
@
Og
©
o=
W o
3
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-0
10 Me Q»BFak Me m: 52
° " 99

“Reaction conditions: Aryl chloride (0.5 mmol), potassium aryltrifluoroborate (1.0 mmol, 2.0 equiv.),
Pd,(dba);: L10 = 1:4, Cs,CO; (1.5 mmol, 3.0 equiv.) and dioxane (1 mL) were stirred for 24 h at 110
°C under nitrogen. "Tsolated yield was reported.

Example 7-10: Catalysis Examples —General Cross-Couplings

General procedure for cross-coupling of aryl chlorides with Pd catalysts: Pd
source and ligand were loaded into a Schlenk tube equipped with a Teflon-coated
magnetic stir bar. The tube was evacuated and flushed with nitrogen for three cycles.
Precomplexation was applied by adding freshly distilled dichloromethane and EtsN
into the tube. The palladium complex stock solution was stirred and warmed using
hair drier for about 1 to 2 minutes until the solvent started boiling. The solvent was
then evaporated under high vacuum. Aryl chloride (0.5 mmol), coupling partner
(0.75-2.0 mmol), and base (1.25-3.0 mmol) were then added to Schlenk tubes. 1.0
mL of solvent was added (to rinse the tube wall) with stirring at room temperature for
several minutes. The tube was then placed in a preheated oil bath and stirred for 12-
24 hours. After the completion of reaction as judged by GC or TLC analysis, the
reaction was cooled down to room temperature and quenched with water and diluted
with ethyl acetate. The filtrate was concentrated under reduced pressure. The crude
product was purified by flash column chromatography on silica gel (230-400 mesh) to
afford the desired product.

Example 7: Catalytic Buchwald-Hartwig Amination of aryl chlorides and amines

0.05-2.0 mol%Pdy(dba); =

Z H  0.2-80mol%L R+ | .
|+ \ R

XN¢ R'/N‘R" 3.0 equiv. KgPOy, N
dioxane, 110 °C, 24 h R'

Following the general procedures, Pd)(dba); (0.05-2.0 mol%), Pd/L = 1:4, aryl
chlorides (0.5 mmol), amines (0.75 mmol, 1.5 equiv.), PhB(OH), (0.02 mmol, 0.04
equiv.), KsPOs (1.5 mmol, 3.0 equiv.) and dioxane (1 mL) were stirred at 110 °C

under nitrogen for 24 h. The reactions were then cooled down to room temperature,
quenched with water and diluted with ethyl acetate. The organic phase was purified

by column chromatography to provide pure desired product.
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Example 8: Catalytic Hiyama Cross-coupling Reaction of aryl chlorides and aryl

trialkoxysilanes
Si(OR')3 0.05-2.0 mol%Pd(OAc), =
N 0.2-8.0 mol% L R |
1 | + X FEEES SN
X~>¢ || R 2.0equiv. TBAFe3H,0, | 2R
= AcOH or H,O or solventless, F
110 °C, 324 h

Following the general procedures, Pd(OAc), (0.05-2.0 mol%), Pd/L. = 1:4, aryl
chlorides (0.5 mmol), aryl trialkoxysilanes (1.0 mmol, 2.0 equiv.), TBAF*3H,0 (1.0
mmol, 2.0 equiv.), acetic acid or water and/or toluene (0.5-1.0 mL) were stirred at 110
°C under nitrogen for 3-24 h. The reactions were then cooled down to room
temperature, quenched with water and diluted with ethyl acetate. The organic phase

was purified by column chromatography to provide pure desired product.

Example 9: Catalytic direct arylation of aryl chlorides and polyfluoroarene
1.0-5.0 mol%Pd(OAc), 7
7 A~H 4.0-20.0 mol% L RT |
R | + L | : N
X cl " 1.5 equiv. NazPOy,, | —F
10.0 mol% PivOH, F
DMA, 100 °C, 24 h

Following the general procedures, Pd(OAc), (1.0-5.0 mol%), Pd/L = 1:4, aryl

chlorides (0.5 mmol), polyfluoroarenes (1.0 mmol, 2.0 equiv.), NazPO, (0.75 mmol,
1.5 equiv.), pivalic acid (0.05 mmol, 0.1 equiv.) and DMA (1 mL) were stirred at 100
°C under nitrogen for 24 h. The reactions were then cooled down to room
temperature, quenched with water and diluted with ethyl acetate. The organic phase

was purified by column chromatography to provide pure desired product.

Example 10: Catalytic Borylation of aryl chlorides and boron reagents

0.5-2.0 mol%Pd(dba)s y

~ . 0 R—
RO\ . ByOR), 2080moi%L |
X 3.0 equiv. CsOAc B(OR)2

dioxane, 110 °C, 24 h

Following the general procedures, Pd)(dba); (0.05-2.0 mol%), Pd/L = 1:4, aryl

chlorides (0.5 mmol), boron reagents such as B,neop, or B,pin; or B,Cat, or HBpin or
HBCat (0.6 mmol, 1.2 equiv.), CsOAc (1.5 mmol, 3.0 equiv.) and dioxane (1 mL)
were stirred at 110 °C under nitrogen for 24 h. The reactions were then cooled down
to room temperature, quenched with water and diluted with ethyl acetate. The organic

phase was purified by column chromatography to provide pure desired product.
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CLAIMS

1. A compound of phosphine ligands having the following molecular formula (I):

wherein:

Y independently represents an oxygen atom or C-R® group or NR® group and
R'for each of the two R' groups independently of the other represents C;-Cg-alkyl;
C3-Cyp-cycloalkyl, which includes especially both monocyclic and also bi- and tri-
cyclic cycloalkyl; (5- to 11-membered)heterocycloalkyl; CFs; ferrocenyl; Cs-Coo-
aryl, which includes especially the phenyl, naphthyl, fluorenyl; (5- to 11-
membered)heteroaryl, wherein the number of hetero atoms, selected from the group
N, O, S, may be from 1 to 2; wherein the two R! may also be linked to one another;
or wherein each such C3-Cjp-cycloalkyl, (5- to 11-membered)heterocycloalkyl, Ce-
Cy-aryl or (5- to 11-membered)heteroaryl group is optionally mono- or poly-
substituted. These substituents independently of one another, may be hydrogen, C;-
Cyo-alkyl, Cy-Cyp-alkenyl, Cs-Cs-cycloalkyl, Co-Co-heteroalkyl, Cs-Cip-aryl, Cp-Co-
heteroaryl, wherein the number of heteroatoms, especially from the group N, O, S,
may be from 1 to 4; C;-Cjs-alkoxy, preferably -O(C;-C¢)alkyl ,particularly
preferably OMe; C;-Cjo-halo-alkyl, preferably CFs, hydroxyl, secondary, tertiary
amino groups; wherein two of the mentioned substituents may also bridged with one
another to form 4- to 8-membered ring which can be further substituted preferably
by linear or branched C;-Cjp-alkyl, Cs-aryl, benzyl, C;-Cjp-alkoxy, hydroxyl or
benzyloxy groups;

R%, R, R*, and R’ are each independently selected from the group comprising
hydrogen; halogen; C;-Cjp-alkyl; hydroxyl; -O(C;-Cg)alkyl; CFs; C3-Cio-cycloalkyl;
(5- to 11-membered)heterocycloalkyl; amino; silyloxy; sulfhydryl; alkylthio;
thioalkyl; phosphoryl; phosphonate; phosphine; urea; thiourea; nitrile; carbonyl;
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carboxyl; carboxamide; Ce-Coo-aryl; (5- to 11-membered)heteroaryl, wherein the
number of hetero atoms, selected from the group N, O, S, may be from 1 to 2;
wherein any two or more adjacent instances of Rz, RS, R4, and RS, taken together
with the carbons to which they are bound, form a five- or six-membered substituted
or unsubstituted aryl or heteroaryl ring;

R6, R7, and R® are the substituted at the linked carbon chain between the nitrogen
atom and Y, wherein n = 1-9, each independently selected {r om the group comprising
hydrogen; halogen; C;-Cyp-alkyl; hydroxyl; -O(C;-Cip)alkyl; CF3; Cs5-Cio-cycloalkyl;
(5- to 11-membered)heterocycloalkyl; amino; silyloxy; sulthydryl; Cs-Cop-aryl; (5- to
11-membered)heteroaryl, wherein the number of hetero atoms, selected from the
group N, O, S, may be from 1 to 2; wherein any two or more adjacent instances of R®,
R7, and RS, taken together with the carbons to which they are bound, form a five- or
six-membered substituted or unsubstituted aryl or heteroaryl ring;

R’, R', R, and R" are each independently selected from the group comprising
hydrogen; halogen; C;-Cjp-alkyl; hydroxyl; —O(C;-Ce)alkyl; CFs; C3-Cjp-cycloalkyl;
(5- to 11-membered)heterocycloalkyl; amino; silyloxy; sulfhydryl; alkylthio; thioalkyl;
phosphoryl; phosphonate; phosphine; urea; thiourea; nitrile; carbonyl; carboxyl;
carboxamide; Cg-Cop-aryl; (5- to 11-membered)heteroaryl, wherein the number of
hetero atoms, selected from the group N, O, S, may be from 1 to 2; wherein any two
or more adjacent instances of R9, RIO, RH, and Ru, taken together with the carbons to
which they are bound, form five- or six-membered substituted or unsubstituted aryl or
heteroaryl rings;

n is independently for each occurrence an integer in the range 1 to 8 inclusive,
and the ligand is achiral or, when chiral, is a single stereoisomer or a mixture of
stereoisomers.

2. The compound of phosphine ligands according to claim 1, wherein one of the
R! is C;-Cg-alkyl selected from —CHs;, —CH,CHj, —-C(CH»),CH3, —CH(CH3),, —
C(CHj3)s3, -C(CH2CH3)3— and C(CH,CH3)(CHj3)s.

3. The compound of phosphine ligands according to claim 1, wherein one of the
R' is C3-Cyo-cycloalkyl, which includes especially both monocyclic and also bi- and
tri-cyclic cycloalkyl, selected from cyclopentyl, cyclohexyl and 1-adamantyl.

4. The compound of phosphine ligands according to claim 1, wherein one of the
R' is Cg-Cy-aryl selected from phenyl, 2-methylphenyl, 4-methylphenyl, 3,5-
dimethylphenyl, 3,5-di(fluoromethyl)phenyl, 3,5-di-tert-butylphenyl, 4-
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methoxyphenyl, 2-trifluoromethylphenyl, 2,4,6-trimethylphenyl, 3,5-di-zert-butyl-4-
methoxyphenyl, and naphthyl.
5. A catalyst composition comprising a transition metal catalyst precursor and a

compound of phosphine ligands according to any one of claim 1-4.

6. The catalyst composition according to claim 5, wherein the transition metal
catalyst precursor is selected from a group consisting of nickel, palladium, platinum,

rhodium, iridium, ruthenium and cobalt.

7. The catalyst composition according to claim 5, wherein the transition metal

catalyst precursor contains palladium.

8. The catalyst composition according to claim 6, wherein the transition metal
catalyst precursor is a mono-, di-, tri- or tetra-phosphine complex of the transition

metal.

9. A heterogeneous catalyst composition comprising a compound of phosphine
ligands according to any one of claim 1-4 covalently bonded to a solid catalyst

support.

10. A method for preparing ligands according to any one of claims 1-4, wherein

the method comprises:
performing a general procedure of Fischer-indole synthesis; and

performing a general reaction as the following Scheme 1,

w

Scheme 1

11. A method of performing a cross-coupling reaction comprising catalyzing said

reaction with a compound of phosphine ligands of any one of claim 1-4.

12. A method of performing a Suzuki-Miyaura coupling reaction comprising
catalyzing said reaction with a compound of phosphine ligands of any one of claim 1-

4.
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