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PHOSPHINE LIGANDS FOR CATALYTIC REACTIONS

CROSS-REFERENCE TO RELATED APPLICATIONS

[001] This application claims priority to U.S. Provisional Application No.
61/365,293 filed July 16, 2010, the entire contents of which are incorporated herein by

reference.

BACKGROUND

[002] Transition metal catalyst complexes play important roles in organic synthesis.
These complexes contain a central transition metal such as palladivm as well as ligands that
associate with the metal. The catalysts are used in a wide variety of carbon-carbon and

carbon-heteroatom bond forming reactions.

[603] The properties of the catalysts are recognized as being influenced by the
nature of the central metal and also by the structure of the ligands, The structure of the
ligands is believed to have an effect on rate consiants and regioselectivity of the reactions, for
example. Phosphine ligands including trivalent phosphorus are known for use with transition
metals such as palladium. However, current ligands still require significant catalyst loading
and are not optimal in either reaction completion or reaction rate, There is therefore a need

for new and more effective phosphine ligands.

SUMMARY

[004] Phosphacycles suitable for use as ligands for transition metal catalyst systems

include those represented by the general formula i,

R1—Ar-x
R2—Ar?
!

or a salt thereof, wherein,

[605] Ar' and Ar® are each independently aryl or heteroaryl, and wherein Ar' and

Ar® are each independently optionally substituted with one or more R’ and R?, respectively;
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[606] R' and R* are independently selected at each occurrence from the group
consigting of hydrogen; amino; hydroxyl; cyano; halo; alkyl; alkenyl; alkynyl; haloalkyl;
haloalkoxy; oxoalkyl; alkoxy; aryloxy; heteroaryloxy; arylamino; heteroarylamino;
alkylamino; dialkylamino; cycloalkyl optionally substituted with alkyl, alkenyl, alkynyl,
alkoxy, cyano, halo, haloalkyl or haloalkoxy; cycloalkyloxy optionally substituted with alkyl,
alkenyl, alkynyl, alkoxy, cyano, halo, halealkyl or haloalkoxy; 5- or 6-membered heteroaryl
optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or
haloalkoxy; phenyl optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo,
haloalkyl or haloalkoxy; hydroxyalkyl, hydroxyalkoxy; alkoxyalkyl; aminoalkyl;
N-alkylaminoalkyl; N,N-dialkylaminoalkyl; N,N,N-trialkylammoniumalkyl; L'-C(O)}-OR',
L'-P(O)-(OR" ), or L'-S(0)~OR ", wherein L' is a bond or alkylene, and R' is selected from
the group consisting of hydrogen, alkyl and hydroxyalkyl; L*~0-C(O)-R*, wherein L? is a
bond or alkylene, and R? is alkyl or hydroxyalkyl; LS—C(O)—NR?R‘;’, wherein L’ is a bond or
alkylene, and R* and R" are each independently selected from the group consisting of
hydrogen, alkyl, and hydroxyalkyl; L4-NR5.-C(O)-R6', wherein L* is a bond or alkylene, R*
is hydrogen or alkyl, and R” is alkyl or hydroxyalkyl; sulfamoyl; N-(alkyl)sulfamoyl; N,N-
(dialkyl)sulfamoyl; sulfonamide; sulfate; alkylthio; thioalkyl; and a ring containing an
alkylene or ~O~(CH,),—O— formed by the joining together of any two Rlor any two R? or an

R'and an R*, whereinmis 1, 2, 3 or 4;
[087] X is a phosphine of formula (Ta):

RIO Rll

\/

(Ia)
wherein ring A is a monocyclic heterocyclic ring, bicyclic heterocyclic ring, or
tricyclic heterocyclic ring, and wherein ring 4 includes 0 10 9 ring aloms in addition to the
phosphorus and 2 carbon ring atoms of formula (fa), wherein said ring atoms are each

independently selected from the group consisting of carbon, oxygen, nitrogen, phosphorus
and sulfur; or

X i¢ a phosphine of formula (Ib):
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s or

(Ib)

X is a phosphine fused to Ar' to give a compound of formula (Ic):

R14
B R15
R-Ar'—R
RP
R2-Ar?

(fc)

wherein, ring B is a phosphorus heterocyclic ring with 0 to 5 ring atoms in addition to
the phosphorus and carbon ring atoms of formula (Ic), wherein said ring atoms are each
independently selected from the group consisting of carbon, oxygen, nitrogen, phosphorus

and sulfur, and

wherein the ring atoms of ring 4 and ring B are each independently optionally
substituted with one or more substituents selected from the group consisting of alkenyl;
alkoxy; alkoxyalkyl; alkyl; alkylamino; alkylthio; alkynyl; aminoalkyl; N-alkylaminoalkyl;
N, N-dialkylaminoalkyl; NN, N-trialkylammoniumalkyl; arylalky! optionally substituted with
alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; cycloalky! optionally
substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy;
dialkylamino; halo; haloatkyl; fluoroalkyl; Cs. heteroaryl optionally substituted with alkyl,
alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; heterocycloalkyl optionally
substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy;
hydroxy; hydroxyalkyl; oxo; an exocyclic double bond optionally substituted with alkyl,
alkenyl, alkynyl, aryl, cycloalkyl, helerocyclyl, or heteroaryl; a 3- 10 7-membered spiro ring
containing zero, one, or two heteroaloms; pheny! optionally substituted with alkyl, alkenyl,
alkynyl, alkoxy, cyano, halo, haloalky! or haloalkoxy; L'-C(O)-OR", L'-P(O)-(OR),, or L'-
S(0),~ORY, wherein L' is a bond or alkylene, and R’ is selected from the group consisting of

hydrogen, alkyl or hydroxyalkyl; L2-O-C(O)-R*, wherein L* is a bond or alkylene, and R” is

3
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alkyl or hydroxyalkyl; L*~C{O}»NR*R*, wherein L® is 2 bond or alkylene, and R* and R¥
are each independently selected from the group consisting of hydrogen, alkyl, and
hydroxyalkyl; L*-NR¥C(0)-R®, wherein L* is 2 bond or alkylene, R® is hydrogen or alkyl,
and R® is alkyl or hydroxyalkyl; and L7MNR8)MS(O)2~R9‘, wherein L7 is a bond or alkylene,
R¥ i hydrogen or alkyl, and R” is alkyl or hydroxyalkyl;

R” is selected from the group consisting of alkyl, alkenyl, alkynyl, cycloalkyl, aryl,
and heteroaryl, wherein RY is optionally substituted with alky?, atkenyl, alkynyl, alkoxy,
cyano, halo, haloalky! or haloalkoxy, or R is a bridging group between the phosphorus and
another B ring atom, wherein RY is selected from the group consisting of alkylene, alkenylene,
alkynylene, and -(CR*'R“-0)-, wherein R*' and R* are each independently hydrogen or
alkyl, and wherein q is 1 or 2, and wherein R is optionally substituted with alkyl, alkenyl,

alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy:
asto R', RY, R'?, and R in formulae (1a) and (Ib),
R or R together with R or R” form a ring; or

R' and R’* together with the carbon atom to which they are attached form a
spirocyclic ring and/or R* and R together with the carbon atom to which they are attached

form a spirocyclic ring; or

one or more of R'>, R', R® and R"” form a ring together with a ring substituent of
ring 4; wherein, if any of substituents R'%, R", R', and R"* do not form a ring, said
substituents are cach independently selected from the group consisting of hydrogen; alkyl;
alkenyt; haloalkyl; alkynyl; oxoalkyl; cycloalkyl optionally substituted with alkyl, alkenyl,
alkynyl, alkoxy, cyano, halo, baloalky! or haloalkoxy; heterocyclyl optionally substituted with
alkyl, alkenyl, alkynyl, aikoxy, cyano, halo, haloalky! or haloalkoxy; Cs.¢ heteroary!
optionally substituted with alkyl, alkenyl, alkynyl, alloxy, cyano, halo, haloalkyl or
haloalkoxy; phenyl optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo,
haloalkyl or haloalkoxy; hydroxyalkyl; alkoxyalkyl; aminoalkyl; N-alkylaminoalkyl;
N,N-dialkylaminoalkyl; N,N,N-trialkylammoniumalkyl; thioalkyl; L ~C(O)-OR™, L1~
P(O)~ (OR'),, or L-S(0)%~OR™, wherein L is a bond or alkylene, and R' is selecied
from the group consisting of hydrogen, alkyl and hydroxyalkyl; L"-0-C(O)-R'®, wherein
LY is alkylene and R'¢ is alky! or hydroxyalkyl; L-C(O)-NR'¥ R, wherein L!7 is a bond
or alkylene, and R™® and R' are each independently selected from the group congisting of
hydrogen, alkyl, and hydroxyalky! ; and L**-NR*" -C(O)-R*, wherein L? is alkylene, R* is
hydrogen or alkyl, and R* is alkyl or hydroxyalkyl: and

as to R™ and R',



R™ and R" together with the carbon atom to which they are attached form a

spirocyclic ring; or

one or more of R' and R" form a ring together with a ring atom or ring substituent of

ring B, wherein

if any of substituents R'* and R" do not form a ring, said substituents are each
independently selected from the group consisting of hydrogen; alkyl; alkenyl; haloalkyl;
alkynyl; oxoalkyl; cycloalkyl optionally substituted with alkyl, alkenyl, alkynyl, alkoxy,
cyano, halo, haloalkyl or haloalkoxy; heterocycly! optionally substituted with alkyl, alkenyl,
alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; Cs.s heteroary! optionally substituted
with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; phenyl optionally
substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy;
alkoxyalkyl; aminoalkyl; N-alkylaminoalkyl; N,N-dialkylaminoalkyl;
N,N,N-trialkylammoniumalkyl; thicalkyl; L"~C(0)»-OR', LP-P(O)~(OR™),, or LP-S(0),~
OR' wherein L" is a bond or alkylene, and R™ is selected from the group consisting of
hydrogen, alkyl and hydroxyalkyl; L"*~0-C(O)-R'® wherein L" is alkylene, and R'® is alkyl
or hydroxyalkyl; L'-C(O)-NR'*R*’, wherein L' is a bond or alkylene and R'* and R are
each independently selected from the group consisting of hydrogen, alkyl, and hydroxyalkyl;
and LP~NR*""~C(0)-R*', wherein L? is alkylene, R?" is hydrogen or alkyl, and R** is alkyl
or hydroxyalkyl.

[007a] In one aspect, there is provided a compound having a structure

corresponding to formula (1),

R'—Ar-X
R?—Ar?
M

or a salt thereof,
wherein

Ar! and Ar® are each independently aryl or heteroaryl, and wherein Ar' and
Ar? are cach independently optionally substituted with one or more R' and R,

respectively;

R! and R? are independently selected at each occurrence from the group

consisting of hydrogen; amino; hydroxyl; cyano; halo; alkyl; alkenyl; alkynyl;



haloalkyl; haloalkoxy; oxoalkyl; alkoxy; aryloxy; heteroaryloxy; arylamino;
heteroarylamino; alkylamino; dialkylamino; cycloalkyl optionally substituted with
alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; cycloalkyloxy
optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalky! or
haloalkoxy; S- or 6-membered heteroaryl optionally substituted with alkyl, alkenyl,
alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; phenyl optionally substituted
with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy;
hydroxyalkyl; hydroxyalkoxy; alkoxyalkyl; aminoalkyl; N-alkylaminoalkyl;

N, N-dialkylaminoalkyl; N,N,N-trialkylammoniumalkyl; L'-C(O)}-OR", L'~
P(0)-(OR")s, or L'-S(0),~OR ", wherein L' is a bond or alkylene, and R is selected
from the group consisting of hydrogen, alkyl and hydroxyalkyl; L*~O-C(O)}-R?,
wherein L” is a bond or alkylene, and R is alkyl or hydroxyalkyl; L’~C(O}-NR*R?,
wherein L* is a bond or alkylene, and R* and R* are each independently selected
from the group consisting of hydrogen, alkyl, and hydroxyalkyl; L“-NR’-C(0)-R®,
wherein L* is a bond or alkylene, R’ is hydrogen or alkyl, and R® is alkyl or
hydroxyalkyl; sulfamoyl; N-(alkyl)sulfamoyl; N,N-(dialkyl)sulfamoyl; sulfonamide;
sulfate; alkylthio; thioalkyl; and a ring containing an alkylene or —O—(CH,);~O-
formed by the joining together of any two R' or any two R? or an R' and an R?,

whereinm is 1, 2, 3 or 4;
X 1s a 6-membered cyclic phosphine of formula (Ia):

RIO RII

\ /
c

(Ia)
wherein ring A includes three carbon ring atoms in addition to the

phosphorus and 2 carbon ring atoms of formula (Ia);

wherein the ring atoms of ring 4 are each independently optionally substituted

with one or more substituents selected from the group consisting of alkenyl; alkoxy;



alkoxyalkyl; alkyl; alkylamino; alkylthio; alkynyl; aminoalkyl; N-alkylaminoalkyl;
N,N-dialkylaminoalkyl; N,N,N-trialkylammoniumalkyl; arylalkyl optionally
substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy;
cycloalkyl optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo,
haloalkyl or haloalkoxy; dialkylamino; halo; haloalkyl; fluoroalkyl; heteroaryl
optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or
haloalkoxy; heterocycloalkyl optionally substituted with alkyl, alkenyl, alkynyl,
alkoxy, cyano, halo, haloalkyl or haloalkoxy; hydroxy; hydroxyalkyl; oxo; an
exocyclic double bond optionally substituted with alkyl, alkenyl, alkynyl, aryl,
cycloalkyl, heterocyelyl, or heteroaryl; a 3- to 7-membered spiro ring containing zero,
one, or two heteroatoms; phenyl optionally substituted with alkyl, alkenyl, alkynyl,
alkoxy, cyano, halo, haloalkyl or haloalkoxy; L'-C(O)}-OR", L'-P(0)-(OR"),, or L'~
S(0)~OR", wherein L' is a bond or alkylene, and R" is selected from the group
consisting of hydrogen, alkyl or hydroxyalkyl; LZ—O—C(O)—RT, wherein L% is a bond
or alkylene, and R? is alky! or hydroxyalkyl; L>~C(O)-NR*R*, wherein L’ is a bond
or alkylene, and R* and R* are each independently selected from the group consisting
of hydrogen, alkyl, and hydroxyalkyl; L*NR*~C(O)}-R®, wherein L*is a bond or
alkylene, RY is hydrogen or alkyl, and R® is alkyl or hydroxyalkyl; and L’-NR® -
S(0)-R?, wherein L is a bond or alkylene, RY is hydrogen or alkyl, and R” is alkyl
or hydroxyalkyl;

asto R, R',R"*, and R",
: 10 pll : 12 113 oy
i. R orR" together with R'* or R form a ring; or

ii. R and R" together with the carbon atom to which they are attached
form a spirocyclic ring and/or R' and R" together with the carbon atom to which

they are attached form a spirocyclic ring; or

iii. one or more of R'%, R!'", R' and R"® form a ring together with a ring

substituent of ring A; or
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iv. R R'" R™ and R" do not form a ring, wherein R RY R™ and RP
are each independently selected from the group consisting of alkyl; alkenyl; haloalkyl;
alkynyl; oxoalkyl; cycloalkyl optionally substituted with alkyl, alkenyl, alkynyl,
alkoxy, cyano, halo, haloalkyl or haloalkoxy; heterocyclyl optionally substituted with
alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; heteroaryl
optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or
haloalkoxy; phenyl optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano,
halo, haloalky! or haloalkoxy; hydroxyalkyl; alkoxyalkyl; aminoalkyi;
N-alkylaminoalkyl; N,N-dialkylaminoalkyl; N.N,N-trialkylammoniumalkyl; thioalkyl;
LB-C(0)-OR', L-P(0)- (OR'),, or L'*~8(0),~OR'", wherein L'® is a bond or
alkylene, and R'* is selected from the group consisting of hydrogen, alkyl and
hydroxyalkyl; L"*~O-C(0)-R'®, wherein L' is alkylene and R'® is alkyl or
hydroxyatkyl; L'~C(O)-NR'* R"', wherein L' is a bond or alkylene, and R'* and
R’ are each independently selected from the group consisting of hydrogen, alkyl, and
hydroxyalkyl ; and L20—NR21’—C(O)—R22’, wherein L is alkylene, R* is hydrogen or
alkyl, and R** is alky! or hydroxyalkyl.

[007b] In one aspect, there is provided a compound having a structure

corresponding to formula (I-1),

or a salt thereof,
wherein

Vi V2 V? and V* are each CR', wherein R! is, at each occurrence, hydrogen;
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Vv® and V° are CR?, wherein R” is independently, at each occurrence, hydrogen

or alkyl;
V¢ and V? are CRz, wherein Rz, at each occurrence, is hydrogen;
V7 is CR?, wherein R” is hydrogen or alkyl; and

X is a phosphine of formula 1-37.

1-37

[007¢] In one aspect, there is provided a compound having a structure

corresponding to formula (I),

R™—Ar-X
R?—Ar?
M

wherein

Ar' and Ar” are each independently aryl or heteroaryl, and wherein Ar' and
Ar? are each independently optionally substituted with one or more R'and R?,

respectively;

R' and R? are independently selected at each occurrence from the group
consisting of hydrogen; amino; hydroxyl; cyano; halo; alkyl; alkenyl; alkynyl;
haloalkyl; haloalkoxy; oxoalkyl; alkoxy; aryloxy; heteroaryloxy; arylamino;
heteroarylamino; alkylamino; dialkylamino; cycloalkyl optionally substituted with
alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; cycloalkyloxy
optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or
haloalkoxy; 5- or 6-membered heteroaryl optionally substituted with alkyl, alkenyl,
alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; phenyl optionally substituted
with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalky! or haloalkoxy;
hydroxyalkyl; hydroxyalkoxy; alkoxyalkyl; aminoalkyl; N-alkylaminoalkyl;
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N,N-dialkylaminoalkyl; N,N,N-trialkylammoniumalkyl; L'-C(O}-OR', L'~
P(0)-(OR"),, or L'-S$(0),~OR', wherein L' is a bond or alkylene, and R is selected
from the group consisting of hydrogen, alkyl and hydroxyalkyl; L*-0-C(O)-R?,
wherein L is a bond or alkylene, and R* is alkyl or hydroxyalkyl; I,,:‘}MC(O)»}\IR3 R,
wherein L? is a bond or alkylene, and R* and R* are each independently selected
from the group consisting of hydrogen, alkyl, and hydroxyalkyl; L4—NR5)—C(O)—R6’,
wherein L* is a bond or alkylene, R® is hydrogen or alkyl, and R is alkyl or
hydroxyalkyl; sulfamoyl; N-(alkyl)sulfamoyl; N, N-(dialkyl)sulfamoyl; sulfonamide;
sulfate; alkylthio; thioalkyl; and a ring containing an alkylene or —O—~(CHj)y,~O—
formed by the joining together of any two R or any two R* or an R' and an R?,

whereinm is 1, 2, 3 or 4;

X is a phosphine of formula (Ie), or a salt thereof,

wherein

Q' is selected from the group consisting of a bond; ~O—, —S—, ~-N(R*")—,
=C(R*™)-, and ~CR®)(R*)-;

Q7 is selected from the group consisting of a bond, —~O—, =S~ , -N(R*)— |
=C(R*)-, and —-CR")R¥)-;

Q° is selected from the group consisting of a bond, ~O—, ~S—, ~N(R*")—,
=C(R*)~, and ~-C(R**)(R*")-;

Q" is selected from the group consisting of a bond, -O—, =S—, “NERP)-,
=C(R*)~, and -CR¥®)R*)-;

Q’ is selected from the group consisting of a bond, -O—, —S—, ~NR*)-,
=C(R**)-, and —C(R*)(R™)- ; and at least one of Q', Q°, Q°, Q*, and Q” is not a

bond; or

Se



two of Q', Q%, Q°, Q*, or Q° together form a carbonyl; an exocyclic double
bond optionally substituted with alkyl, alkenyl, aryl, cycloalkyl, heterocycelyl, or
heteroaryl; or a 3-8-membered spiro ring containing zero, one, or two hetero ring
atoms, optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo,
haloalkyl or haloalkoxy;

asto R', R', R" and R",
: 10 11 . 12 13 S
1. R or R together with R™“ or R*” form a ring; or

il. R'® and R'! together with the carbon atom to which they are attached
form a spirocyclic ring and/or R'? and R" together with the carbon atom to which

they are attached form a spirocyclic ring; or

Iil. one or more of R', R'", R and R"” form a ring together with a ring

substituent of ring 4; or

v. R RY, R" and R*® do not form a ring, wherein Rlo, R" R and RP?
are each independently selected from the group consisting of alkyl; alkenyl; haloalkyl;
alkynyl; oxoalkyl; cycloalkyl optionally substituted with alkyl, alkenyl, alkynyl,
alkoxy, cyano, halo, haloalky! or haloalkoxy; heterocyclyl optionally substituted with
alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; heteroaryl
optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or
haloalkoxy; phenyl optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano,
halo, haloalkyl or haloalkoxy; hydroxyalkyl; alkoxyalkyl; aminoalkyl;
N-alkylaminoalkyl; N,N-dialkylaminoalkyl; N,N,N-trialkylammoniumalkyl; thioalkyl;
LP-C(0)-0R™, LP-P(0)- (OR'"),, or L~8(0),~OR'*, wherein L' is a bond or
alkylene, and R' is selected from the group consisting of hydrogen, alkyl and
hydroxyalkyl; LlstwC(O)—RW, wherein L is alkylene and R'® is alkyl or
hydroxyalkyl; L'-C(O}-NR'*R'"", wherein L' is a bond or alkylene, and R'® and
R' are each independently selected from the group consisting of hydrogen, alkyl, and
hydroxyalkyl ; and L*-NR*' —C(O)-R**, wherein L* is alkylene, R*" is hydrogen or
alkyl, and R* is alkyl or hydroxyalkyl; and

R*' -R*" are, at each occurrence, independently selected from the group
consisting of hydrogen, halo, fluoro, alkyl, haloalkyl, fluoroalkyl, alkenyl, alkynyl,
alkyloxy, N-alkylamino, N,N-dialkylamino, N,N,N-trialkylammoniumalkyl;

5f



substituted or unsubstituted cycloalkyl, substituted or unsubstituted heterocycloalkyl,
substituted or unsubstituted heteroaryl, substituted or unsubstituted phenyl;
hydroxyalkyl; alkoxyalkyl; aminoalkyl; N-alkylaminoalkyl; N,N-dialkylaminoalkyl;
N,N,N-trialkylammoniumalkyl; L'-C(0)-OR", L'-P(0)-(OR"),, or L'-S(0),-OR"
where R is hydrogen, alkyl or hydroxyalkyl and L' is a bond or alkylene; L*~O-
C(O)»-R* where R* is alkyl or hydroxyalkyl and L” is a bond or alkylene; L’~-C(O)-
NR¥R* where R? and R* are independently selected from H, alkyl, and hydroxyalkyl
and wherein L’ is a bond or alkylene; L*-NR® ~C(O)-R® wherein R” is selected from
H and alkyl, R® is selected from alkyl and hydroxyalkyl, and L* is a bond or alkylene;
and alkylthio; or additionally one or more of R*' -R* form a ring with another of R'?,
R R'2 R, and RZ-RY,

[007d] In one aspect, there is provided a compound having a structure

corresponding to formula (1-1),

or a salt thereof,
wherein
V1, V2 V* and V* are each CR!, wherein R'is, at each occurrence, hydrogen;

V° and V? are CR?, wherein R? is independently, at each occurrence, hydrogen
or alkyl;

V® and V* are CR?, wherein R, at each occurrence, is hydrogen;

V7 is CR?, wherein R” is hydrogen or alkyl; and



X is a phosphine having a structure corresponding to a formula selected from
the group consisting of formulae 2-3, 2-4, 2-18, and 2-19

O
O
%*P ?FQ -gvP and .§’P

2-3 2-4 2-18 2-19.

[607e] In one aspect, there is provided a compound having a structure

corresponding to formula (I),

R'™—Ar"-X
RZ—Ar?
M

or a salt thereof,
wherein

Ar' and Ar® are each independently aryl or heteroaryl, and wherein Ar' and
Ar* are each independently optionally substituted with one or more R and R?,

respectively;

R' and R* are independently selected at each occurrence from the group
consisting of hydrogen; amino; hydroxyl; cyano; halo; alkyl; alkenyl; alkynyl;
haloalkyl; haloalkoxy; oxoalkyl; alkoxy; aryloxy; heteroaryloxy; arylamino;
heteroarylamino; alkylamino; dialkylamino; cycloalkyl optionally substituted with
alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalky! or haloalkoxy; cycloalkyloxy
optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or
haloalkoxy; 5- or 6-membered heteroaryl optionally substituted with alkyl, alkenyl,
alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; phenyl optionally substituted
with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy;
hydroxyalkyl; hydroxyalkoxy; alkoxyalkyl; aminoalkyl; N-alkylaminoalkyl;
N,N-dialkylaminoalkyl; N,N,N-trialkylammoniumalkyl; L'~C(O}-OR", L'~
P(0)-(OR! ), or L'-8(0),—~OR ", wherein L' is a bond or alkylene, and R is selected
from the group consisting of hydrogen, alkyl and hydroxyalkyl; L*~O-C(O)}-R?,
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wherein L% is a bond or alkylene, and R” is alkyl or hydroxyalkyl; L3—C(O)aNR3=R4’,
wherein L is a bond or alkylene, and R® and R* are each independently selected
from the group consisting of hydrogen, alkyl, and hydroxyalkyl; L*-NR>~C(O}-R°,
wherein L is a bond or alkylene, R® is hydrogen or alkyl, and R® is alkyl or
hydroxyalkyl; sulfamoyl; N-(alkyl)sulfamoyl; N,N-(dialkyl)sulfamoyl; sulfonamide;
sulfate; alkylthio; thioalkyl; and a ring containing an alkylene or ~O—(CHz)y~O-
formed by the joining together of any two R' or any two R? or an R' and an R?,

whereinmis 1,2, 3 or 4,

X is a phosphine of formula (Ia):

(1a)

wherein ring 4 includes 0 to 9 ring atoms in addition to the phosphorus and 2
carbon ring atoms of formula (1a), wherein said ring atoms are each independently
selected from the group consisting of carbon, oxygen, nitrogen, phosphorus and

sulfur; and

wherein the ring atoms of ring 4 are each independently optionally substituted
with one or more substituents selected from the group consisting of alkenyl; alkoxy;
alkoxyalkyl; alkyl; alkylamino; alkylthio; alkynyl; aminoalkyl; N-alkylaminoalkyl;
N,N-dialkylaminoalkyl; N,N,N-trialkylammoniumalkyl; arylalkyl optionally
substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy;
cycloalkyl optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo,
haloalkyl or haloalkoxy; dialkylamino; halo; haloalkyl; fluoroalkyl; heteroaryl
optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or
haloalkoxy; heterocycloalkyl optionally substituted with alkyl, alkenyl, alkynyl,
alkoxy, cyano, halo, haloalkyl or haloalkoxy; hydroxy; hydroxyalkyl; oxo; an
exocyclic double bond optionally substituted with alkyl, alkenyl, alkynyl, aryl,
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cycloalkyl, heterocyclyl, or heteroaryl; a 3- to 7-membered spiro ring containing zero,
one, or two heteroatoms; phenyl optionally substituted with alkyl, alkenyl, alkynyl,
alkoxy, cyano, halo, haloalky! or haloalkoxy; L'-C(O)-OR", L'-P(O)-(OR" ),, or L'~
S(0),~OR"", wherein L' is a bond or alkylene, and R' is selected from the group
consisting of hydrogen, alkyl or hydroxyalkyl; L*~O~C(O)}-R?, wherein L? is a bond
or alkylene, and R* is alkyl or hydroxyalkyl; L3——C(O)—NR3 R*, wherein L* is a bond
or alkylene, and R* and R* are each independently selected from the group consisting
of hydrogen, alkyl, and hydroxyalkyl; L4»~NR5’M—C(O)-R6’, wherein L* is a bond or
alkylene, R® is hydrogen or alkyl, and R® is alkyl or hydroxyalkyl; and L'~NR* -
S(O)T—Rg,, wherein L’ is a bond or alkylene, RY is hydrogen or alkyl, and R” is alkyl
or hydroxyalkyl; and

asto R', R'", R, and R",
1. R or R together with R%orR" form a ring; or

ii. R and R" together with the carbon atom to which they are attached
form a spirocyclic ring and/or R' and R" together with the carbon atom to which

they are attached form a spirocyclic ring;

wherein, any of substituents R'’, R*, R", and R" that do not form the ring set
forth in (i) or (ii) are each independently selected from the group consisting of
hydrogen; alkyl; alkenyl; haloalkyl; alkynyl; oxoalkyl; cycloalkyl optionally
substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or
haloalkoxy; heterocyclyl optionally substituted with alkyl, alkenyl, alkynyl,
alkoxy, cyano, halo, haloalkyl or haloalkoxy; heteroaryl optionally substituted
with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy;
phenyl optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo,
haloalkyl or haloatkoxy; hydroxyalkyl; alkoxyalkyl; aminoalkyi;
N-alkylaminoalkyl; N,N-dialkylaminoalkyl; NN, N-trialkylammoniumalkyl;
thioalkyl; L"*~C(O)-OR™, LP*~P(0)~ (OR'*),, or L~S(0),~OR'*, wherein
L" is a bond or alkylene, and R'* is selected from the group consisting of
hydrogen, alky! and hydroxyalkyl; L"~0-C(0)-R'®, wherein L" is alkylene
and R'% is alkyl or hydroxyalkyl; L 7—C(O)—Nng’Rw), wherein L' is a bond
or alkylene, and R'® and R" are each independently selected from the group
consisting of hydrogen, alkyl, and hydroxyalkyl ; and L*~NR* —<C(O)-R*,



wherein L” is alkylene, R*' is hydrogen or alkyl, and R* is alkyl or

hydroxyalkyl.

[607f] In one aspect, there is provided a catalyst composition comprising a

transition metal catalyst precursor and a compound as defined above.

[007g] In one aspect, there is provided a catalyst composition comprising a

palladium catalyst precursor and a compound as defined above.

[007h] In one aspect, there is provided a catalyst composition comprising a
palladium catalyst precursor and 7,7,9,9-tetramethyl-8-(2',4',6'-triisopropyl-3,6-
dimethoxybiphenyl-2-yl)-1,4-dioxa-8-phosphaspiro[4.5]decane.

[007i] In one aspect, there is provided a heterogeneous catalyst composition
comprising a compound as defined above covalently bonded to a solid catalyst

support.

[007j] In one aspect, there is provided a method for synthesizing a
secondary organic sulfonamide, comprising reacting an aryl nonaflate with a primary
sulfonamide in the presence of a palladium catalyst precursor and at least one

compound selected from the compounds as defined above.

[007k}] In one aspect, there is provided a method of performing a bond-
forming reaction comprising catalyzing said reaction with a compound as defined
above, wherein the bond-forming reaction is selected from the group consisting of
carbon-nitrogen, carbon-oxygen, carbon-carbon, carbon-sulfur, carbon-phosphorus,

carbon-boron, carbon-fluorine and carbon-hydrogen.

[0071] In one aspect, there is provided a method of forming a bond in a
chemical reaction comprising catalyzing said reaction with a compound as defined
above, wherein the bond is selected from the group consisting of a carbon-nitrogen
bond, a carbon-oxygen bond, a carbon-carbon bond, a carbon-sulfur bond, a carbon-
phosphorus bond, a carbon-boron bond, a carbon-fluorine bond and a carbon-

hydrogen bond.
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[007m] In one aspect, there is provided a method of preparing phosphacycles

as defined above comprising:
metalation of a biaryl halide to form a biaryl lithium species;

reacting a chlorophosphate with said biaryl lithium species to form a biaryl

phosphonate;
reduction of second product to form primary phosphine; and

reacting primary phosphine with a divinylketone.

[008] The disclosure is directed to catalyst compositions comprising a ligand of

formula (I) and one or more transition metal compounds.

[009] The disclosure is directed to catalyst compositions comprising a ligand of

formula (I) covalently bonded to a solid catalyst support.

[016] The disclosure is directed to methods of performing a bond-forming reaction
comprising catalyzing said reaction with a ligand of formula (I), wherein the bond-forming
reaction is selected from the group consisting of carbon-nitrogen, carbon-oxygen, carbon-
carbon, carbon-sulfur, carbon-phosphorus, carbon-boron, carbon-fluorine and carbon-

hydrogen.

[011] The disclosure is directed to methods of forming a bond in a chemical
reaction comprising catalyzing said reaction with a ligand of formula (I), wherein the bond is
selected from the group consisting of a carbon-nitrogen bond, a carbon-oxygen bond, a
carbon-carbon bond, a carbon-sulfur bond, a carbon-phosphorus bond, a carbon-boron bond, a

carbon-fluorine bond and a carbon-hydrogen bond.
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[012] The disclosure is also directed 10 methods of synthesizing phosphacylces
such as a method comprising metalation of a biaryl halide to form a biary! lithium species;
reacting a chlorophosphate with said biaryl lithium species to form biaryl phosphonate;
reduction of second product to form primary phosphine; and reacting primary phosphine with

a divinylketone.

[013] Further benefits of this disclosure will be apparent 10 one skilled in the art.

DETAILED DESCRIPTION

[014] This detailed description is intended only to acquaint others skilled in the art
with this disclosure, its principles, and its practical application so that others skilled in the art
may adapt and apply the disclosure in its numerous forms, as they may be best suited to the
requirements of a particular use. This description and its specific examples are intended for
purposes of illustration only. This disclosure, therefore, is not limited 10 the embodiments

described in this patent application, and may be variously modified
Definitions

{015] “Alkyl!” refers to a straight or branched chain hydrocarbyl group of formula
-(CoHzpe). Tn an cmbodiment, n is 1 to 12, so that the alkyl has from 1 to 12 carbon atoms
and is called as a C;-Cp, alkyl. Similarly, in some embodiments, alkyl is a C,-Cyg alkyl group,
a C1-Cs alkyl group, or a C,-Cy alkyl group. Examples of alkyl groups include methyl, ethyl,
propyl, isopropyl, butyl, isobutyl, #-butyl, pentyi, hexyl, heptyl, octyl, nonyl, decyl, and so on.

[016] “Alkylene” is a hydrocarbyl group containing two points of attachment on
different carbons. An examples is ethyiene represented by -(CH,CHy)-. “Alkylidenc” is a
hydrocarby! group containing two pomts of attachment on the same carbon. An example is
ethylidene represented by -CH{CH,)-.

[017] “Alkenyl” refers to a straight or branched hydrocarby! group with at least one
site of unsaturation, f.e. a carbon-carbon, sp2 double bond. The general formula is ~(C,Hang).
In an embodiment, alkeny! has from 2 to 12 carbon atoms, represented as C»-Cyy alkenyl. in

some embodiments, alkenyl is a C,-Cyo alkenyl group or a Cp-Cs alkeny! group. Examples of

(-CH,CH,CH,CH,CH=CH,).

[018] “Alkenylene” means a divalent group derived from a staight or branched

chain hydrocarbon and contains at least one carbon-carbon double. “C;-Cy alkenylence”
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means an alkenylene group containing 2-6 carbon atoms. Representative examples of
alkenylene include, but are not limited to, -CH=CH- and -CH,CH=CH-.

{019] “Oxoalkyl” is a substituted alkyl group wherein at least one of the carbon
atoms of an alkyl group is substituted with an oxo group, being a double bond to an oxygen,
also known as a carbonyl. An oxoalkyl group thus has ketone or aldchyde functionality, If
the oxo substitution is on the first atom bonded 1o the respective ring, the group can be called
ag “alkanoyl” or “acyl,” being the group RC(O)- where R is an alkyl group as defined herein.
In various embodiments, “oxoalkyl” is a C;-Cyo 0x0alky! group, a C;-Cs 0x0alkyl group, or a

C,-Cs oxoalkyl group.

[620] “Alkoxy” is RO- where R is alkyl. Non-limiting examples of alkoxy groups
include a Ci-Cyg alkoxy group, a C;-Cq alkoxy group, or a Ci-C; alkoxy group methoxy,
ethoxy and propoxy.

[021] “Alkoxyalkyl” refers to an alkyl moiety substituted with an alkoxy group.
Embodiments can be named by combining the designations of alkoxy and alkyl. So for
example, there can be (C)-Cglalkoxy-(Cy-Cig)alkyl and the like, Examples of alkoxyalkyl
groups include methoxymethyl, methoxyethyl, methoxypropyl, ethoxyethyl, and so on.

[022] “Alkoxycarbonyl” is ROC(O)-, where R is an alky! group as defined hercin.
In various embodiments, R is a Ci-Cyo alkyl group or a C;-Cg alky! group.

[023] “Alkylamino” is RNH- and “dialkylamino™ is RyN-, where the R groups are
alkyl as defined herein and are the same or different. In various embodiments, R is a C-Cyo
alkyl group or a C,-Cg alkyl group. Examples of alkylamino groups include methylamino,
ethylansino, propylamino, and butylamine. Examples of dialkylamino groups include

dimethylamino, diethylamino, methylethylamino, and methylpropylamino.

{624] “Alkynyl™ refers to a straight or branched carbon-chain group with at least
one carbon-carbon, sp triple bond., In an embodiment, alkynyl hag from 2 1o 12 carbon atoms.
In some embodiments, alkynyl is a C,-Cy alkynyl group or a C,-Ce alkynyl group. Examples
of alkynyl groups include acetylenic (-C=CH) and propargy! (-CH,C=CH).

[825] “Alkynylene” refers to a straight or branched chain hydrocarbon of from 2 to
10 carbon atoms containing at least one triple bond. Representative examples of alkynylene
inchude, but are not Hmited to, -C=C-, -CH,C=C-, -CH(CH,)CH,(C=C-, -C=CCH,-, and
-C=CCH(CH;)CH,-.

[026] “Alkylthio” is ~SR and “alkylseleno™ is —SeR, where R is alkyl as defined

herein.
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[027] <Alkylsulfate” and “arylsulfate” are ~O-S(O,) ~OR where R is alkyl or aryl,

respectively.

[028] “Alkylsulfonate” and “arylsulfonate” are —S(O,) —“OR where R is alkyl or

aryl, respectively.

[629] “Alkylsuifonyl” and “arylsulfonyl™ are —S(O,)-R, where R is alkyl or aryl,

respectively.

[030] “Alkylsulfonamido” is —N(R")-S(O),-R, where R is alkyl and where R” is H
or alkyl. “Arylsulfonamido™ is —N(R’)-S(O)-R, where R is aryl and where R’ is H or alkyl.

[031] "Amino" (alone or in combination with another term(s)) means -NH,,

[032] “Aminoalkyl” is an alkyl group substituted with an amino group -NH,.
“N-alkylaminoalkyl” means aminoalkyl in which there is an alkyl group substituted for one of
the hydrogens of the amino group. “Dialkylaminoalkyl”™ or “N,N-dialkylaminoalkyl” means
aminoalky! in which there is an alkyl group substituted for both of the hydrogens of the amino
group. The two substituted alkyl groups can be the same or different.
“Trialkylammoniumalkyl” or “N,N.N-trialkylammoniumalkyl” means aminoalky! in which
there are three alkyl group substituted on the nitrogen of the amino group resulting in a net
positive charge. The three substituted alkyl groups can be the same of different. Examples of
alkylaminoalkyl groups include methylaminomethyl and ethylaminomethyl. Examples of
N, N-dialkylaminoalkyl groups include dimethylaminomethyl and diethylaminomethyl.
Examples of NN N-trialkyammoniumalkyl include trimethylammoniummethyl and

diethylmethylammoniummethyl.

j033] “Ary!” refers to any monocyclic or bicyclic carbon ring of up 1o 7 atoms in
each ring, wherein at least one ring is aromatic. Aryl encompasses a ring system of up to 14
carbons atoms that includes a carbocyclic aromatic group fused with a 5-or 6-membercd
cycloalky! group. Examples of aryl groups include, but are not limited to, phenyl, naphthyl,
tetrahydronaphthyl and indanyl.

[034] “Arylalkyl” refers io an aryl group, as defined herein, appended to the parent
molecular moiety through an alkyl group, as defined herein. For example, "aryl-Ci-C alkyl”
or "aryl-Ci-Cq alkyl™ contains an aryl moiety attached to an alkyl chain of from one to six, or
from one to eight carbon atoms, regpectively. Representative examples of arylalky! include,

but arc not limited to, benzyl, 2-phenylethyl, 3-phenylpropyl, and 2-naphth-2-ylethyl.
[035] “Arylamino” is RNH-, where R is aryl.

{036] “Aryloxy™ is RO-, where R is aryl. “Arylthio” is RS-, where R is aryl.
8
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[637] <“Carbamoyl” is the group NH,-C(O)- ; the nitrogen can be substituted with
alkyl groups. N-(alkylycarbamoyl is RNH-C(O)- and N.N-(alkyl), carbamoyl is RoN-C(O)-,
where the R groups are alkyl as defined herein and are the same or different. In various

embodiments, R is a C;-Cyg alkyl group or a C1-Cg alkyl group.
[038] “Cyano™ as used herein, means a -CN group.

[039] “Cycloalky!l” is a hydrocarbyl group conlaining at least one saturated or
unsaturated ring structure which is not an aromatic ring, and attached via a ring carbon. In
various embodiments, il refers io a saturated or an unsaturated but not aromatic C3-Cyy cyclic
moiety, examples of which include cyclopropyl, cyclobutyl, cyclopentyl, cyclopentenyl,

cyclohexyl, cyclohexenyl, cveloheptyl and cyclooctyl.
[04G] “Cycloalkyloxy™ is RO-, where R is cycloalkyl.

[041}] “Cycloalkylalky!l” refers fo an alkyl moiety substituted with a cycloalkyl
group, wherein cycloalkyl is as defined herein. Examples of cycloalkylalky! groups inciude,
but are not limited to, cyclopropyimethyl, cyclobutylmethyl, cyclopentylethyl and
cyclohexylmethyl.

[042] “Fluoroalkyl” refers to an alkyl moiety substituted with one or more fluorine

atomns. Examples of fluoroalky! groups include -CF; and -CHF,.
[043] “Halo” refers to chioro (-CI), bromo (-Br), fluore (-F) or iodo (-I).

1044] “Haloalkoxy™ refers to an alkoxy group substituted with one or more halo
groups. Examples of haloalkoxy groups include, but are not limited to, -OCF;, -OCHF, and ~
OCH,F,

[045] “Haloalkoxyalkyl” refers to an alkyl moiety substituied with a haloalkoxy
group, wherein haloalkoxy is as defined herein. Examples of haloalkoxyalky!l groups include

trifluoromethoxymethyl, trifluoroethoxymethy! and triffuoromethoxyethyl.

[046] “Haloalkyl™ refers 1o an alkyl moiety substituted with one or more halo

groups. Examples of haloalkyl groups include -CCls and -CHBr».

[047] “Heterocyclyl” includes the heteroaryls defined below and refers to an
unsaturated, saturated, or partially unsaturated single ring, two fused ring, or three fused ring
group of 2 to 14 ring-carbon atoms. In addition to ring-carbon atoms, at least one ring has
one or more heleroatoms selected from P, N, O and S. In various embodiments the
heterocyclic group is atlached 1o another moiety through carbon or through a heleroatom, and

is optionally substituted on carbon or a heferoatom. Examples of heterocyelyl include

9
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azetidinyl, benzoimidazolyl, benzofuranyl, benzofurazanyl, benzopyrazolyl, benzotriazolyl,
benzothiophenyl, benzoxazolyl, carbazolyl, carbolinyl, cinnolinyl, furanyl, imidazolyl,
indelinyl, indolyl, indolazinyl, indazolyl, isobenzofuranyl, iscindolyl, isoguinolyl,
isothiazolyl, isoxazolyl, naphthpyridinyl, oxadiazolyl, oxazolyl, oxazoline, isoxazoline,
oxefanyl, pyranyl, pyrazinyl, pyrazolyl, pyridazinyl, pyridopyridinyl, pyridazinyl, pyridyl,
pyrimidyl,  pyrrolyl, quinazolinyl,  quinolyl, quinoxalinyl, tetrahydropyranyl,
tetrahydrothiopyranyl, tefrahydroisoquinolinyl, tetrazolyl, tetrazolopyridyl, thiadiazolyl,
thiazolyl, thienyl, ftriazolyl, azctidinyl, I[,4-dioxanyl, hexahydroazepinyl, piperazinyl,
piperidinyl, pyridin-2-onyl, pytrolidinyl, morpholinyl, thiomorpholinyl,
dihydrobenzoimidazolyl, dihydrobenzofuranyl, dihydrobenzothiophenyl,
dihydrobenzoxazolyl, dihydrofuranyl, dihydroimidazolyl, dihydroindolyl, dihydroisooxazolyl,
dihydroisothiazolyl, dihydrooxadiazolyl, dihydrooxazolyl, dihydropyrazinyl,
dihydropyrazolyl, dihydropyridinyl, dihydropyrimidinyl, dihydropyrrolyl, dihydroquinolinyl,
dihydrotetrazolyl, dihydrothiadiazolyl, dihydroihiazolyl, dihydrothienyl, dihydrotriazolvl,
dihydroazetidinyl, methylenedioxybenzoyl, tetrahydrofuranyl, and tetrahydrothienyl, and N-

oxides thereof.
[048] “Heterocyclylalky!l” is an alkyl group substituted with a heterocyclyl.

{0491 “Heterocyclyloxy” is RO-, where R is heterocyelyl. “Heterocyclylthio” is

RS-, where R is heterocyclyl.

[650] “Heteroaryl” is a heterocyclyl where at least one ring is aromatic. In various
embodiments, it refers 10 a single ring, two ring fused system, or three ring fused system
having up to 7 atoms in each ring, wherein at least one ring is aromatic and contains from 1 to
4 heteroatoms in {he ring selected from the group consisting of N, O and S. A 5-membered
heteroaryl is a heteroary! ring with 5 ring atoms. A 6-membered heteroaryl is a heteroaryl ring
with 6 ring atoms. Non-limiting examples of heteroary! include pyridyl, thienyl, furanyl,
pyrimidyl, imidazolyl, pyranyl, pyrazolyl, thiazolyl, thiadiazolyl, isothiazolyl, oxazolyl,
isoxazoyl, pyrrolyl, pyridazinyl, pyrazinyl, quinolinyl, isoquinolinyl, benzofuranyl,
dibenzofuranyl, dibenzothiophenyl, benzothienyl, indolyl, benzothiazolyl, benzooxazolyl,
benzimidazolyl, isoindolyl, benzotriazolyl, purinyl, thianaphtheny! and pyrazinyl.
Attachment of heteroaryl can occur via an aromatic ring, or, if heleroaryl is bicyclic or
tricyclic and one of the rings is not aromatic or contains no heleroatoms, through a non-
aromatic ring or a ring containing no heteroatoms. “Heteroary!” is also understood to include

the N-oxide derivative of any nitrogen-containing heteroaryl,

[051] “Heteroarylamino™ is RNH-, where R is heteroaryl.
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[052] “Heteroaryloxy” is RO-, where R is heteroaryl.
{853] “Heterocycloalky!” is a heterocyclyl where no rings are aromatic.
{054] “Hydroxy!” or "hydroxy" as used herein, means an -OH group.

[055] “Hydroxyalkyl” is an alkyl group as defined herein substituled with at least
one hydroxy group. Examples of hydroxyalkyl groups include, but arc not limited to,

hydroxymethyl, hydroxyethyl, hydroxypropy! and hydroxybutyl.

[056] “Hydroxyalkoxy” refers to an alkoxy group substituted with a hydroxy group
(-OH), wherein alkoxy is as defined herein. An example of hydroxyalkoxy is hydroxyethoxy.

[057] *“Oxo” as used herein, means a =0 or carbony! group.

[058] “Selenoalkyl™ is an alkyl group as defined herein substiluted with a seleno
group ~SeH. “Thioalkyl” is an alkyl group as defined herein substituted with a thio growp —
SH.

[059]  “Silyl” is —SiR; where cach R is alkyl, and the three R groups are the same or
different. “Silyloxy™ is ~OSiR; where each R is alkyl, and the three R groups are the same or

different.
{8608] “Sulfate” is —O-S{O,)~OH or its salt form.

[061] “Sulfamoyl” is —-S(O),~NH,. “N-(alkyDsulfamoy!l” is RNH-S(O)~ and
“N,N-(alkyl).sulfamoyl” or “N,N-{dialkyl)sulfamoyl” is RyN-S(O),;-, where the R groups are
atky! as defined herein and are the same or different. In varions embodiments, R is a C-Cyg

alkyl group or a C;-Cs alkyl group.

[062] “Sulfonamide” as used herein, means a Z'S(O)LNZ™- group, as defined
herein, wherein Z' is an optionally substituted alkyl, aryl, haloalkyl, or heteroaryl as defined
herein, and AR hydrogen or alkyl. Representative examples of sulfonamide include, but are

not limited to, methanesulfonamide, trifluoromethanesulfonamide, and benzenesulfonamide.
[063] “Sulfonic acid is ~5(0) ~OH. “Sulfonate™ is its salt form.

[064] When cycloallyl, heterocyclyl, heteroaryl, phenyl, and the like are
“substituted”, it means there are one or more substituents other than hydrogen on the
respective ring. The substituents are selected from those defined herein for the groups R', R?,

R R RY and R”. “Unsubstituted” rings have no substituents other than hydrogen.

{065] In some instances, the number of carbon atoms in a hydrocarbyl substituent

(e.g., alkyl, alkenyl, alkynyl, or cycloalkyl) is indicated by the prefix "C,-C,-", wherein x is
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the minimum and y is the maximum number of carbon atoms in the substituent. Thus, for
example, "C,-Ce-alkyl" refers 1o an alky! substituent containing from 1 to 6 carbon atoms.
Hiustrating further, C5-Ce-cycloalky! means a saturated hydrocarbyl ring containing from 3 1o

6 carbon ring atoms.

[066] When the ligands disclosed herein have chiral centers, the disclosure includes
the racemic mixture as well as the isolaled optical isomers, including cnantiomers and

diastereomers.

[067] R groups are named equivalently with and without subscripls or superscipts.
Thus, R1 is the same as Ry and RY, R10 is the same as Ry and R, Q1 is the same as Q; and
Q", and so on. The designation “R” is used several places in different ways. Unless the

context requires, there is no intention that all the R groups are the same.
Ligands
Formula (I) — Biaryl phosphacycies

[068] In one embodiment, ligands for iransition metal catalyst sysiems are selected

from those of general formula (I),

RI—Ar-x
R2—Ar?
M

wherein X is a phosphorus containing heterocyclic ring.

[069] Ar' and A7 are each independently aryl or heleroaryl, and Ar' and Ar® are
each independently optionally substitted with one or more R' and R?, respectively. Ar' and
Ar® independently are substituted with R’ and R respectively, any number of times

depending on, for example, stability and rules of valence.

[070] R' and R® are independently selected al each occurrence from the group
consisting of hydrogen; amino; hydroxyl; cyano; halo; alkyl; alkenyl; alkynyl; haloalkyl;
haloalloxy; oxoalkyl; alkoxy; aryloxy; heteroaryloxy; arylamino;, heteroarylamino;
alkylamino; dialkylamino; cycloalkyl optionally substituted with alkyl, alkenyl, alkynyl,
alkoxy, cyano, halo, haloalkyl or haloalkoxy; cycloalkyloxy optionally substituted with alkyl,
alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; 5- or 6-membered heteroaryl

optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or

12
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haloalkoxy; pheny! optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo,
haloalkyl or haloalkoxy; hydroxyalkyl; hydroxyalkoxy; alkoxyalkyl; aminoalkyl;
N-alkylaminoalkyl; N,N-dialkylaminoalkyl; NN N-trialkylammoniumalkyl; L'-C(O)-OR”,
L'-P(O)-(OR"),, or L'-8(0),~OR", wherein L' is a bond or alkylene, and R is selected from
the group consisting of hydrogen, alkyl and hydroxyalkyl; L:-0-C(O)-R”, wherein L* is a
bond or alkylene, and R” is alkyl or hydroxyatkyl; L*~C(O)-NR*R*, wherein L’ is a bond or
alkylene, and R” and R* are each independently selected from the group consisting of
hydrogen, alkyl, and hydroxyalkyl; L*“NR®>~C(O)-R®, wherein L is a bond or alkylene, R
is hydrogen or alkyl, and R is alkyl or hydroxyalkyl; sulfamoyl; N-(alkyl)sulfamoyl; N,N-
(dialkyl)sulfamoyl; sulfonamide; sulfate; alkylthio; and thioalkyl; or an R' and an R? join
together to form an alkylene or ~O—~CHy)u-O—, wherein m is 1, 2, 3 or 4. R' and R® may be
optional substituents that do not interfere with the catalytic action of the ligands when they

are used in a catalyst composition in combination with transition metal compounds.

{671] In embodiments, X is a phosphorus-containing heterocyclic ring of Formula

(Ia).

[072] In the ligands where X is a phosphorus-containing heterocyclic ring of
formula (Ta), a phosphorus heterocycle labeled above as ring 4 (a “phosphacycle”) is bonded
through a phosphorus atom to a substituted aromatic ring that is in twrn substituted with
another aromatic ring at an adjacent or ortho carbon atom to the phosphacycle. The
phosphacycle contains three or more ring atoms including a phosphorus atom and two ring
carbons bonded directly to the phosphorus atom. Ring 4 is a phosphorus monocyclic
heterocyclic ring, a bicyclic heterocyclic ring, or a fricyclic heterocyclic ring, and wherein
ring A includes 0 o 9 ring atoms selected from the group consisting of carbon, oxygen,
nitrogen, phophorus and sulfur in addition to the phosphorus and 2 carbon ring atoms of
formula {Ia). The two ring carbons bonded to the phosphorus atom are in turn bonded to
substituents R'%, R', R™, and R through a carbon atom, That is to say, substituents R, R,

RY, and R" are bonded to the phosphacycle through a carbon atom of the respective
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substifuents. The phosphacycle also optionally contains one or more ring substituents
selected from the group consisting of alkemyl; alkoxy; alkoxyalkyl, alkyl; alkylamino;
alkylthio; alkynyl; aminoalkyl; N-alkylaminoalkyl; N,N-dialkylaminoalkyl;
NN, N-trialkylammontumalkyl; arylalkyl optionally substituted with alkyl, alkenyl, alkynyl,
alkoxy, cyano, halo, haloalkyl or haloalkoxy; cycloalkyl optionally substituted with alkyl,
alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; dialkylamino; halo; haloalkyl;
fluoroalkyl; Cs.¢ heteroaryl optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano,
halo, halealkyl or haloalkoxy; heterocycloalkyl optionally substituted with alkyl, alkenyl,
alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; hydroxy; hydroxyalkyl; oxo; an
exocyclic double bond optionally substituted with alkyl, alkenyl, alkynyl, aryl, cycloalkyl,
heterocyclyl, or heteroaryl; a 3- to 7-membered spiro ring containing zero, one, or two
heteroatoms; phenyl optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, ¢yano, halo,
haloalkyl or haloalkoxy; L'-C(O}-OR", L'-P(O)-(OR"),, or L'~-S(0),~OR", wherein L' is a
bond or alkylene, and R is selected from the group consisiing of hydrogen, alkyl or
hydroxyalkyl; L-O-C(O)-R”, wherein L* is a bond or alkylene, and R* is alkyl or
hydroxyalkyl; L*~C(O)-NR*R*, wherein L* is a bond or alkylene, and R* and R* are cach
independently selected from the group consisting of hydrogen, alkyl, and hydroxyalkyl; L*-
NR¥-C(O)-R®, wherein L* is a bond or alkylene, R” is hydrogen or alkyl, and R® is alkyl or
hydroxyalkyl; and L'-NR*-S(0),-R?’, wherein L7 is a bond or alkylene, R* is hydrogen or
alkyl, and R is alkyl or hydroxyalkyl.

[073] In various embodiments, the A ring ({he “phosphacycle’) is a 4-, 5-, 6-, 7-, or
8-membered ring containing no hetero ring atoms except the P-atom shown in Formula (Ta).
The phosphacycle can be a single ring containing no bridging atoms, or it can be a polycyclic

ring such as a bicyclic or tricyclic ring containing bridging atoms.

[874] Asio R, RY, R, and R" in formulae (Ia) and (Ib), R'® or R" together with
R"™ or R® form a ring; or R'® and R together with the carbon atom to which they are
attached form a spirocyclic ring and/or R and R" together with the carbon ator to which
they are attached form a spirocyclic ring; or one or more of R', RM, R and R” form a ring

logether with a ring substituent of ring 4.

[075] If any of substituents R'’, R'", R, and R” do not form a ring, said
substituents are each independently selected from the group consisting of hydrogen; alkyl;
alkenyl; haloalkyl; alkynyl; oxoalkyl; cycloalkyl optionally substituted with alkyl, alkenyl,
alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; heterocyclyl optionally substituted with
alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloatkoxy; Css heteroaryl
optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or

14
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haloalkoxy; pheny!l optionally substifuted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo,
haloalkyl or haloalkoxy; hydroxyalkyl; alkoxyalkyl; aminoalkyl; N-alkylaminoalkyl;
N,N-dialkylaminoalkyl; N,N,N-trialkylammoniumalkyl; thioalkyl; L*-C(O)-OR™, L"-
P(O)- (OR'),, or L-8(0)-OR™, wherein L is a bond or alkylene, and R'¥ is selected
from the group consisting of hydrogen, alkyl and hydroxyalkyl; L'°-0-C(0)-R'®, wherein
L" is alkylene and R'® is alkyl or hydroxyalkyl; L7—C(O)-NR"™ R"’, wherein L' is a bond
or alkylene, and R™ and R' are each independently selected from the group consisting of
hydrogen, alkyl, and hydroxyalkyl ; and L*-NR* —C(O)}-R*, wherein L% is alkylene, R*' is
hydrogen or alkyl, and R* is alky! or hydroxyalkyl,

[076] In another embodiment, X is a phosphorus-containing heterocyclic ring of

Formula (Ib).

(Ib)

{077} In these ligands, a phosphacycle is bonded through a phosphorus atom 1o a
substituted aromatic ring that is in turn substituted with another aromatic ring at an adjacent
or ortho carbon atom to the phosphacycle. The phosphacycle contains a ferrocenyl moiety in
addition 10 a phosphorus atom and two ring carbons bonded directly to the phosphorus atom.
The two ring carbons bonded 1o the phosphorus atom are in turn bonded to substituents R,
RY, R™, and R" through a carbon atom. That is to say, substituents R'°, R', R, and R" are
bonded to the phosphacycle through a carbon atom of the respective substituents. R', R",

R and R™ are as described above.

[078] 1In a further embodiment, X is fused to Ar’ o give a compound of formula

(Icy:

15
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R‘i 4
B R1 5
R1-Ar1—P\
RP
R%-Ar?
(Ie)

wherein, ring B is a phosphorus heterocyclic ring (phosphacycle) with 0 to 5 ring atoms
selected from the group comsisting of carbon, oxygen, nitrogen, phosphorus and sulfur in
addition 1o the phosphorus and carbon ring atom of formula (ic). The phosphacycle also
optionally contains one or more ring substituents selected from the group consisting of
alkenyl; alkoxy; alkoxyalkyl, alkyl; alkylamino; alkylthio; alkynyl; aminoalkyl;
N-alkylaminoalkyl; N N-dialkylaminoalkyl; NN N-irialkylammoniumalkyl;  arylalkyl
optionally substifuted with alkyl, alkemyl, alkynyl, alkoxy, cyano, halo, haloalkyl or
haloalkoxy; cycloalkyl optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano,
halo, haloalkyl or haloalkoxy; dialkylamino; halo; haloalkyl; fluoroalkyl; Cse heteroaryl
optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, hale, haloalkyl or
haloalkoxy; heterocycloalkyl optionally substituted with alkyl, alkenyl, alkynyl, alkoxy,
cyano, halo, haloalkyl or haloalkoxy; hydroxy; hydroxyalkyl; oxo; an exocyclic double bond
optionally substituted with alkyl, alkenyl, alkynyl, aryl, cycloalkyl, heterocyclyl, or
heteroaryl; a 3- to 7-membered spiro ring containing zero, one, or two heteroatoms; phenyl
optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or
haloalkoxy; L'-C(O»OR', L*-P(O)}-(OR"),, or L'-8(0),~OR", wherein L' is a bond or
alkylene, and R is selected from the group consisting of hydrogen, alky! or hydroxyalkyl;
L-0-C(O»-R”, wherein L? is a bond or alkylene, and R” is alkyl or hydroxyalkyl; L*~C(O)
NRPR*, wherein L? is a bond or alkylene, and R* and R* are each independently selected
from the group consisting of hydrogen, alkyl, and hydroxyalkyl; LNR"-C(O)}R?, wherein
L* is a bond or alkylene, R® is hydrogen or alkyl, and R? is alkyl or hydroxyalkyl; and L'~
NR¥-8(0),-R”, wherein L is a bond or alkylene, R*' is hydrogen or alkyl, and R is alkyl or
hydroxyalkyl.

[079] And as to R™ and R, R and R" together with the carbon atom to which
they arc attached form a spirocyclic ring; or one or more of R™ and R" form a ring together

with a Ting substituent of ring B.

[080] 1If any of substituents R™ and R" do not form a ring, said substituents are
each independently selected from the group consisting of hydrogen; alkyl; alkenyl; haloalkyl;

alkynyl; oxoalkyl; cycloalkyl optionally substituied with alkyl, alkemyl, alkynyl, aryl,
16
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cycloalkyl, heterocyclyl, or heteroaryl; heterocyclyl optionally substituted with alkyl, alkenyl,
alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; Cs. heteroaryl optionally substituied
with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; phenyl optionally
substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy;
hydroxyalkyl; alkoxyalkyl; aminocatkyl; N-alkylaminoalkyl;  N,N-dialkylaminoalkyl;
N,N,N-trialkylammoniumalkyl; thicalkyl; L™~C(0)-OR™, LP-P(OY«OR™Y,, or L*-$(0),~
OR™ wherein L' is a bond or alkylene, and R'* is selected from the group consisting of
hydrogen, alkyl and hydroxyatkyl; L'*~O~C(0)-R'® wherein L' is alkylene, and R'® is alkyl
or hydroxyalkyl; LY-C(O)-NR'* R, wherein L' is a bond or alkylene and R'® and R are
each independently selected from the group consisting of hydrogen, alkyl, and hydroxyalkyl;
and L-NRY -C(0)-R?, wherein L* is alkylene, R*" is hydrogen or alkyl, and R**'is alkyl
or hydroxyalkyl.

[081] R® is an optionally substituted alkyl, alkenyl, alkynyl, cycloalkyl, aryl,
heterocyclyl, or heteroaryl; otherwise, RY is selected from the group consisting of alkylenc,
alkenylene, alkynylene, or (CR¥R*-0),~ wherein one end is attached to the phosphorus
atom of the phosphacycle and the other end is attached to a B ring aiom, wherein R* and R*
are each independently hydrogen or alkyl, and wherein g is 1 or 2. In other words, when R®is
alkylene, alkenylene, alkynylene, or (CR"R*-0)~, R” is a bridging group between the

phosphorus atom of the phosphacycle and another ring atom of ring B.

[082] In further embodiments, the phosphacycle X is represented by the formula
(Id):

(Id)

where the groups R'%, R, R™, R" are as described above for formula (fa). Here the
phosphacycle is a six-membered ring wherein bonds a and b are single bonds or double bonds
provided wherein @ and b are not simultaneously double bonds. === represents a bond that is

either a single or double bond.
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[083] In the phosphacycles of formula (Id), one or more of the substituents RS, RY,
R'® and R can optionally form a ring with substituents R'°, R", R™ or R”. If the respective
substituent does not form such a ring, the following hold in iltustrative embodiments: R'® and
RY are independently selected from H, halo, alkyl, haloalkyl, fluoroalkyl, alkenyl, and
alkoxy; and R and R'® together form a carbonyl; an exocyclic double bond optionally
substituled with alkyl, alkenyl, alkynyl, aryl, cycloalkyl, heterocyclyl, or heteroaryl; or a 3- o

7-membered §piro ring containing zero, one, or two heteroatoms.

[084] Further, the alkyl, alkenyl, alkynyl, aryl, cycloalkyl, heterocyclyl, or
heteroaryl with which the exocyclic double boud is substituted, as well as the exocyclic spiro
ring optionally formed by R'” and R™ together can in turn be optionally substituted with
substituents that do no interfere unacceplably with the catalytic action of the respective ligand
when used in combination with transition metal compounds. In various embodiments, these
optional substituents are sclected from those used for groups R! and R® in non-limiting

embodiments.

[085] When R and R™ are not a carbonyl or exocyclic double bond or spiro ring
as described above, in further non-limiting embodiments they are independently selected from
moicties that do no interfere unacceptably with the catalytic action of the respective ligand
when used in combination with transition metal compounds. In parlicular embodiments, R

and R*® are independently selected from:

hydrogen; halo; fluoro; alkyl: alkenyl; alkynyl; haloalkyl; fluoroalkyl; alkyloxy;
l-alkylamino; N, N-dialkylamino; cycloalkyl optionally substituted with alkyl,
alkenyl, alkynyl, alkoxy, cyano, halo, haloalky! or haloalkoxy; heterocycloalkyl
optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or
haloalkoxy; Cs. heteroary! optionally substituted with alkyl, alkenyl, alkynyl, alkoxy,
cyano, halo, haloalkyl or haloalkoxy, pheny! optionally substituted with alkyl,
alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; arylalkyl optionally
substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or
haloalkoxyalkyl, alkenyl, alkynyl, aryl, cycloalkyl, heterocyclyl, or heteroaryl;
hydroxyalkyl; alkoxyalkyl; aminoalkyl; N-alkylaminoalkyl; N,N-dialkylaminoalkyl;
N,N,N-trialkylammoniumalkyl; L'-C(O)-OR", L'-P(O}~{OR"),, or L'-§(0),~OR ",
wherein L' is a bond or alkylene, and R' is selected from the group consisting of
hydrogen, alkyl and hydroxyalkyl L*~O-C(O)»-R*, wherein L? is a bond or alkylene,
and R” is alkyl or hydroxyalkyl; L*~C(O)-NR*R¥, wherein L? is a bond or alkylene,

R* and R* are each independently selecled from the group consisting of hydrogen,
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alkyl, and hydroxyalkyl; L*-NR”-C(0)-R®, wherein L* is a bond or alkylene, and
R is hydrogen or alkyl, R® is alkyl or hydroxyalkyl; and alkylthio;

086] In various embodiments, including those described above, R'® and R” are
[ g

hydrogen.

[087] lllustrative phosphacycles of formula (Id) are shown in Table 1. Some have

substifuted or unsubstituted exocyclic double bonds, some have spiro rings, and some

illustrate other substitutions for R'7 and R'. Polycyclic rings with bridging atoms are also

illustrated. The phosphacycle substituents of Table 1 are based on 6-membered ring

phosphacycles. Some have chiral centers; these include, for example, 1-15, 1-16, 1-17, 1-18,

1-19,1-20, 1-21, 1-22, 1-32, 1-33, 1-34, 1-35, 1-36, 1-42, 1-43, and 1-44.

Table 1. 6-Membered Ring Phosphacycles

;":>: ORZ20
- 1-2
ORZO
% ;)3 3 OR?
1-5 1-6
H
% %b—m'\ N $-F N N’}_ .
R? R?
o//_ o)
1-8 1-9

g

O
s O}

RZO
4 4K N
20 —R20
// —R Of«?) R
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CF3
0 o) o
% \%; F?;@CFS

1-37 1-38 1-39 1-40 1-41
1-42 1-43 1-44

%i’__%o %—g}o %%)zo % 4R
1-45 1-46 1-47 1-48 1-49
%} ;—:} é—j}——/ = 3
1-50 1-51 1-52 1-53 1-54

i
1-55 1-56 1-57 1-58 1-59
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£ $-R 3R SR -%—3}{ 'E"bz:><

1-60 1-61 1-62 1-63 1-64
SR20 0
S S
w{ X3 X ) T K ¥
S S SR LD ‘%“P
'n
)n
1-65 1-66 1-67 1-68 1-69,
and
R"
4R o]
Rll s
1-70

or a salt thereof, whercin R" is selected from the group consisting of oxygen, NR™,
and C(R®),;

R* is hydrogen, alkyl, aryl, heteroaryl, arylalkyl or heteroarylalkyl, wherein the aryl,
heieroaryl, aryl of arylaikyl and heteroary! of heteroarylalkyl are optionally substituted with
alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalky! or haloalkoxy; and

nis(, 1, or2,

[688] Other phosphacycles X are based on rings other than a 6-membered ring.

Such phosphacycles are included in those represented by formula (Ie):
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Rio QT\QZ

%——-—-P >Q3 (Ie)

Q
Ri13

1689] In formula (le), at least one of Q1, Q2, Q3, Q4, and Q3 is not a bond, so that

the phosphacycle has at least four members. In addition,
Q' is a bond, -O-, -8~ , -NR™)- , =CR®)-, or -C(R®)R™)- ;
Q%is abond, -O-, -S- , -N(R™)- , =C(R¥)- , or -C(R*YR¥)-;
Q’is a bond, -O-, -8- , NR®)- , =CR*®)- , or -C(R**HR™)- ;
Q'is a bond, -O-, -8-, NR®)-, =C®*)- , or -C(R*YR™)- ; and
Q’ is a bond, -O- , -$-, N(R")- , =C(R®*)- , or -C(R®WRY)- ;
wherein R'%, R, R™, R, and R*' through R* are ring substituents.

[090] 1n various embodiments, one or more of the ring substituents R*' through R*
form a ring with another ring substituent. If they do not form a ring, in certain embodiments
the ring substituents R* through R* are independently selected from H, halo, fluoro, altkyl,
haloalkyl, fluoroalkyl, alkenyl, alkynyl, alkyloxy, N-alkylamino, N,N-dialkylamino,
NN, N-trialkylammoniumalkyl; substituted or unsubstituted cycloalkyl, substituted or
unsubstituted heterocycloalkyl, substituted or unsubstituted Cse heteroaryl, substituted or
unsubstituted  phenyl; hydroxyalkyl; alkoxyalkyl; aminoalkyl; N-alkylaminoalkyl;
N, N-dialkylaminoalkyl; NN, N-trialkylammoniumalkyl; LI-C(O)—OR”, L-PO»OR" Y, or
L'-8(0),-OR" where R" is hydrogen, alkyl or hydroxyalkyl and L' is a bond or alkylene; L*
O~C(0)-R* where R? is alkyl or hydroxyalkyl and L? is a bond or alkylene; L*~C(O)-
NR*RY where RY and RY are independently selected from H, alkyl, and hydroxyalky] and
wherein L’ is a bond or alkylene; L“NR~C(O)}-R® wherein R* is selected from H and
alkyl, R® is selected from alkyl and hydroxyalkyl, and L* is a bond or alkylene; and alkylthio.

{091] Alternatively, two ring substituents on the same ring atom Q1, Q2, Q3, Q4, or
Q5 together form a carbonyl; an exocyclic double bond optionally substituted with alkyl,
alkenyl, aryl, cycloalkyl, heterocyclyl, or heteroaryl; or a 3- to 7-membered spiro ring

containing zero, one, or two hetero ring atoms. The optional substituents on the exocyclic
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double bond or spiro ring are selected from those used for groups Rland R% in non-limiting

embodiments

[092] In various embodiments of formula (I), the phosphacycle X of formula (Ie) is
a4 4-membered, S-membered, 7-membered, or 8-membered ring, optionally containing

bridging to form a polycyclic ring.

[093] In certain embodiments of ligands incorporating group X of formula (Ie) into
the substituted biaryl structure of formula (1), the groups R' and R® are selected from H, alkyl,
and alkoxy and R RY, R™ and R" are selected from alkyl, aryl, and heteroaryl, or wherein
R™or R' together with R'> or R form a ring,

[094] Non-limiting examples of phosphacycles of formula (Ie) are illustrated in
Table 2.

Table 2. 4-, 5-, 7, and 8-Membered Phosphacycles.

2-1 2-2 2-3 2-4 2-6
Me
—\' { R R Me
—P —P L& & F
|
2-7 2-8 2-9 2-10 2-11 2-12 2-13
N N . Q
R #h 5 .
\ = ° and
b Pt b
2-14 2-15 2-16 2-17 2-18 2-19
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[095] In varicus embodiments, phosphacycles of formula (Ia), (Id), and (le),
mcluding the individual species shown in Tables 1 and 2, are substituted as group X on the
Ar'-Ar? group of formula (1), wherein the groups R' and R? are hydrogen or a non-hydrogen
substituent. Illustrative substitution patterns on the Ar'-Ar* group are given in formulae (I-1)-

(1-42) in Table 3, where R' and R* arc as defined herein.

Tabie 3.
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(1-8) (1-9) (1-10) (1-11)

(1-12) (1-13) (I-14) (1-15)
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X

(1-16) (I-17) (1-18) (I-19)

(1-20) (1-21) 1-22) (1-23)
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(I1-27) (1-28) (1-29) (1-30)
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(I-35,

{L36)

(137)

(-38)
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(1-39) (1-40) (1-41) (1-42)
wherein X is a phosphine of formula (Ia) or (Tb);

V!, V2, V°, and V* are independently selected from CR' or N;

Vo, V8, V7, V¥ and V° are independently selected from CR? or N;

W, W2, an W* are independently selected from CR', NR!, N or O;

WHis Cor N;

Wis C or N;

w5, W7, W* and W* are independently selected from CR* NR? N or O;

eav

" indicates that the 5- or 6-membered ring which it is inside is aromatic; and

ring C, at each occurrence, is independently a fused-aryl or fused-heteroaryl unsubstituted or
substituted with R’ and R, respectively, any number of times depending on, for example,

stability and rules of valence.

[096] In particular embodiments, the groups R' and R substituted as shown in each
of Formulae (I-1)-(1-42) are selected from alkyl, alkoxy, dialkylaminoe, haloalkyl, fluoroalkyl,
and phenyl. In various embodiments, the alkyl groups are C,-C; alkyl, the alkoxy are C;-C;
alkoxy, and the haloalky! and fluoroalky! and are also based on Cy-C; alky! groups. Examples
of alkyl include methyl, ethyl, and isopropyl. Examples of alkoxy include methoxy and
isopropoxy. Examples of haloalky! include trifluoromethyl. Examples of the dialkylamino

include dimethylamino.
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[097] Sub-genera disclosed by combining Ar'-Ar? substitution formulae (I-1)-(1-42)
and phosphacycle formulae Ia, Id, and Ie are designated for convenience by referring to both
formulae in the sub-genus name, So, for example, in addition to the generic ligand formulae
disclosed above, a sub-genus (I-2)~(1-5) would indicate that the diaryl substitution pattem is
that of formula (I-2) and the phosphacycle is that of generic formula 1-5. To further illustrate,
a sub-genus denoted as (I-4)-(1-3) would be based on the substitution pattern of formula (I-4)
and the phosphacycle of formula (1-3), and so on according to the pattern described. In this
way a total of 3649 sub-generic structures arc disclosed by combining each of formulae (I-1)-

(I-42) with each of formulae Ia, 1d, and Ie in turn,

[098] Sub-generic structures for the specific phosphacycles ligands are
conveniently designaied by referring to the biaryl portion of the ligand depicted in Table 3, (I-
1), first, then the designation of the phosphacycle in Table 1 or Table 2. Thus for example a
species or sub-genus including the biaryl of formula (I-3) further substituted by the number
(2-3) phosphacycle from Table 2 would be {I-3)-(2-3).

[099] Thus, in various embodiments suitable ligands are selected from those of any
of the formulac (I-1)-(1-42), wherein X 1is selected from any of the generic phosphacycles of
formuiae Ta, Id, or Ie, or is selected from any of the specific phosphacycles shown in Table 1
or Table 2. In these embodiments, the groups R' and R? are selected from those described
above for formula (I). In various embodiments, the ligands of this paragraph are further
defined as the groups R' and R’ being selected from alkyl, alkoxy, haloalkyl (including
fluoroalkyl such ag trifluoromethyl), and dialklamine. In various embodiments, the alkyl
groups are C;-C; alkyl, the alkoxy are C;-C; alkoxy, and the haloallkyl and fluoroalkyl and are
also based on Cy-C, alky! groups. Examples of alkyl include methyl, ethyl, and isopropyl.
Examples of alkoxy include methoxy and isopropoxy. Examples of haloalkyl mclude

rifluoromethyl. Examples of the dialkylamino group include dimethylamino.
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[6100] In one embodiment, the phosphine ligand is (I-1),

(I-1)

or a salt thereof, wherein

V! and V* are CR!, wherein R' is independently, at each occurrence, hydrogen or

alkoxy;

V?and V? are CR!, wherein R' is independently, at each occurrence, hydrogen or

alkoxy;

V® and V*® are CR?, wherein R* is independently, at each occurrence, hydrogen,

alkoxy, alkyl, or dialkylamino;

Vand V¥ are CR?, wherein R? is independently, at each occurrence, hydrogen or

alkoxy;
V7 is CR?, wherein R is hydrogen or alkyl; and

X is sclected from the group consisting of 1-1, 1-2, 1-3, 1-4, 1-5, and

1-1 1-2 1-3
O O
1-4 1-5 1-64
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[0101] Specific embodiments contemplated as part of the invention also include, but

are not limited to, compounds of formula (I), as defined, for example:
2.2.6,6-tetramethyl-1-(2',4",6'-triisopropyIbiphenyl-2-y1)phosphinane;
2,2.6 6-tetramethyl- 124" 6 -triisopropy biphenyi- 2~y Uphosphinan-4-one;
2,2.6,6-tetramethyl-1-(2',4',6'-triisopropylbiphenyl-2-yDphosphinan-4-ol;

7,7.9.9-tetramethyl-8-(2',4',6'-riisopropylbiphenyl-2-yl)-1 4-dioxa-8-
phosphaspiro{4.5]decane;

,%,10,10-tetramethyl-9-(2',4",6' riisopropy tbiphenyl-2-y1)-1,5-dioxa-9-phospha-~
spiro[5.5jundecane;

3,3,8,8,10,10-hexamethyl-9-(2',4',6'-triisopropylbiphenyl-2-y1)-1,5-dioxa-9-

phosphaspiro[5.5Jundecane;

1~(2'-(dimethylamino)-6'-methoxybiphenyl-2-y1)-2,2.6,6-tetramethylphosphinan-4-

one;
{-(2',6"-bis(dimethylaminobiphenyl-2-y1)-2,2,6,6-tetramethylphosphinan-4-one;
1-(2',6'-dimethoxybiphenyl-2-y1)-2,2,6.6-tetramethylphosphinan-4-one;
1-(2',6'-diisopropoxybiphenyl-2-y1)-2,2 6,6-tetramethylphosphinan-4-one;
1-(2'-(dimethylaminoYbiphenyl-2-y1)-2,2,6,6-tetramethylphosphinan-4-one;
1-(biphenyl-2-y1)-2,2,6,6-tetramethylphosphinan-4-one;
1-(1,1"-binaphthyl-2-y1)-2,2,6,6-tetramethylphosphinan-4-one;
1-(2"-methoxy-1,1"-binaphthyl-2-y1)-2,2,6, 6 -tetramethylphosphinan-4-one;
1-(3,6-dimethoxybiphenyl-2-y1)-2,2,6,6-tetramethylphosphinan-4-omne;

1-(3,6-dimethoxy-2"4",6"-trimethylbiphenyl-2-y1)-2,2,6,6-letramethylphosphinan-4-

one;

2.2,6,6-tetramethyl-1-(2',4",6"tritsopropyl-3,6-dimethoxybiphenyl-2-y1)phosphinan-4-

one;

2,2,6,6-tetramethyl-1-(2',4",6-triisopropy!-4,5-dimethoxybiphenyl-2-y)phosphinan-4-

one;
1-(3',5'-dimethoxybiphenyl-2-y1)-2,2,6,6-tetramethylphosphinan-4-one;

I -(4'-rert-butylbiphenyl-2-y1)-2,2,6,6-tetramethylphosphinan-4-one;
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6-methoxy-N,N-dimethyl-2'-(7,7,9,9-tetramethyl-1,4-dioxa-8-
phosphaspiro[4.5]decan-8-yl)biphenyl-2-amine;

NN N® N-tetramethy!-2'-(7,7,9,9-tetramethyl-1,4-dioxa-8-phosphaspiro[4.5 Jdecan-
8-yDbiphenyl-2,6-diamine;

8-(2',6"-dimethoxybiphenyl-2-y1)-7,7,9,9-tetramethvi-1,4-dioxa-8-
phosphaspiro[4.5]decane;

8-(2,6'-diisopropoxybiphenyl-2-y1)-7,7,9,9-tetramethyl-1,4-dioxa-8-
phosphaspiro[4.5]decane;

N N-dimethyl-2'-(7,7,9,9-tetramethyl-1 4-dioxa-8-phosphaspiro[4. S]decan-8-
yhbiphenyl-2-amine;

8-(biphenyl-2-y1)-7,7,9,9-tetramethyl-1 4-dioxa-8-phosphaspiro[4.5}decane;

8-(3,6-dimethoxybiphenyl-2-y1)-7,7,9,9-tetramethyl-1,4-dioxa~8-
phosphaspiro[4.5]decane;

8-(3,6-dimethoxy-2",4",6'rimethylbiphenyl-2-y1)-7,7,9,9-tetramethyl-1,4-dioxa-&-

phosphaspirof4.5]decane;

7,7,9,9-tetramethyl-8-(2',4',6'- triisopropyl-3,6-dimethoxybipheny-2-y1)-1,4-dioxa-8-
phosphaspiro[4.5]decane;

7,7,9,9-tetramethyl-8-(2',4',6'-triisopropyl-4,5-dimethoxybiphenyi-2-y1)-1,4-dioxa-8-

phosphaspiro{4.5]decane;

8-(3',5'-dimethoxybiphenyl-2-y1)-7,7,9,9-tetramethyl-1,4-dioxa-8-
phosphaspirof4.5]decane;

8-(4'-tert-butylbiphenyl-2-y1)-7,7,9,9-tetramethyl-1,4-dioxa-8-

phosphaspiro[4.5]decane; and

2,2,6,6-tetramethyl-1-(2',4,6*-triisopropyl-3,6-dimethoxybiphenyl-2-y)phospinane.
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[6102] In one embodiment, the phosphine ligand is (I-8),

(I-8)

or a salt thereof, wherein
V' and V? are each CR!, wherein R’ is, at each occurrence, hydrogen;
V® and V* are independently selected from CR' or N;
V7 and V* are each CR?, wherein R? is, at each occurrence, hydrogen;
v? is CR?, wherein R is hydrogen;
ring C at each occurrence is an unsubstituted fused-phenyl; and

X is a phosphine having a structure corresponding to a formula selected from the

group consisting of formulae 1-1, 1-3 and 1-5.

oo
3¢ 0 %“QO:[ $-F

1-1 1-3 1-5

[0163] Specific embodiments contemnplated as part of the invention also include, but

are not limited to, compounds of formula (I), as defined, for cxample:
2,2.6,6-letramethyl-1-(2-(naphthalen-1-yl)phenyl)phosphinan-4-one; and
7,7,9,9-tetramcthyl-8-(4-methyl-2~(naphthalen-1-ylphenyl)-1,4-dioxa-8-

phosphaspiro[4.5]decane.
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[0104] In one embodiment, the phosphine ligand is (I-10),

V2

or a salt thereof, wherein
V! and V? are each CR', wherein R’ is, at each occurrence, hydrogen;
V7 and V* are cach CR?, wherein R? is, at each occurrence, hydrogen;
V? is CR?, wherein R? is hydrogen or alkoxy;
ring C at each occurrence is an unsubstituted fused-phenyl; and

X is a phosphine having a structure corresponding to a formula selected from the

group consigting of formulae 1-1, 1-3, and 1-5.

%}o ;E:}Zj -

1-1 1-3 1-5

[0105) Specific embodiments contemplated as part of the invention also include, but

are not limiled to, compounds of formula (1), as defined, for example:
1-(1,1-binaphthyl-2-y1)-2,2,6,6-tetramethylphosphinan-4-one;
1-(2'-methoxy-1,1"-binaphthyl-2-yH-2,2,6,6-tetramethylphosphinan-4-one;

8-(1,1"-binaphthyl-2-y1)-7,7,9,9-tetramethyl-1,4-dioxa-8-phosphaspiro{4.5]decane;

and

§-(2'-methoxy-1,1"-binaphthyl-2-y1)-7,7.9,9-tetramethyl-1,4-dioxa-8-

phosphaspirof4.5]}decane.
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[0106] In one embodiment, the phosphine ligand is (I-9),

(1-9)

or a salt thereof, wherein
V!, V%, V3, and V* are each CR', wherein R', at cach occurrence, is hydrogen;
V¥, V& and V? are each CR, wherein R%, at each occurrence, is hydrogen;
ring C is an unsubstituted fused-phenyl; and

X is a phosphine having a structure corresponding to a formula selected from the

group consisting of formulae 1-1, 1-3, and 1-5.

I-1 1-3 1-5

[0107] Specific embodiments contemplated as part of the invention also include, but

are not limited 1o, compounds of formula (1), as defined, for example:
2,2,6,6-tetramethyl-1-(2-(naphthalen-2-yl)phenyl)phosphinan-4-one; and

7,7,9,9-tetramethyl-8-(2-(naphthalen-2-yl)phenyl)-1,4-dioxa-8-
phosphaspiro[4.5]decane.
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{0108] In one embodiment, the phosphine ligand is (I-2),

WZ__W'I

/-' Y
W3 *\_*,>\
N X

or a salt thereof, wherein
W' and W? are each CR!, wherein R', at each occurrence, is hydrogen;
W’ and W* are each N;
V*, V8, V', V¥, and V° are each CR®, wherein R?, at each occurrence, is hydrogen; and

X is a phosphine having a structure corresponding to a formula selected from the

eroup consisting of formulae 1-1, 1-3 and 1-5.

O

1-1 -3 1-5

[0109] Specific embodiments contemplated as part of the invention also include, but

are not limited to, compounds of formula (I), as defined, for example:
2.2,6,6-tetramethyl-1-(1-phenyl- 1 H-pyrazol-5-yDphosphinan-4-one; and

1-phenyl-5-(7,7,9,9-tetramethyl-1,4-dioxa-8-phosphaspiro{4.5]decan-8-y1)-1 H-
pyrazole.
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[0110] In one embodiment, the phosphine ligand is (I-3),

or a salt thereof, wherein
v, v?, V* and V* are cach CR', wherein R', at each occurrence, is hydrogen;
We w7, W* and W* are cach CR?, wherein R, at each occurrence, is hydrogen;
W is N; and

X is a phosphine having a structure corresponding to a formula selected from the

group consisting of formulae 1-1, 1-3 and 1-3.

i-1 1-3 -5

{0111) Specific embodiments conternplated as part of the invention also include, but

are not limited to, compounds of formula (I), as defined, for example:
1-(2-(1 H-pyrrol-1-yDphenyl)-2,2,6,6-tetramethylphosphinan-4-one; and
1-(2-(7,7,9,9-tetramethyl-1 4-dioxa-8-phosphaspiro{4.5ldecan-8-yl)phenyl)- 1 H-
pyrrole.
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[8112] In one embodiment, the phosphine ligand is (1-4),

or a salt thereof, wherein
W' and W* are each CR', wherein R, at each occurrence, is hydrogen;
W* and W* are each N;
W is C;

2 . . N
W¢ and W are each CR?, wherein R?, at cach occurrence, is substituted or

unsubstituted phenyl;
W is N;

W is NR?, wherein R?, at each occurrence, is pheny! optionally substituted with

alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; and

X is a phosphine having a structure corresponding to a formula selected from the

group consisting of formulae 1-1, 1-3 and 1-5.

1-1 1-3 1-5

[0113] Specific embodiments contemplated as part of the invention also include, but

are not limited to, compounds of formula (1), as defined, for example:
2,2,6,6-Tetramethyl-1-(1,3",5 - triphenyl-1'77-1 4-bipyrazol-S-y)phosphinan-4-one;
1'1,3",5" - Triphenyl-5-(7,7,9,9-tetramethyl-1,4-dioxa-8-phosphaspiro[4.5 Jdecan-8-y1)-
1'71-1,4-bipyrazole; and
1'.3'.5"-Triphenyl-5-(2,2,6,6-tetramethylphosphinan-1-yi)-1'H-1,4'-bipyrazole.
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[0114] In one embodiment, the phosphine ligand is (I-1),

E1)

or a salt thereof, wherein
V', V2,V and V* are each CR', wherein R' is, at each occurrence, hydrogen;

V* and V* are CR?, wherein R? is independently, at each occurrence, hydrogen or
alkyl;

véand V® are CR?, wherein R?, at each occurrence, is hydrogen;
V7 is CR?, wherein R* is hydrogen or alkyl; and

X is a phosphine of formula 1-37.

Fd-

1-37

|0115] Specific embodiments contemplated as part of the invention also include, but

are not limited to, compounds of formula (I), as defined, for example:

1,3,5,7-tetramethyl-8-(2',4",6'-triisopropylbiphenyl-2-y1)-2.4,6-trioxa-8-

phosphatricyclof3.3.1.1%"|decane; and

8-(biphenyl-2-y1)-1,3,5,7-tetramethyl-2 4,6-trioxa-§-
phosphatricyclo[3.3.1.17"decane.

[0116] In one embodiment, the phosphine ligand is (1-1), or a salt thereof, wherein

Vi, V2, V¥ and V* are each CR', wherein R' is, at each occurrence, hydrogen;
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V* and V? are CR?, wherein R? is independently, at each occurrence, hydrogen or
alkyl;

V¢ and V* are CR®, wherein R, at each occurrence, is hydrogen;

V7 is CR?, wherein R? is hydrogen or alkyl; and

Xis a phosphine having a structure corresponding to a formula selected from the

group consisting of formulae 2-3, 2-4, 2-18, and 2-19

N O
g ?Q B e

2-3 2-4 2-18 2-19.
[0117] Specific embodiments contemplated as part of the invention also include, but
arc not limited to, compounds of formula (1), as defined, for example:

1-(biphenyl-2-y1)-2,2,7,7-tetramethyiphosphepan-4-one;

1-(biphenyl-2-y1}-2,2,7,7-tetramethylphosphepane;

2,2,7,7-tetramethyl-1-(2',4',6'-iriisopropylbiphenyl-2-yl)phosphepan-4-one;

2,2,7,7-letramethyl-1-(2',4,6'-triisopropyibiphenyl-2-yl)phosphepane;

2,2,8,8-tetramethyl-1-(2',4',6'-triisopropylbipheny!-2-yl)phosphocan-4-one;
and

2,2,8,8-1etramethyl-1-(2', 4", 6'-triisopropylbiphenyl-2-yl)phosphocane.

[6118] In another embodiment, ligands arc sclected from those of formula (Ic),

where a phosphacyclic ring is fused to the (upper) Ar' ring further substituted with R’,

A
R-Ar—R
R%-Ar?

(k)

where Ar', Ar%, R% R™ R’ and R are as defined above. Ring B contains 0, 1,2, or 3

heteroatoms in addition to the phosphorus bonded to the upper Ar' ring.
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[6119] In one embodiment, the ligands are represented by formula (Ic-1):

(Ic-1)
where V' through V° are as defined above.

[0120) In a further embodiment, the phosphine ligands are represenied by formula
(Ic-1a),

R'Ma

(fe—1a)

wherein, R™ is alkenyl; alkoxy; alkoxyalkyl; alkyl; N-alkylamino; alkylthio; alkynyl;
aminoalkyl; N-alkylaminoalkyl; N, N-dialkylaminoalkyl; NN, N-trialkylammoniumalkyl;
substituted or unsubstituted arylalkyl; substituted or unsubstituted cycloalkyl; dialkylamino;
halo; haloalkyl; fluoroalkyl; substituted or unsubstituted Cse heteroaryl; substituted or
unsubstituted heterocycloalkyl; hydroxy; hydroxyalkyl; substituted or unsubstituted phenyl;
L-C(O)-OR", L-P(O»OR"),, or L-S(O)-OR" where R' is hydrogen, alkyl or
hydroxyalky] and L' is a bond or alkylene; L-O-C(O)-R* where R” is alkyl or hydroxyalkyl
and L7 is a bond or alkylene; L’-C(O)-NR*R* where R” and R* are independently selected
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from H, alkyl, and hydroxyalky} and wherein L® is a bond or alkylene; LA—NRY-C(O%RG’
wherein R is selected from H and alkyl, R® is selected from alkyl and hydroxyalkyl, and L*
is a bond or alkylene; and L™-NR¥-S(0)-R” wherein R* is H or alkyl, R” is alkyl and
hydroxyalkyl, and L7 is a bond or alkylene and where V' through V? are as defined above.

Solid supports — heterogeneous catalysts

[0121] Optionally, any of the ligand embodiments disclosed herein can be provided
with a substituent that permits covalent or other attachment to a solid support to create a
heterogeneous catalyst composition. This provides a convenient method to carry out various
catalytic reactions by eluting starting materials and optional wansition metal compounds
through a column to effect contact with the catalytic ligand. Thus in various embodiments,
when the substituents described contain suitable functional groups, the ligands can be
covalently bound to a solid support. Functional groups include hydroxyl, carboxylic, halo,

¢poxy, isocyanate, sulfhydryl, vinyl, amino, imino, and so on.
Synthetic methods

{0122} In various embodiments, ligands described herein can be synthesized from
known starting materials using organic transformations known in the art. In one embodiment,
a phosphorus moiety is added as a substituent to 2 biaryl system and is elaborated into a
phosphacyclic ring in subsequent synthetic steps. In the illustrative synthetic route of Scheme
A, biaryliodide or biarylbromide 2 is converted by metal-halogen exchange to its derived
organolithium, which is quenched with chlorophosphate o give biarylphosphonate 3, which is
in turn reduced to primary phosphine 4, for example, using lithium aluminum hydride as
shown. The primary phosphine 4 then undergoes double conjugate addition to divinylketone 5
1o give phosphorinanone 1b. Phosphorinanone 1b is then converted to ethylene glycol ketal
1d or to phosphine la under known conditions. Propanediol ketal Ic is likewise available
from reaction of 1,3-propanediol with phosphorinancne 1b under the acidic conditions shown.
An alcohol such as ic is available through conventional reduction of the carbonyl group of
1b. Additional phosphacycle ligands can be synthesized from the intermediates of Scheme A
and cspecially from the kelone 1b or the alcohol lc by known organic transformation
reactions. In this way, Scheme A provides a general method for preparing phosphacycle

ligands containing a 6-membered phosphacycle ring of formula Ib.
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Ri=Arl—By1 I.7-Buli R’*/?ri*"P(O)(OEt)z LiAlHy  pi—azl—pp,
2 Al . 2 A2
R*—Ar 2. CIP(O)(OEt), R A T™MSCl  R*—Af

2 3

Rl R4 R1L R4
O
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Rz”Arlez 0 R? _AllR:z RZNATZRH
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Y HocH,cH,0H b la
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[H]
HO-(CH,);-OH
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0 14
R” i R14 R“ R
O
oAl Rl-Arl—R OH
R'—Ar—R |
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RZ_AI” R}l O RIZ "
RI2 R
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Scheme A
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0
. I :
R'—Ar'—By1 1.#-Buli R]—z?rl—%—OEt LiAH, gl Arl—pH,
2 e A 2 2 A2
R*—Ar 2.CIP(OBt), RITAr TMSCl  RZ—AP
2 3 4
RIO
RII \
14
s R
10 10
R“ R14 RII RI4 Rn RIO R}‘t
0
Rl—u?rl-—-P j Ri—uéIXrL—P o) Rl--szrI—"P
RZ—ArQRm O R?—Ar? R12 R™Ar |,
I(}3 R”\’/ - RB Rn \.—/ R RIS R”
1d 1b NH,NH, 1a
HOCH,CH,0H
TsOH
Scheme A’

10123] Scheme A’ is a variation of Scheme A where a different phosphorylating
reagent is used that generates a different first isolated intermediate 3°. Accordingly, Scheme
A and Scheme A’ provide general methods for preparing phosphacycic ligands containing a

6-membered phosphacycle ring of formula Ib

[0124] Xetone 1b can undergo a variety of ring contraction or ring expansion
reactions to produce ligands containing phosphacycles having other than 6 ring atoms. Such
reactions can result in the inclusion of heleroatoms other than P into the phosphacycle ring of
the ligands. Similar reactions can introduce hetero ring atoms also into a 6-membered

phosphacycle ring.

[0125] In another synthetic route, the phosphacycle may be formed first, followed by
coupling of the phosphacycle to a biaryl ring system. This coupling reaction can be catalyzed
by one or more of the digclosed ligands. Scheme A’ shows the general reaction between a
biaryl system on the left and a preformed phosphacycle like that of formula (Ia). Other
examples are provided in Scheme B' and in Example 2. Such an approach can also be applied

to preparation of the fused phosphacycles of (Ic-1) or (Ic-1a).
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. y RlO Rll
R R
base S B
Rl"'—A['I""‘"Y + HP A . R ‘?Lr 9
optional catalyst ~ RZ—Ar?
RZ—Ar? R p13

R? R13

Y =1, Br, Cl, OT{, OMs, OTs, ete.

Rig
base
+ HE _—
optional catalyst
Ry;
Ryz
Rl 1
R 10 -
R\ _Q~ R Q~q,
‘ Q  base A \Q
+ R*—Ar'—R 3
HP Qs E /
/ optional catalyst R*—AP _,, Q4
/Q4 R’- Qs
RIZ7T Qs RI3
R13
Scheme A”

[0126] In various embodiments, methods for synthesizing the ligands involve
reacting a biaryl system as in Scheme A’ with the secondary phosphines shown in generic
form in Scheme A’ under bagic conditions, optionally with a catalyst containing the ligands

described herein, where the groups R1I through R13 and Q1 through Q35 are as defined herein.

[0127] Bridges between ring atoms or between ring substituents can be provided in a
variety of post annelation reactions, or can be formed as the phosphacycle ring is formed. To
illustrate, a trioxaphosphatricylcodecane ring can be formed by reaction of a primary
phosphine 4 under acidic conditions with a pentanedione 6 1o make

trioxaphosphairicylcodecane ligand 7 according to Scheme B, where R’ and R” can be any
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group that does not interfere with the reaction, and where for clarity of illustration R
represents the biaryl radical of 4 to which the P atom is attached. Non-limiting examples of R’
and R” include alkyl, haloalkyl, perfluoroalkyl, methyl, ethyl, propyl, and isopropyl. In
certain embodiments, R’ and R” are the same. The reaction of Scheme B is described for
example in US 3,026,327, the disclosure of which useful for background information and is

hereby incorporated by reference.

R"
0 0
Rl
H
R_L—»-AYI—PH2 R 2 l i o 1 1 ﬁ\ \%\R“
, I 6 R “"z‘?l’ —P ol
Re—Ar )
RZ—Ar? R
4
7
Scheme B
R‘
R!
O 0
R‘# \7L\
To A plow—e R’
AI' Y #\ \%\ Rl__Al.L...--P g
R? -Ar- base R2— Arz R’

optional catalyst

Y = I, Br, Cl, OTf, OMs, OTs, etc.

Scheme B°

[0128] Scheme B’ illustrates a method of making ligand 7 by coupling a phosphine

and a biaryl starling material such as shown in Scheme A",
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R'—Arl—Br
Rszgrz
i0
R'—Ar'—Br
Rz—!Ar2
10
Br—Ar'—TI1
R“A—,}w
15

{0129] Scheme C illustrates several sequences that can be used to construct the

biaryl halides used in the preparation of the ligands. A bromo-boronic acid, 8, can be coupled

with an aryl bromide, 9, to give biarylbromide, 10. Similarly, a bis-bromoaryl, 11, can be

coupled with a boronic acid, 12, 1o give biarylbromide, 10. In another sequence, aryi fluoride,

13, can be reacted first with an aikyllithium, then treated with Grignard reagent, 14, and

finally treated with iodine to give biaryliodide, 15. The biaryl halides can be used in the

synthetic sequences described in Schernes A, A’ A”, and B”.
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RI0 R0 R10
R Rl o RiL
R R!—Arl—pP Rl=Arl—p
e D2 A2 e D2
RZ'”AI'Z R12 )m R Ar RIZX( )m R AI’ZRu ( )ln
R TMSCHN, R H,NNH, TORY
16 BF,-OEt, . 18

m=1or2
Scheme D
j6130] Scheme D illustrates how calalysts containing a phosphinan-4-one or
phosphepan-4-one, 16, can be expanded by treatment with trimethylsilyldiazomethane 1o give
compounds 17, Compounds 17 can be reduced as previously described io give compounds
18.

Catalyst compositions

[0131] 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 ecmbodiments, the
transition metal compound and the ligand are provided i the catalyst composition in
stoichiometric amounts with respect to one another. For example, the catalyst compositions
contain onc mole of ligand per one mole of transition metal compound, or they may contain
two moles of ligand per one mole of transition metal compound. In various embodiments, the
optimuim ligand 1o metal ratio depends on the metal source used as well as the specifics of the
transformation being attempted. The stoichiometric relation between the transition metal and
the ligand is an indication that catalysis proceeds through interaction of the organic starting
materials with a transition metal catalyst having a phosphacycle ligand bound to a central
transition metal, at least for a portion of the reaction. For this reason, the phosphine based

compounds of formula I and the like are referred 1o as ligands.

[0132] In various embodiments, the iransition metal compound is provided in the
catalyst composition as a salt of a central alom. A non-limiting example of such a sait is an
acetate salt. When the central atom is palladium in a preferred embodiment, a preferred
transition metal compound is palladium acetale, or Pd(OAc),. A catalyst composition is then

formed of a mixture of palladium acetate and a ligand compound as described herein. Other
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embodiments of palladium sources formally in the 2+ oxidation state include but are
not limited to PdCl,, PACL(CH3CN),, [PdCl(aliyl}],, [PACK2-methylallyDls,
PACIL,(PhCN);, Pd(acetylacetonate),, Pd(0,CCF3),, PA(OTH),, PdBr;,
[PA(CH3;CN [(BF4)2, PAChy(cyclooctadiene), and PdCla(norbornadiene).

[0133] In various embodiments, the transition metal compound is in the zero valence
state, An example i§ iris(dibenzylideneacetone)dipalladium(0), commonly abbreviated as
Pdy(dba);. Other palladium sources in formally the zero or other valence states may also be
suitable, Examples include but are not limited to Pd(dba),, Pdy(dba);»CHCI;, and PA(PPhs).

Catalytic reactions

[0134] 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 1o catalyzes a range of chemical transformations. In
embodiments, compositions containing a fransition 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 E, iflustrating the catalysis of a
sulfonamidation reaction. As shown, an aryl nonaflate 8 is reacted with a sulfonamide 9 in
the presence of a palladium catalyst and a ligand described herein to produce a sulfonamide
10 in high vicld. Other reactions of interest include carbon-nitrogen, carbon-oxygen,
carbon-carbon, carbon-sulfur, carbon-phosphorus, carbon-boron, carbon-fluorine and
carbon-hydrogen bond-forming reactions. In non-limiting examples, the catalysts can be used
to catalyze Buchwald-Hartwig type C-N bond-forming reactions and C-O bond-forming
reactions including ether-forming macrocyclizations (see Scheme E, where L stands for a
ligand) and the like, among other reactions. More specifically, a combination of a ligand with

a transition metal compound catalyzes the following reactions:

L Carbon-carbon bond forming reactions such as Suzuki, Stille, Heck, Negishi,

Kumada, Hayashi coupling reactions,

ii. Carbon-nitrogen bond-forming reactions where aryl halides, pseudohalides,
nitriles, carboxalates, ether etc. are used as electrophiles and amines, ammonia, ammonia
surrogates, amides, carbamates, sulfonamides and other nitrogen containing molecules are

used as nucleophiles.

ik Carbon-oxygen bond-forming reactions where aryl halides, pseudohalides,
nitriles, carboxalates, ethers, etc. are used as electrophiles and alcohols, metal hydroxides and

water are used as nucleophiles.
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iv. Carbon-sulfur bond-forming reactions where aryl halides, pseudohalides,
nitriles, carboxalates, ethers, etc. are used as electrophiles and thiols and metal sulfides are

used as nucleophiles.

V. Carbon-phosphorus bond-forming reactions where aryl halides,
pseudohalides, nitriles, carboxalates, ethers, etc. are used as electrophiles and phosphines,

metal phosphides and phosphites are used as nucleophiles.

vi, Carbon-carbon bond-forming reactions via C-H functionalization.
Vii. Carbon-X (X=N, O, S, P} bond-forming reactions via C-H fimctionalization.
viil. Metal-catalyzed addition reactions to alkenes, alkynes, allenes, ketenes, ete.

such as hydroamination, hydroalkoxylation, hydroamidation, ete.

ix. Metal-catalyzed carbonylation rcactions.
X. Metal-catalyzed hydrogenation reactions.
xi. Alpha-arylation of ketones, aldehydes, nitriles, amides, etc.
xii. Metal-catalyzed cycloisomerization reactions.
xiil. Metal-catalyzed fluorination of ary! sulfonates,
Xiv, Metal-catalyzed borolation of ary! halides.
Scheme E

C-N Cross Coupling

10135} Palladivm-catalyzed C-N cross-coupling of an aryl bromide with a primary

amine.

PA(OAC), (3 mol%), B"@
Br 4
L (3.6 mol%
- HQN\/O (‘ ) HN
CSZCOS

Br {-AmOH, 80 °C
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[0136] Palladium-catalyzed C-N c¢ross-coupling of an aryl nonaflate with
methylsulfonamide.

F F Pd,dbas (1 mol%) H
. L (2.4 mol%y) -
0. CF, Oy 0 N\/S<Mc
i 0/ \O
H,N"~ Me
Me F F F F 2 K.3PO4 Me
t-AmOH, 80 °C

{8137] Palladium-catalyzed phenylures coupling with an aryl chloride.

Pd,dba; (1 mol%)

0 L (4 mol%) H H
N. No
a N/U\N,Ph . /©/ e
/©/ ’ H K3P04o ME‘} O
Me DME, 85 °C

[0138] Palladium-catalyzed selective N-arylation of oxindole.

Pdydba; (1 mol%) CN
L (2.2 mol%)

H
I C1
0 K,COs, THF
NC

80 °C XN,

[0139] Palladium-catalyzed arylation of a secondary amine.

szdb'ds (1 11'101%)

al H L (2.2 mol%) (\0
o S =
Me /©
Y Me

NaO¢-Bu, dioxane
100 °C
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[0140] Palladium-catalyzed nitration of an ary! chloride
Pd,dbay (1 mol%)

L (2.4 mol%)
5 mol% TDA-1 (5 mol%)

cl NO,
NC ~BuOH, 136 °C NC

[0141] Palladium-catalyzed cyanation of an aryl bromide.

Pd,dbas (2 mol%)
L (4.8 mol%
B (4.8 mol%) N
Zn(CN), O/
Zn dust, DMF
0N 100 °C O.N

C-0 Cross-Coupling

[0142] Palladium-catalyzed C-O cross-coupling of a primary alcohol with an aryl

chloride or aryl bromide.

@ Pd,(dba)y (1.5 mol%)
Br L (3.6 mol%) /@
O
Cs,CO;,
toluene, 90 °C §

Pd(OAc), (1 mol%)
L (1.1 mol%)

OMe N OMe
@ BT e |
Cl Cs,C04 N

toluene, 110 °C

~~OH

Me

C-C Coupling
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[0143] Palladium-catalyzed alkyl Suzuki-Miyaura cross-coupling with an aryl

bromide.
1 mol% Pd,dba; (1 mol%)
1 (2.2 mol%) Me
Br
KBF,Me ©/

C52C03

dioxane/H,O
100 °C

[6144] Palladium-catalyzed Suzuki-Miyaura coupling.

Pd,dbas {1 mol%)
Ci L (2.2 mol%)
B{OH),
©/ Cs,CO;, toluene O
O

160 °C

[8145] Palladium-catalyzed borylation of an aryl chloride.

Pd,dba, (1 mol%)
Cl 9J§< L (2.4 mol%) O/KT
IOENG | g
MeO j(o KOJEE,Gdigxane )Q/

MeO

[0146] Palladium-catalyzed fluorination of an aryl trifluoromethanesulfonate.

Pd catalyst (2 moi%)

O OTf L (6 mol%) O F
CsF, toluene
110°C
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{0147} Palladium-catalyzed coupling of bromobenzene with a thiol.

Pd,dbay (1 mol%)
L (2.4 mol%)

Br SH S
©/ ©/ NaOr-Bu,dioxane ©/ \©

110 °C

[8148] Palladium-catalyzed coupling of diethylphosphite with bromobenzene.

PA(OAc), (2 mol%) o
L (2.4 mol%)
Br ﬁ ° iPE
Bepy; \ OEt
[ j H OF Et;N, EtOH @ OEt
80 °C

[0149] 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.

EXAMPLES

[0150] Abbreviations : Ac for acetyl ; --AmOH for tert-amyl alcohol ; BFs-
Et,O for boron trifluoride diethyl etherate; -BuOH for fert-butyl alcohol ; CYTOP
292® for 1,3,5,7-tetramethyl-8-phenyl-2.4,6-trioxa-8-
phosphatricyclo[3.3.1.1"Jdecane; DME for 1,2-dimethoxyethane; DMF  for
dimethytformamide ; Et for cthyl ; EtOH for ethanol ; EiN for tricthylamine ; HPLC
for high pressure liquid chromatography; HRMS for high resolution mass
specroscopy ; KOAc for potassium acetate ; Me for methyl; NMR for nuclear
magnelic resonance; OAc for acetate; Or-Bu for fers-butoxide; Pdydba; for
tris(dibenzylidencacetone)dipalladium(0) ; Pd(OAc), for palladium(Il) acetate; PPhs
for triphenylphosphine ; Tf for trifluorometbanesulfonate ; THF for tetrahydrofuran ;
TLC for thin  layer  chromatography; TMEDA for NNN'N'.-
tetramethylethylenediamine; TMSCI for chlorotrimethylsilane; TOF-EST™ for time-of-

flight-electron spary ionization
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[0151] General Information. Unless otherwise noted, reactions were
performed under an inert atmosphere using standard Schienk techniques. Glassware
was oven-dried for at least 8 hours at 100 °C prior to use. NMR spectra were
recorded on a 400, 500, or 600 MHz spectrometers, with 'H and C chemical shifts
reported in parts per million (ppm) downfield from tetramethylsilane and referenced
to residual proton ('H) or deuterated solvent (°C). *'P NMR chemical shifts reported
in ppm relative to 85% aqueous phosphoric acid. Thin Jayer chromatography (TLC)
analysis of reaction mixtures was performed on EMD silica gel 60 Fasy thin layer
chromatography plates. Silica gel column chromatography was performed with an
Isco CombiFlash Companion® with prepackaged Teledyne Isco RediSepRf normal
phase silica columns using default flow rates (40-g: 40 mL/minutes; 80-g: 60
mL/minutes; 120-g: 85 mL/minutes). Product purities were determined using a
Hewlett Packard Series 1100 HPLC and are reported as the peak area percent (a%) of
the desired peak at 254 nm. The following HPLC method was used for Examples 1-
i6:

Mobile phase A: 0.1% perchloric acid in water.

Mobile phase B: acetonitrile.

Column: Ascentis® Express C8 2.7 um, 4.6 mm X 150 mm.
Flow rate: 1.5 mL/minutes.

Column temperature: 40 °C.

Monitored at 254 nm.

Time
_ %% A % B
{minutes)
0 60% 40%
8 5% 95%
16 5% 95%
17 60% 40%
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[0152] Example 1 — Synthesis of ligands containing 6-membered phosphacycles.

Regih e R o

i-Pr i-Pr i-Pr
I-a 1-b i-c
@ @
O (LA Ko
HPr O P Pr @ -Pr
i-Pr i-Pr
i-d i-e
SEDN
{ X <
“Pr E i-Pr o)
i-Pr
i-f

{6153] Examples 1-a, 1-b, 1-¢, 1-d, and 1-e were synthesized using the general

method described in Scheme A’.

@ n-Buli O
o
| ~R-OEt grorEt

C

i-Pr i-Pr — O, i-Pr Fi'!Pr
0 THF, -60 °C O
94% vyield
-Pr ~Pr
2'-lodo-2,4 6-triisopropylbiphenyl ethyl 2 4".6'-triisopropylbiphenyi-

2-ylphosphinate

[0154] Ethyl 2'4',6'-triisepropylbiphenyl-2-yiphesphinate: A 1-L 3-neck round-
bottom flask was fitted with an addition funnel and the atmosphere was purged with nitrogen.

Anhydrous, degassed THF (170 ml.) was added to the 1-L flask and cooled 10 -60 °C (internal
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temperature), The addition funnel was charged with hexyllithium (2.38 M in hexanes, 57 mL,
135 mmol, 2.0 equiv). The hexyllithium was transferred into the cold THF over 20 min,
maintaining the temperature below -40 °C. The solution was re-cooled to -60 °C (internal
temperature). A solution of 2'-iodo-2,4,6-triisopropyibiphenyl (27.5 g, 67.7 mmol, 1.0 equiv)
m 170 mL of anhydrous, degassed THF was transferred, via cannula, drop wise to the n-
hexyllithium solution. This was done over 25 min while maintaining the temperature below -
40 °C. After addition, the reaction mixture was allowed to stir at -60 °C for 30 min. Diethyl
chlorophosphite (19.62 mL, 135 mmol, 2.0 equiv) was added to the reaction mixture, over 10
min while maintaining the iemperature below -40 °C. After addition of diethyl
chlorophosphite, the reaction was allowed 10 proceed at -60 °C for an additional 30 min.
Aqueous hydrochloric acid (1 M, 338 mL, 338 mmol) was added at -60 °C. The flask was
removed from the cold bath and the reaction was allowed to warm to 22 °C. The resultant
solution was diluted with heptane (340 mL) and transferred to a separatory funnel. The layers
were separated and the organic layer was assayed for product by quantitative HPLC (94%
yield). The organic layer was concentrated under reduced pressure to give an oil which was

used in the next reaction without further purification.

CLf ®
i
IP\
H

OEt LiAIH4/TMSCI PH;
i-Pr i-Pr —————— i-Pr: -Pr
O THF O
1 0°C
FPr 99% yield i-Pr
ethyl 2'.4' 6'-tritsopropylbiphenyi- (2,4',6'-
2-ylphosphinate triisopropylbiphenyl-2-
yhphosphine

[0155] (2°,4°,6'-triisopropylbiphenyi-2-yijphosphine: A 1-L 3-neck round-bottom
flagk was purged with nitrogen. Anhydrous, degassed THF (100 mL) was added to the flask
and cooled to 0 °C (internal temperature). Lithium aluminum hydride (2.0 M in THF, 70 mL,
140 mmol, 3.0 equiv) was added to the cooled THF. Chlorotrimethylsilanc (18 ml, 140
mmol, 3.0 equiv) was added by addition fimnel to the LAH solution over 10 min while
maintaining the internal temperature below +10 °C. This solution was allowed to stir at ( °C

for 20 min.

[0156] A solution of ethyl 2',4",6'-triisopropylbiphenyl-2-yIphosphinate (17.5 g, 47.0
mmol, 1.0 eguiv) in 100 mL of anhydrous, degassed THF was cooled 1o ¢ °C under an

atmosphere of nitrogen. The lithium aluminum hydride/chlorotrimethylsilane solution was

59



WO 2012/609698 PCT/US2011/044282

transferred by cannula into the solution of phosphinate over 20 min. The reaction was allowed
1o proceed overnight with slow warming 1o 22 °C. Prior to quench the mixture was cooled in
an ice bath, The reaction was quenched by slow addition of EtQAc¢ (23 mL, 235 mmol, 5
equiv), followed by aqueous hydrochloric acid (2 M, 250 mL, 500 mmol, 10.6 equiv). This
mixture was allowed to stir for 1 h under an atmosphere of N,. This mixture was diluted with
BtOAc (250 mL), the layers were separated and the organic layer was washed once with a
saturated solution of NaCl (100 mL). The organic solution was concentrated i vacuo to give
a white solid (23.0 g) which was 66% potent (w/w by HPLC), for a 99% vyicld. This material

was used without further purification.

[0157] Example 1-a.  2,2,6,6-tetramethyl-1-(2',4",6'-triisopropylbiphenyl-2-

yhphosphinane:
O o o NHzNH, KOH O o
i-Pr i-Pr disthyiene glycol  FPr -Pr
® A &
Lo 94% vield Lpr
2,28 6-tetramethyl-1-(2' 4" 6'- 22.6,6-tetramethyl-1-(2" 4" 6-

triisopropylbiphenyl-2-yl)phosphinan-4-one triisopropylbiphenyl-2-yl)phosphinane

[0158] A flask was charged with 1.05 g of 2,2,6,6-tetramethyl-1-(2',4,6-
triisopropylbiphenyl-2-yl)phosphinan-4-one (2.33 mmol, 1.0 equiv), the atmosphere was
sparged with argon and 12 mL of argon-sparged diethylene glycol was added. The flask was
mounted with a Dean-Stark trap and condenser to collect distillate. The mixture was charged
with 1.05 mL of hydrazine hydrate (55 wt% hydrazine, 11.7 mmol, 5 equiv) and 0.77 g of
potassium hydroxide (88 wits, 12.1 mmol, 5 equiv) and the mixture was immersed in an il
bath at 115 °C under an argon atmosphere. The temperature of the bath was gradually
increased to 200 °C over two hours and kept at that temperature for 5 h, The reaction mixture
was cooled to room temperature under argon gas. The reaction mixture was partitioned
between heptane and water. The organic solution was washed once with 0.1 M aqueous
hydrechloric acid, once with 10 wt% aqueous sodium carbonate and once with water. The
organic solution was concentrated in vacuo with gentle heating and the residue dried in vacuo
to give 0.99 g of 2,2,6,6-tetramethyl-1-(2,4,6-{riisopropylbiphenyl-2-yDphosphinane (97
area% by HPLC, 94% yield) as a white solid. "H NMR (CeDy, 500 MHz), & = 0.93 (d, 6H, J =
10 Hz), 1.11 (d, 6H, J= 7 Hz), 1.13 (d, 6H, J = 19 Hz), 1.23 (d, 6H, J = 7 Hz), 1.31-1.26 (m,
2H), 1.42 (d, 6H, J = 7 Hz), 1.57-1.50 (m, 1H), 1.65-1.57 (m, 1H), 1.88-1.83 (m, 2H), 2.79
{(sept, 2H, J = 7 Hz), 2.84 (sept, 1H, J =7 Hz), 7.12-7.11 (m, 2H), 7.22 (s, 2H), 7.27-7.24 (m,
1H), 7.98-7.93 (m, 1H); *'P NMR (CeDs, 202 MHz), & ppm -0.4 (br singlet).
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[0159] Example  1-b.  2,2,6,6-tetramethyl-1-(2',4",6"-triisopropylbiphenyl-2-
yhphosphinan-4-one

) AL

PH,
-Pr P " reat, 170°C P ’*Pf
O 74% yield
-Pr -Pr
(2',4',6'-triisopropyibiphenyl-2- 2,26 6-tetramethyl-1-(2',4',6'-
yl)phosphine triisopropy!ibiphenyl- 2—yi)phosph|nan 4-one

[0166] A flask was charged with 10.8 g of (2',4',6"triisopropylbiphenyl-2-
yDphosphine {66% potent, 7.13 g, 22.8 mmol, 1.0 equiv) and 6.6 g of 2,6-dimethyl-2.5-
heptadien~4-one (47.7 mmol, 2.1 equiv). The vessel was purged with argon gas and immersed
in an oil bath at 170 °C with magnetic stirring, The flask was sealed with a Teflon stopcock
and the reaction was allowed to proceed under a static argon atmosphere. The flask was
removed from the oil bath after 14 h and the contents allowed to cool to room temperature
under argon gas. Anhydrous ethanol (70 mL) was added 1o the unpurified solids and the
solids were broken up manually. The slurry was warmed to 80 °C, held for an hour, and
cooled to room temperature. The product was isolated by filtration, washes with ethanol and
dried in vacuo to give 7.82 g of 2,2,6,6-tetramethyl-1-(2',4',6"-triisopropylbiphenyi-2-
yD)phosphinan-4-one (98 area% by HPLC, 74% yield).

[8161] Example 1-c. 2,2,6,6-tetramethyl-1-(2',4’,6'-triisopropylbiphenyl-2-
yhphoesphinan-4-ol:

O QL\‘O LiAlH, . C R OH
- -Pr >V/— Et,0 i O +Pr
®

Lpr 100% yield
22,6 6-tetramethyl-1-(2 4' 8- 2,2,6,6-tetramethyl-1-(2' 4',6'-triisopropylbiphenyi-
triisopropylbiphenyl-2-yljphosphinan-4-one 2-yphosphinan-4-ol

[0162] A flask was charged with 1.5 g of 2,2,6,6-tetramethyl-1-(2',4',6'-
triisopropylbiphenyl-2-yDphosphinan-4-one (3.33 mmol, 1.0 equiv). The ketone was
dissolved in 16 mL of nitrogen-sparged tetrahydrofuran and cooled in an ice water

bath. A solution of lithium aluminum hydride (3.33 mL, 6.66 mmol, 2 equiv, 2 M in
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THF) was added dropwise over 3 minutes o the solution. The solution was warmed
to room temperature and stirred for 7 hours. The reaction mixture was quenched by
the slow addition of aqueous hydrochloric acid (50 mL, 1 M). The solution was
stirred vigorously until homogeneous. The phases were partitioned and the aqueous
layer was collected. The aqueous layer was washed with ethyl acetate (4x20 mL),
then the combined organic layers were washed with brine (50 mL), dried over sodium
sulfate and concentrated. The resulting white solid was purified by column
chromatography using an Isco CombiFlash Companion® with a Teledyne Isco
RediSepRf column (40-g, flow rate: 40 mL/minute, gradient: 1 column volumes
heptane, ramp up to 60:40 heptane:ethyl acetate over 7 column volumes, hold at 60:40
for 2 colurnn volumes). The title compound was isolated as a white solid (1.32 g, 95
area% by HPLC at 254 nm, 88% vyield). 'H NMR (400 MHz, CDCl) § ppm 7.88 —
7.81 (m, 1H), 7.40 — 7.28 (m, 2H), 7.23 — 7.17 (m, 1H), 7.00 (s, 2H), 4.04 (&, J =
10.2, 3.5 Hz, 1H), 2.94 (hept, J = 6.9 Hz, 1H), 2.50 (hept, /= 6.7 Hz, 2H), 1.92 - 1.74
(m, 2H), 1.71 -~ 1.57 (m, 2H), 1.38 (d, /= 3.8 Hz, 6H), 1.32 (d, /= 6.9 Hz, 6H), 1.20
(d, J = 6.8 Hz, 6H), 1.04 (s, 3H), 0.99 (s, 3H), 0.95 (d, J = 6.7 Hz, 6H) ppm. °C
NMR (100 MHz, CDCli) § = 149.4 (d, J = 36 Hz), 147.1, 145.5, 136.8 (d, J = 6 Hz),
135.7 (d, J= 3 Hz), 133.5 (d, J= 32 Hz), 132.7 (d, J = 7 Hz), 127.8, 125.0, 120.0,
66.4,51.1(d, /=12 Hz), 34.2, 33.7,33.4 (d, /=4 Hz), 33.2, 30.8, 27.8 (d, /= 4 Hz),
26.5,24.3,23.1. *'P NMR (CDCls, 202 MHz), § ppm 0.0.

10163} Bxample 1-d. 7,7,9,9-tetramethyl-8-(2',4",6'-triisopropylbiphenyl-2-y1}-
1,4-dioxa-8-phesphaspire[4.5]decane

O HO\/\ O O~
-Pr ~Pr TsOH, toluene Hpr 0 i
O 120 °C

P 82% yield i-Br
2,2,6,6-tetramethyl-1-(2',4',6'- 7,7,9,9-tetramethyl-8-(2',4'6'
triisopropylbiphenyl-2-yl)phosphinan-4-ohe triisopropylbiphenyl-2-yi)-1,4-dioxa-8-
phosphaspiro[4.5]decane
[6164] A flask was charged with 3.75 g of 2,2,6,6-tetramethyi-1-(2',4',6'tri-

isopropylbiphenyl-2-yDphosphinan-4-one  (8.32 mmol, 1.0 cquiv) and 0.16 g of p-
toluenesulfonic acid monohydrate (0.84 mmol, 0.1 equiv). The atmosphere was purged with
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nitrogen and the flask was charged with 80 mL of nitrogen-sparged loluene. To this sclution
was added 4.6 mL of ethylene glyvcol {83 mumol, 10 equiv). The reaction flask was equipped
with a Dean-Stark trap and warmed to an internal temperature of 110 °C for 2 h under
nitrogen atmosphere, The distilled toluene was collected in the Dean-Stark trap. The reaction
mixture was cooled to room lemperature under nitrogen gas. The reaction was quenched with
1.6 mlL of agueous 10 wt% sodium carbonate solution and partitioned between 65 mL of
heptane and 35 mL of water. The organic solution was washed twice with 20 mL portions of
water, concentrated in vacuo with gentle heating and the residue was chased once with
heptane. The concentrale was dissolved in 35 g of methanol. Seed crystals were added to
mduce crystallization, the solvent was removed in vacuo and 16 mL of methanol was added to
the crystalline solid. The mixture was stirred overnight at room temperature and the
crystalline product was isolated by filtration, washed with methano! and dried in vacuo at 50
°C to give 3.5 g of 7,7,9,9-tetramethyl-8-(2',4',6'-triisopropyibiphenyl-2-y1)-1,4-dioxa-8-
phosphaspiro[4.5]decane (96 area% by HPLC, 82% yield).

[6165] Example 1-e.  8,8,10,10-tetramethyl-9-(2',4',6'-triisopropylbiphenyl-2-
yh-1,5-diexa-9-phosphaspiro[S.5]undecane:

I R O OH oH :>
Pr -Pr TsOH, toluene i-Pr :»Pr
0 .
66% yield

-Pr i-Pr
2,2,6,6-tetramethyi-1-(2',4',6' 8,8,10,10-tetramethyl-9-(2',4' 6'-
trilsopropyibiphenyi-2-yi)phosphinan-4-one lrusopropyiblphenyf -2-yi)-1, 5 dioxa-8-

phosphaspiro[S.S}undecane

[0166] A flask was charged with 0.40 g of 2,2,6,6-lctramethyl-1-(2,4',6'-
triisopropylibiphenyi-2-yl)phosphinan-4-one {0.89 mmol, 1.0 equiv), 10 mL of argon-sparged
toluene, 0.65 mL of 1,3-propanediol {8.9 mmol, 10 equiv) and 0.0135 g of p-toluenesulfonic
acid monohydrate (0.09 mmol, 0.1 equiv). The atmosphere was purged with argon and the
reaction flask was equipped with a Dean-Stark trap and warmed in an oil bath at 125 °C for
20 h under argon atmosphere. The distilled toluene was collected in the Dean-Stark trap. The
reaction mixture was cooled to room temperature, quenched with saturated aqueous sodium
bicarbonate and partitioned between tolnene and water. The agueous solution was back
extracled once with ioluene, the combined organic solution was washed once with water,

dried over pelassium carbonate and concentraied in vacuo. The unpurified material wag
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purified by flash chromatography over silica gel with gradient elution using acetone/heptane
mixtures. After concentration. 0.3 g (66% yield) of 8,8,10,10-tetramethyl-9-(2',4",6'-
triisopropylbiphenyl-2-yi)-1,5-dioxa-9-phosphaspiro[5.5Jundecane was isolated ag a solid. 'H
NMR (C¢Ds, 500 MHz) 8 ppm 1.02 (d, 6H, J = 10 Hz), 1.12 (d, 6H, J= 7 Hz), 1.24 (d, 6H, J
=7 Hz), 1.31-1.28 (pent, 2H, J = 5.5 Hz), 1.42 (d, 6H, J = 20 Hz), 1.45 (d, 6H, J = 7 Hz),
2.13 (d, 2H, J = 14.5 Hz), 2.25 (dd, 2H, J = 14.5, 6 Hz), 2.80 (sep1, 2H, J = 7 Hz), 2.86 (sept,
1H,J=7Hz), 348 (1, 2H, J = 5.5 Hz), 3.72 ({, 2H, /= 5.5 Hz), 7.01 (id, 1H, J = 7.5, 1.5 Hz),
7.08 (br t, 1H, J = 7.5 Hz), 7.24 (s, 2H), 7.26-7.24 (m, 1H), 7.89 (br d, 1H, J = 8 Hz); *'p
NMR (C¢De, 200 MHz) & ppm-2.7 (br singlet).

[8167] Example 1-f. 3,3,8,8,10,10-hexamethyl-9-(2',4",6'-triisopropylbiphenyl-2-

vh)-1,5-dioxa-9-phosphaspiro{5.5}lundecane

O R o OH OH }(
i-Pr -Pr TsOH, toluene i-Pr -Pr b
O 110 °C
88% vyield

-Pr Pr
2,2,6,6-tetramethyl-1-(2',4'8"- 3,3,8,8,10,10-hexamethyl-9-(2',4',6'-
triisopropylbiphenyi-2-yljphosphinan-4-one triisopropylbiphenyl-2-yi)-1, 5~dloxa-9-

phosphaspiro{S.5]undecane

[0168] A flask was charged with 4.0 g of 2,2,6,6-tetramethyl-1-(2,4',6"-
triisopropylbiphenyl-2-yl)phosphinan-4-one (8.88 mmol, 1.0 equiv) 4.6 g of neopenty! glycol
(44 minol, 5 equiv) and 0.15 g of p-toluenesulfonic acid monohydrate (0.89 mmol, 0.1 equiv).
The atmosphere was purged with argon and the flask was charged with 80 mL of argon-
sparged toluenc. The reaction flask was equipped with & Dean-Stark trap and warmed 1o an
internal temperature of 110 °C for 2 h under argon atmosphere. The distilled toluene was
collected in the Dean-Stark trap. The reaction mixture was cooled to room temperature under
argon gas. The reaction was quenched with 1.7 mL of aqueous 10 wi% sodium carbonate
solution and partitioned between 65 mL of heptane and 35 mL of water. The organic solution
was washed three times with 20 mL portions of water and concentrated in vacuo with genile
heating. Anhydrous ethanol (78 g) was added to the crystalline residue and removed in vacuo
with gentle heating. Anhydrous ethanol (24 mlL) was added to the unpurified solids and the
solids slurry was warmed to 80 °C, held for an hour, and cooled to room temperature. The

product was isolated by filtration, washed with ethanol and dried in vacuo at 50 °C to give 4.3
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g of 3,3,8,8,10,10-hexamethyl-9-(2',4",6"-riisopropylbiphenyl-2-y1)-1,5-dioxa-9-phospha-
spirof5.5]undecane (98 area% by HPLC, 88% yield).

[6169) Example 2 — Synthesis of ligand containing a tricyclic phosphacyclic ring

[0178] Example 2a. 1,3,5,7-tetramethyl-8-(2',4",6'-triisopropylbiphenyl-2-yl)-
2,4,6-tri0xa-8—ph0sphatricycleE3.3.1.13’7]decanc

@ i +KzPOy ii Pd(OAc), @ %\?\
O HP O O

[0171} A 100-mL 3-neck round-bottom flask equipped with a magnetic stir bar and a
reflux condenser was charged with potassium phosphate tribasic (1.23 g, 5.78 mmol),
adamantylphosphine (1.00 g, 4.63 mmol), 2’-iodo-2,4,6-triisopropylbiphenyl (1.92 g, 1.02
mmol) and palladium acetate (10.4 mg, 0.046 mmol). The solids were purged with argon for
approximately 30 min. A separate 25-mL round bottom flask was charged with diglyme (10
mkL) and degassed with argon for 30 min. The degassed diglyme solution was transferred 1o
the 100-mL 3-neck flask using a syringe. The contents of the 3-neck flask were heated to 155
°C and stirred for 18 h under a positive pressure of argon. The reaction mixture was cooled to
80 °C, water {15 mL) was added and the mixiure was allowed to cool down to the room
tempcrature. Brown colored solid (2.55 g) was obtained afier filtration and wash with water
(20 mL). The solid oblained was transferred 1o a 100-mL round bottom flask, methanol (10
mL} was added and stirred under nitrogen for 30 min. Off-white solid was isolated after
filtration and washed with methanol (10 mL). The off-white solid was transferred again 1o a
separate 100-mL round bottom flask, methanol (15 mL) was added and stirred under nitrogen
for 20 min. White solid isolated after filtration was washed with methanol (15 mL) and dried
in vacuo to obtain 1.55 g of impure product. A portion (0.5 g) of the solid was further purified
by flash chromatography using 0-2% acetone in heptane as cluent fo afford 0.35 g of the
desired product. *'P NMR (202 MHz, CsDe): & ppm -38.8.

[0172] Example 2b.  8-(biphenyl-2-yI)-1,3,5,7-tetramethyl-2,4,6-trioxa-8-
phesphatricyclo[3.3.1.1%"|decane
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10173} Into a dry 100-mL round-bottom flask equipped with a reflux
condenser and magnetic stir bar, was placed the 1,3,5,7-tetramethyl-2,4,8-trioxa-6-
phosphaadamantane (4.32 g, 19.98 mmol), milled KsPO4 (5.25 g, 24.73 mmol), and
paliadium acetate (22 mg, 0.098 mmol). The system was purged thoroughly with
argon and 2-iodobiphenyl (6.16 g, 21.99 mmol) was added via syringe and degassed
diglyme (40 ml) was added via canpula. The mixture was stired at ambient
temperature for about 1 hour and then heated in an oil bath at 145 °C (bath

temperature) for about 8 houors under argon.

[0174] After cooling to ambient temperature, water (90 mL) was added to the
mixture over about 3 minutes. The resulting solid was filtered, rinsed with water
(2x20 mL), and dried in vacuo at ambient temperature to afford 7.16 g of a greenish-
yellow powder. The solid was recrystallized from about 50 mL of 1:1 heptane/ethyl
acetate, The recovered light green solid was dissolved in toluene (ca. 200 mL) and
ethyl acetate (75 mL) and treated first with activated carbon (Darco S-51, 3.0 g) and
then filtered through a plug of silica gel. After rinsing the solids with ethyl acetate,
the combined filtrates were evaporated. The residue was recrystallized from t-butyl
methyl ether (ca. 60 mL) to afford 3.72 g (50.6%) of pale yellow-orange crystals after
drying in vacuo at 50-60 °C overnight. mp (Mettler FP-62, 0.4 °C/minute) 168-169
°C. "HNMR (600 MHz, CDCl3) 8 ppm 8.34 (dt, J = 7.8, 1.8 Hz, 1 H), 7.25 - 7.43 (m,
8§ H), 2.02 (dd, J=13.3, 7.3 Hz, | H), 1.89 (d, /=132 Hz, 1 H), 1.88 (dd, J = 25.8,
13.2 Hz, 1 H), 1.52 (d, /=124 Hz, 3 H), 1.43 (5, 3 H), 1.41 (dd, /= 133,39 Hz, |
H), 1.32 (s, 3 H), 0.90 (d, J =11.9 Hz, 3 H). *'P{'"H} NMR (243 MHz, CDCl3) § ppm
-39.1. Anal. Caled for CHasO3P: C, 71.72; H, 6.84. Found: C, 71.63; H, 6.97.
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[0175] Example 3. Preparation of biaryl halides.
2 mol% Pd(OAc),
Br 8 mol% PPh; O
Br

@BI’
B(OH), K,CO;4 OO

DME/HA0, 85 °C
51%

Example 3-a
1-(2-Bromophenylnaphthalene

[8176] To & 250-mL round bottom flask equipped with a magnetic stir bar was added
water (25 mL) and 1,2-dimethoxyethane (25 mL). The solution was sparged with nitrogen for
20 minutes, then potassium carbonate (6.67 g, 48.3 mmol, 3 equiv), 2-bromophenylboronic
acid (3.80 g, 18.9 mmol, 0.98 equiv) and 1-bromonaphthalene (2.70 mL, 19.3 mmol, 1 equiv)
were added. The flask was then purged with N, for 10 minutes before finally adding
palladium(Il) acetate (87 mg, 0.39 mmol, 0.02 equiv) and triphenylphosphine (405 mg, 1.55
mmol, .08 equiv). The reaction mixture was heated to 85 °C under a positive pressure of
nitrogen for 16 hours. After cooling to room temperature, the phases were partitioned and the
organic layer was collected, and the aqueous layer was washed with ethyl acetate (3 x 20 mL).
The combined organic fractions were washed with brine (50 mL), dried over sodium sulfate,
filtered, and concentrated on a rotary evaporator. The crude material was purified by column
chromatography on an Isco CombiFlash system (120-g colummn; gradient: ramp up from
heptane to 99:1 heplane:ethyl acetate over 1.5 column volumes, hold at 99:1 for 1.5 column
volumes, ramp up to 92:8 heptane:ethyl acetate over 6 column volumes, hold at 92:8 for 6
column volumes) and then recrystallization from 99:1 heptlane:ethanol to afford the title
compound as a white solid (2.81 g, 93 area% by HPLC, 51% yield). "H NMR (400 MHz,
CDCls) & ppm 7.91 (dd, J = 8.3, 0.8 Hz, 2H), 7.74 (dd, J= 8.0, 1.2 Hz, 1H), 7.57 — 7.29 (m,
8H)

2 mol% PA(OAC), O
B Br 8 mol% PPh, Br
‘ ‘ : B(OH), K5CO;4 O
DME/H,0, 85 °C O
78%
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Example 3-b
2-(2-Bromophcnybhnaphthalene

{81771 To a 250-mL round botlom flask equipped with a magnetic stir bar was added
water (25 mL) and 1,2-dimethoxyethane (25 mL). The solution was sparged with nitrogen for
20 minuies, and then potassium carbonate (6.67 g, 48.3 mmol, 3 equiv), 2-
bromophenylboronic acid (3.80 g, 18.9 mmol, (.98 equiv) and 2-bromonaphthalene (4.00 g,
19.3 mmol, 1 equiv) were added. The flask was purged with N, for 10 minutes before finally
adding palladium(Il) acetate (87 mg, .39 mmol, 0.02 equiv) and triphenylphosphine (405
mg, 1.55 mmol, 0.08 equiv). The reaction mixture was heated to 85 °C under a positive
pressure of nitrogen for 7 hours. Afier cooling to room temperature, the phases were
partitioned and the organic layer was collected. The agueous layer was washed with ethyl
acetate (3 x 30 mL), and the combined organic fractions were washed with brine (60 mL),
dried over sodium sulfate, filtered, and concentrated on a rotary evaporator, The crude orange
oil was purified by column chromatography on an Isco CombiFlash system (120-g column;
gradient: 0.5 column volumes heptane, ramp up to 99:1 heptlane:dichloromethane over 0.5
cotumn volumes, hold at 99:1 for 1 column volumes, ramp up to 92:8
heptane:dichloromethane over 7 column volumes, hold at 92:8 for 6 column volumes) to
afford the title compound as & colorless oil (4.26 g, 97 area% by HPLC, 78% yield). '"H NMR
{400 MHz, CDCI3) 8 ppm 7.93 — 7.85 (m, 4H), 7.72 (dd, J = 8.0, 1.0 Hz, 1H), 7.57 (dd, /=
8.5, 1.7 Hz, 1H), 7.55 — 7.49 (m, 2H), 7.46 — 7.38 (m, 2H), 7.28 — 7.21 (m, 1H).

butyllithi OMe
n-butyllithium
OMe MgBr then 1, O
: = MeQ |
MeQ F THF, -78 *C to rt O
38%

Example 3-c
2-Fodo-3,6-dimethoxy-2',4',6'-trimethylbiphenyl.
[8178] To an oven-dried 500-mL round bottom flask equipped with a magnetic stir
bar was added 2-flnoro-1,4-dimethoxybenzene (6 g, 38.4 mmol, 1 equiv). The flask was
purged with Ny, and anhydrous degassed tetrahydrofuran (250 mL) was added. The solution

was cooled to ~78 °C, and a-butyllithivm (15.4 mL, 38.4 mmol, [ equiv, 2.5 M in hexanes)

was added dropwise over 12 minutes The mixturc was stirred for another 30 minutes, and
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mesitytmagnesium bromide (38.4 mL,, 38.4 mmol, 1 equiv, 1 M in tetrahydrofuran) was
slowly added over 16 minutes. The reaction mixture was stirred at -78 °C for an additional
hour, then removed from the cold bath to warm to room temperature. After 2 hours at room
temperature, the reaction mixture was cooled in an ice bath to 0 °C and added a fresh solution
of jodine (46.1 mL, 46.1 mmol, 1.2 equiv, 1 M in tetrahydrofuran) was added dropwise over
10 minutes. The flask was removed from the ice bath and stirred for an additional hour. Then
the reaction mixiure was concentrated 1o afford a red oil. The oil was dissolved in
dichloromethane (100 mL), washed with aqueons saturated sodium thiosulfate (2 x 50 mL)
and brine (50 mL), dried over sodium sulfate, filtered, and concentraied to furnish a brown-
yellowish oil. Purification of the crude product by column chromatography (330-g column;
gradient: 1.5 column volumes heptane, ramp up to 89:11 heptane:ethyl acetate over 8 column
volumes, hold at 89:11 for 2 column volumes) followed by crystallization in heptane (20 mL)
and a minimal amount of methy! teri-butyl ether, filtration, washing with cold heptane, and
drying under vacuum afforded the title compound (6.64 g, >99 area% by HPLC, 45% yield),
"H NMR (400 MHz, CDC1L;) § ppm 6.99 ~ 6.96 (m, 2H), 6.94 {d,.J = 8.9 Hz, 1H), 6.82 (d,J =
8.9 Hz, 1H), 3.90 (s, 3H), 3.69 (s, 3H), 2.37 (5, 3H), 1.93 (s, 6H). *C NMR (100 MHz,
CDCly) 8 ppm 152.4, 150.9, 137.6, 136.7, 135.8, 135.3, 127.7, 110.9, 109.3, 94.5, 56.9, 56.4,
21.6, 20.1.

OMe
B(OH), 2 mol% Pd,dba, MeO
MeO Br 4.8 mol% CYTOP 292 Br
MeQ' Br K3P04 O
THE/H,0, 80 °C
32%

Example 3-d
2-Bromo-2',4",6'-triisopropyl-4,5-dimethoxybiphenyl.

{0179] To a 100-mL round bottom flask equipped with a magnetic stir bar was added
tris(dibenzylideneacetone)dipalladium(0) (198 mg, 0.216 mmol, .02 equiv), 1,3,5,7-
tetramethyl-8-phenyl-2,4,6-trioxa-8-phosphatricyclo[3.3.1.1% decane (152 mg, 0.519 mmol,
0.048 equiv, CYTOP® 292) 2,4,6-triisopropyiphenylboronic acid (4.02 g, 16.2 mmol, 1.5
equiv) and potassium phosphate (6.89 g, 32.4 mmol, 3 equiv). The flask was purged
with nitrogen for 30 minutes, then anhydrous, degassed tetrahydrofuran (20 mL) was added.
The reddish slurry was stirred at roomn temperature for 30 minutes, and then degassed water (2

mk), and 1,2-dibromo-4,5-dimethoxybenzene (3.20 g, 10.8 mmol, 1 equiv) was added. The
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reaction was stirred at reflux for 21 hours. The reaction mixture was cooled to roorm
temperature and then diluted with water (30 mL). The phases were separated and the aqueous
layer was washed with ethyl acetate (3 x 20 mL). The combined organics were washed with
brine (30 mL), dried over sodium sulfate, filtered, and concentrated on a rotary evaporator,
The unreacled dibromoarene was removed by recrystallization from hot methanol. The
product was further purified by column chromatography on an Isco CombiFlash system
(120-g column; gradient: 1 column volumes heptane, ramp up to 98:2 heptane:ethyl acetate
over (.5 column volumes, hold at 98:2 for 2 column volumes, ramp up to 90:10 heptane:ethyl
acctate over 7 column volumes, hold at 90:16 for 1 column volumes) to afford the title
compound as a white solid (1.47 g, 99 arca% by HPLC, 32% yield). "H NMR (400 MHz,
CDCl) 8 ppm 7.13 (s, 1H), 7.05 (s, 2H), 6.69 (s, 1H), 3.94 (s, 3H), 3.81 (s, 3H), 2.96 (hept, J
= 7.0 Hz, 1H), 2.52 (hept, /= 6.9 Hz, 2H), 1.32 (d, ./ = 6.9 Hz, 6H}, 1.20 (d, J= 6.9 Hz, 6H),
1.07 (d, J = 6.8 Hz, 6H). "C NMR (100 MHz, CDCl;) § ppm 148.0, 147.9, 147.6, 146.0,
135.3,133.2, 120.5, 114.8, 114.8, 113.9, 56.2, 34 4, 30.9, 25.1, 24.3, 23.9.

2 moi% Pd(OAc),
MeO Br Br 8 mol% PPhy
X "
B(OH
OMe o DMERLO, 85 °C O
V1. 2, 82
430, MeO OMe
Example 3-¢

2-Bromo-3',5'-dimethoxybiphenyl

[8188] To a 250-mL round bottom flask equipped with a magnetic stir bar was added
water (41 mL) and 1,2-dimethoxyethane (41 mL). The solution was sparged with nitrogen for
20 minutes, and then potassiuvm carbonate (11.1 g, 81.0 mmol, 3 equiv), 2-
bromophenyiboronic acid (6.35 g, 31.6 mmol, 0.98 equiv) and 1-bromo-3,5-
dimethoxybenzene (7.00 g, 32.2 mmol, 1 equiv) were added. The flask was purged with N,
for 10 minutes before finally adding palladinm(Il) acetate (145 mg, 0.645 mmoal, 0.02 equiv)
and triphenylphosphine (677 mg, 2.58 mmol, 0.08 equiv). The reaction mixture was heated to
85 °C under a positive pressure of nitrogen for 16 hours, After cooling to room temperature,
the phases were partitioned. The organic phase was collected and the aqueous phase was
washed with ethyl acetate (3 x 20 mL). The combined organic fractions were washed with
brine (50 mL), dried over sodium sulfate, filtered, and concentrated on a rotary evaporator.
The crude yellow oil was purified by colurn chromatography on the 1sco (120-g column;
gradicnt: 2 column volumes heplane, ramp up to 94:6 heptane:cthyl acetate over § column
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volumes, hold at 94:6 for 6 columm volumes) to afford the title compound as a colorless oil
(4.51 g, 94 area% by HPLC, 48% yield). "H NMR (400 MHz, CDCl3) & ppm 7.68 - 7.62 (m,
1H), 7.40 - 7.31 (m, 2H), 7.24 — 7.15 (m, 1H), 6.55 (d, /= 2.3 Hz, 2H), 6.50 (1, J= 2.3 Hz,
1H), 3.83 (s, 6H). “C NMR (100 MHz, CDCL) & ppm 159.8, 142.6, 142.1, 132.8, 130.7,

128.5,127.6, 122.1, 107.4, 99.6, 55.5.
2 mol% Pd(OAc), O

Br Br 8 mol% PPhy Br

: B(OH), K,CO, O

DME/H,0, 85 °C
48%

Example 3-f
2-Bromo-4'-teri-butylbiphenyl

{0181] To a 250-mL round bottom flask equipped with a magnetic stir bar was added
water (41 mL) and 1,2-dimethoxyethane (41 mL). The solution wag sparged with nitrogen for
20 minutes, then potassivm carbonate (6.49 g, 46.9 mmol, 3 equiv), 2-bromophenylboronic
acid (3.69 g, 18.4 mmol, 0.98 equiv) and ! -bromo-4-terr-butylbenzene (4.00 g, 18.8 mmol, 1
equiv) were added. The flask was then purged with N, for 10 minutes before finally adding
palladium(I) acetate (84 mg, 0.375 mmol, 0.02 equiv) and triphenyiphosphine (394 mg, 1.50
mmol, 0.08 equiv). The reaction mixture was heated to 85 °C under a positive pressure of
nitrogen for 18 hours. After cooling to room temperature, the phases were partitioned and the
organic layer was collected. The aqueous layer was washed with ethyl acetate (3 x 20 mL).
The combined organic fractions were washed with brine (50 mL), dried over sodium sulfate,
filtered, and concentraied on a rotary evaporator. The crude yellow oil was purified by
colummn chromatography on an Isco CombiFlash system (120-g column; eluted with 14
column volumes heptane) to afford the title compound as a colorless oil (2.93 g, 67 area% by
HPLC, 54% yield). "H NMR (400 MHz, CDCl3)  ppm 7.68 — 7.64 (m, 1H), 7.48 — 7.42 (m,
2H), 7.39 - 7.31 (m, 4H), 7.21 - 7.15 (m, 1H), 1.39 (s, 9H).

Example 4-General procedure for synthesis of diethylphesphonates

[8182] To a round-bottom flask equipped with a magnetic stir bar was added the
arene (1 equiv). After purging the flask with nitrogen for 10 minutes, degassed, anhydrous
tetrahydrofiran was added (0.3 3 relative to arene). The resulting solution was cooled to -78
°C, and then n-butyllithium (1.2 equiv, 2.5 M in hexanes) was added in a dropwise fashion.

The reaction was typically stirred for 1 hour at -78 °C, and then the aryllithium intermediate
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was quenched with diethy! chiorophosphate (1.2 equiv). The reaction was allowed to warm
slowly to room temperature overnight, and then diluted with aqueous saturated sodium
bicarbonate. The reaction mixture was worked up by separating the phases and washing the
aqueous layer with ethyl acetate (3x). The combined organic fractions were then washed
once with brine, dried over sodium sulfate, filtered, and concentraled on a rotary evaporator.
The crude diethylphosphonate was purified by silica gel column chromatography on an Isco
CombiFlash system as described.

9
R~OEt

o, I oy
!

/
n-butyllithium P(OEL),

O THF, -78°Ctort ‘

81% yield

Example 4-a
Diethyl 2',4',6'-triisopropvibiphenyl-2-ylphesphonate,

[0183] The titled compound was prepared as described in the general procedure for
synthesis of diethylphosphonates substituting 2'-iodo-~2,4,6-triisopropylbipheny! (10.0 g, 24.6
mmol, 1 equiv), for the arene, wherein all other reagents are scaled accordingly, followed by
purification via column chromatography (120-g column; gradient: 2 column volumes
dichloromethane, ramp up to 92:8 dichloromethane:acetone over 8 column volumes, hold at
92:8 for 4 column volumes) (8.31 g, 97 area% by HPLC, 81% yield). "HNMR (400 MHz,
CDCl3) 8 ppm 8.02 (ddd, J =143, 7.7, 1.3 Hz, 1H), 7.51 (it,./= 7.5, 1.5 Hz, 1H), 7.43 (1dd, J
=7.5,3.6,1.3 Hz, 1H), 7.24 - 7.15 (m, 1H), 7.02 (s, 2H), 3.86 (ddg, J = 10.2, 8.7, 7.1 Hz,
2H), 3.64 (ddg, J=10.2, 8.9, 7.1 Hz, 2H), 2.93 (hept, /= 6.9 He, 1H), 2.42 (hept, J = 6.8 Hz,
2H), 1.28 (d,J= 6.9 Hz, 6H), 1.21 (d, /= 6.8 Hz, 6H), 1.09 (t,./= 7.1 Hz, 6H), 0.97(d,J =
6.8 Hz, 6H).

I
R-OEt

7\
ST oV,
Br n-butyllithium P(OEt),
Me,N OMe Me,N OMe
O THEF, -78°Ctort O
83% yicld
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Exampie 4-b
Dicthyl 2'-(dimethylamino)-6'-methexybiphenyl-2-ylphosphonatc

[0184] The titled compound was prepared as described in the general procedure for
synthesis of diethylphosphonates substituting 2'-bromo-6-methoxy-N, N-dimethylbiphenyl-2-
amine (see Buchwald SL, et al. JACS 2009;131: 7532-7533) (3.00 g, 9.80 mmol, | equiv) for
the arene, wherein all other reagents are scaled accordingly, followed by purification via
column chromatography (80-g column; gradient: 1.5 column volumes dichloramethane, ramp
up 1o 90:10 dichioromethane:acetone over 9.5 column volumes, hold at 90:10 for 6 colunm
volumes) (2.97 g, 95 area% by HPLC, 83% yield). "H NMR (400 MHz, CDCly) 8 ppm 7.98
(ddd, /= 14.1,7.7, 1.3 Hz, 1H), 7.54 (i, J= 7.6, 1.5 Hz, 1H), 7.39 (dd, /= 7.6, 3.5, 1.3 Hz,
1H), 7.32 - 7.20 (m, 2H), 6.72 (dd, J = 8.2, 0.7 Hz, 1H), 6.60 (d, /= 8.2 Hz, 1H), 4.02 -3.74
(m, 4H), 3.67 (s, 3H), 2.49 (s, 6H), 1.16 (td, J = 7.1, 4.7 Hz, 6H). *'P NMR (CDCl, 202
MHz) & ppm 15.0 (s).

Lo
N
O " ot o
. Br r-butyllithium P(OEt),
Me,N NMe, MeoN 7 NMe,
|

O THE, -78°Ctort AN

89% yield

Example 4-¢

Diethyl 2',6'-bis{dimethylamine)biphenyl-2-ylphosphonate

[8185] The titled compound was prepared as described in the general pracedure for
synthesis of diethylphosphonates substituting 2'-bromo-N°, N’ N N*-tetramethylbiphenyl-2,6-
diamine {see Buchwald SL, JACS 2009; 131: 7532-7533) (5.00 g, 15.7 mmol, 1 equiv) for the
arene, wherein all other reagents are scaled accordingly, followed by purification via column
chromatography (120-g column; gradient: 1.5 column volumes dichloromethane, ramp up to
84:16 dichloromethane:acetone over & column volumes, hold at 84:16 for 6 column volumes)
(5.25 g, >94 area% by HPLC, 89% yield). 'H NMR (500 MHz, CDCl) 8 ppm 7.83 (dd, J =
14.0, 7.7 He, {H), 7.43 (1,J= 7.5 Hz, 1H), 7.30 — 7.24 (m, 2H), 7.19 - 7.12 (m, 1H), 6.76 {d,
J=28.0Hz, 2H), 3.94 — 3.81 (m, 2H), 3.81 — 3.63 {m, 2H), 2.31 (s, 12H), 1.05 (1, /= 7.0 Hz,
6H). *'P NMR (CDCl, 202 MHz) 8 ppm 14.8 (s).
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(’P?—OE’(
“\
Q, ISy
Br n-butyllithium P(OEt),
MeO OMe MeO OMe
O THE, -78 °C to rt O
65% yicld

Example 4-d
Diethy? 2',6'-dimethoxybiphenyl-2-ylphosphonate

[6186] To a 250-mL round-bottom flask equipped with a magnetic stir bar
was added 2'-bromo-2,6-dimethoxybiphenyl (see Buchwald SL, Journal of the
American Chemical Society 2005;127:4685-4696) (7.02 g, 24.0 mmol, I equiv).
Degassed, anhydrous tetrahydrofuran was added (80 mL) followed by N,N,N',N'-
tetramethylethylene-1,2-diamine (4.31 mL, 28.7 mmol, 1.2 equiv). The resulting
solution was cooled to -78 °C, and then n-butyllithiom (11.5 mL, 28.7 mmol, 1.2
equiv, 2.5 M in hexanes) was added in a dropwise fashion. After the addition of 5 mL
of n-butyllithium the reaction slurry could no longer be stirred. The reaction flask
was warmed to 0 °C at which point the slurry became free-flowing., The remainder of
the n-butyllithium (~6.5 mL) was added over the course of 10 minutes. The reaction
was stirred for 90 minutes at 0 °C, and then the aryllithium intermediate was
quenched with diethyl chlorophosphate (4.15 ml., 28,7 mmol, 1.2 cquiv). The
reaction was re-cooled to -78 °C and stirred for 1 hour, then the cooling bath was
removed and the flask was warmed to room temperature. At that point, the rcaction
solution was diluted with pH 7 phosphate buffer (100 mL). The reaction mixture was
worked up by scparating the phases and washing the aqueous layer with ethyl acetate
(4x60 mL). The combined organic fractions were then washed once with brinc (150
mlL), dried over sodium sulfate, filtered, and concentrated on a rotary evaporator. The
crude product was purified by column chromatography (120-g column; gradient: 1.5
column volumes dichloromethane, ramp up to 88:12 dichloromethanc:acetone over 1.5
column volumes, hold at 88:12 for 6 column volumes), the product was isolated as a white
solid (5.49 g, 78 arca% by HPLC, 65% vield). "H NMR (400 MHz, CDCl;) 8 ppm 8.07 (dd, J
=14.1, 7.7 Hz, \H), 7.57 (4, J= 7.5 Hz, 1H), 7.46 — 7.37 (m, 1H), 7.30 (t, /= 8.3 Hz, 1H),
7.24 ~7.18 (m, 1H), 6.60 {d, /= 8.4 Hz, 2H), 3.98 - 3.77 (m, 4H), 3.70 (s, 6H), 1.17 {t, /=
7.1 Hz, 6H). *'P NMR (CDCls, 202 MHz) & ppm 15.2 (s).
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i
R—OEt
-
o, T oy
Br n-butyllithium P(OEL),
7 7
THF, -78 °C to rt
79% yield
Example 4-¢

Diethyl 2',6'-diisopropoxybiphenyl-2-yiphosphonate

[6187] The titled compound was prepared as described in the general procedure for
synthesis of diethylphosphonates substituting 2'-bromo-2,6-diisopropoxybiphenyl (12.0 g,
34.4 mmol, 1 equiv) for the arene, wherein all other reagents are scaled accordingly, followed
by purification via flash column chromatography (300-mL SiQ, gel; gradient: 85:15 to 75:25
dichloromethane:acetone) (11.0 g, 79% yield). "H NMR (400 MHz, C¢De) & ppm 8.31 (dd, J
= 14,0, 7.7 Hz, 1H), 7.28 - 7.22 (m, 2H), 7.19 (t, /= 3.3 Hz, 1H), 7.15 - 7.07 (m, 1H), 6.51
(d,J= 8.3 Hz, 2H), 4.26 (hept, /= 6.1 Hz, 2H), 4.13 - 3.97 (1, 2H), 3.96 - 3.83 (mn, 2H),
1.12 - 1.06 (m, 12H), 1.02 (d, J = 6.0 Hz, 6H). *'P NMR (C4Ds, 202 MHz) & ppm 18.2 (3).

1]
- R-OEt

Ot
O
O n-butyllithium O ly
B P(OEt),

.
Me,N MeoN
O THE, -78 °Ctort O
82% yicld

Example 4-f

Diethyl 2'-(dimethylamino)biphenyl-2-yiphosphonate

[6188] The titled compound was prepared as described in the general procedure for
synthesis of diethylphosphonates substituting 2'-bromo-N,N-dimethylbiphenyl-2-amine (1.99
¢, 7.21 mmol, 1 equiv) for the arene, wherein all other rcagents are scaled accordingly,
followed by purification via colummn chromatography (80-g column; gradient: 1.5 column
volumes dichloromethane, ramp up to 90:10 dichloromethane:acetone over 9.5 column

volumes, hold at 90:10 for 6 column volumes) (1.96 g, 96 area% by HPLC, 82% vield). 'H
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NMR (400 MHz, CDCl;) & ppm 8.00 (ddd, J= 14.3,7.7, 1.1 Hz, 1H), 7.50 (itd, J= 5.1, 3.3,
1.7 Hz, 1H), 7.47 — 7.34 (m, 2H), 7.32 — 7.22 (m, 2H), 7.04 — 6.92 (m, 2H), 4.05 — 3.87 (m,
3H), 3.80 ~ 3.62 (m, 1H), 2.52 (s, 6H), 1.18 (1, J= 7.1 Hz, 3H), 111 (t, /= 7.1 Hz, 3H). >'P
NMR (CDCls, 202 MHz) § ppm 24.8 (5).
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Example 4-g

Biethyl biphenyl-2-yiphosphonate

{0189] The titled compound was prepared as described in the general procedure for
synthesis of diethyIphosphonates substituting 2-iodobiphenyl (4 mL, 22.7 mmol, 1 equiv) for
the arene, wherein all other reagents are scaled accordingly, followed by purification via
cotumn chromatography (120-g column; gradient: 1 colwmn volumes dichloromethane, ramp
up to 91:9 dichloromethane:acetone over 9 column volumes, hold at 91:9 for 6 column
volumes) (5.27 g, 94 area% by HPLC, 80% yield). 'H NMR (400 MHz, CDCls) § ppm 8.04
(ddd, J=14.3,7.7,1.3 Hz, 1H), 7.56 (t,.J = 7.6, 1.5 Hz, 1H), 7.50 — 7.29 (m, 7H), 4.01 -
3.76 (m, 4H), 1.13 (t, J = 7.1 Hz, 6H). *’P NMR (CDCl;, 202 MHz) 8 ppm 25.0 ().
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Example 4-h

Diethyl 1,1'-binaphthyl-2-yiphosphonate

[0190] The titled compound was prepared as described in the general procedure for
synthesis of diethyiphosphonates substituting 2-bromo-1,1"-binaphthyl (4.15 g, 12.5 mmol, 1
equiv) for the arene, wherein all other reagents are scaled accordingly, followed by
purification via colurnn chromatography (80-g column; gradient: 1.5 column volumes
dichloromethane, ramp up 10 91:9 dichloromethane:acetone over 9.5 column volumes, hold at
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91:9 for 7 column volumes) (3.91 g, 95 area% by HPLC, §0% yield). 'H NMR (400 MHz,
CDCly) & ppm 8.26 — 8.16 (m, 1H), 8.02 (dd, J= 8.4, 3.7 Hz, 1H), 7.99 ~ 7.89 (m, 3H), 7.60
(ad,J = 8.2, 7.0 Hz, 1H), 7.57 — 7.47 (m, 2H), 7.43 (ddd, /= 8.1, 6.8, 1.2 Hz, 1H), 7.29 -
7.15 (m, 3H), 7.08 (d, J = 8.4 Hz, 1H), 3.85 - 3.51 (m, 4H), 0.98 (t,J = 7.1 Hz, 3H), 0.75
0.70 (m, 3H). *C NMR (100 MHz, CDCl) 8 ppm 143.1 (d, J = 10 Hz), 135.5 (d, J = 6 Hz),
134.6 (d, J=2 Hz), 133.0, 132.8, 132.8, 128.4 (d, J = 3 Hz), 128.3 (d, /= 6 Hz), 127.9,
127.7,127.6,127.5, 127.3 (d, J = 15 Hz), 126.8, 126.4, 126.4 (d,J = 1 Hz), 125.6, 125.3,
125.0, 124.6, 61.8 (d,./= 6 Hz), 61.6 (d, /= 6 Hz), 16.3 (d, /= 7 Hz), 15.8 (d, /= 7 Hz). *'P
NMR (CDCls, 202 MHz) 8 ppm 17.5 (s).
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Example 4-

Dicthyl 2-(naphthalen-1-vl)phenylphosphonate

[0191] The titled compound was prepared as described in the general procedure for
synthesis of diethyiphosphonates substituting 1-(2-bromophenynaphthalene (2,78 g, 9.82
mmol, 1 equiv) for the arene, wherein all other reagents are scaled accordingly, followed by
purification via column chromatography (120-g column; gradient: 1.5 column volumes
dichloromethane, ramp up to 89:11 dichloromethane:acetone over 8 column volumes, hold at
89:11 for 3.5 column volumes) (2.14 g, 97 area% by HPLC, 64% yield). 'H NMR (400 MHz,
CDCls) 3 ppm 8.17 (&dd, J = 142, 7.7, 1.4 Hz, 1H), 7.89 - 7.84 (m, 2H), 7.61 (1t,./=7.5, 1.5
Hz, 1H), 7.57 - 7.48 (m, 2H), 7.48 — 7.40 (m, 2H), 7.40 —~ 7.30 (m, 3H), 3.85 - 3.48 (m, 4H),
0.95 (t,J= 7.1 Hz, 3H), 0.71 (id, J= 7.0, 0.5 Hz, 3H). “C NMR (100 MHz, CDCl;) § ppm
1434 (d,J=9 Hz), 138.0(d, J=4 Hz), 133.6 (d,./= 10 Hz), 132.9, 1322, 131.6 (d, /= 14
Hz), 131.2(d, J= 3 Hz), 129.2, 127.6 (d,J= 6 Hz), 127.3, 127.2, 126.8 (d,.J = 15 Hz), 126.1,
125.4,125.2, 124.3, 61.7 (dd, J = 13, 6 Hz), 16.2 (d, J= 7 Hz), 15.76 (d,J= 7 Hz). "'PNMR
(CDCls, 202 MHz2) 6 ppm 14.3 (s).
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Example 4§

Diethy! 2-(naphthalen-2-yljphenyiphosphonate

[8192] The titled compound was prepared as described in the general procedure for
synthesis of diethylphosphonates substituting 2-(2-bromophenylnaphthalene (4.25 g, 15.0
mmol, 1 equiv) for the arene, wherein all other reagents are scaled accordingly, followed by
purification via column chromatography (120-g column; gradient: 1.5 column volumes
dichloromethane, ramp up 1o 90:10 dichloromethane:acetone over 7.5 column votumes, hold
at 90:10 for 4 column volumes) (3.10 g, 96 area% by HPLC, 61% vield). "H NMR (400
MHz, CDCl3) 8 ppm 8.09 (ddd, J= 14.3, 7.7, 1.2 Hz, 1H), 7.96 - 7.78 (m, 4H), 7.65 ~ 7.55
(m, 2H), 7.55 — 7.45 (m, 3H), 7.45 — 7.36 (m, 1H), 3.98 — 3.75 (m, 4H), 1.06 (1, /= 7.1 Hz,
6H), *C NMR (100 MHz, CDCL) & ppm 145.5 (d, J= 10 Hz), 138.5(d, /=4 Hz), 133.6 (d,
J =10 Hz), 132.4, 132.2, 131.6 (d, J =3 Hz), 131.2 (d, /= 14 Hz), 127.9, 127.8, 127.8, 127.4,
127.3, 126.7, 126.6, 126.0, 125.8 (d, J= 17 Hz), 61.8 (d, J= 6 Hz), 16.3 (d, J = 7 Hz). *'P
NMR (CDCls, 202 MHz) 8 ppm 14.8 (s).
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" et
7y 7\ 7
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Ph 90% yield ‘Ph
Example 4-k

Diethyl 1',3',5'-triphenyl-1'H-1,4'-bipyrazol-5-ylphesphonate

[8193] The titled compound was prepared as described in the general procedure for
synthesis of diethylphosphonates substituting 1',3',5-triphenyl-1'H-1,4"-bipyrazole (see Sieser
JE etal, Org. Proc. Res. & Devel. 2008;12:480-489) (2.00 g, 5.52 mmol, 1 equiv) for the
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arene, wherein all other reagents are scaled accordingly, followed by purification via column
chromatography (80-g column; gradient: 1.5 column volumes dichloromethane, ramp up to
95:5 dichioromethane:acetone over 8.5 column volumes, hold at 95:5 for 6 column volumes)
(2.47 g, 99 area% by HPLC, 90% yield). "H NMR (400 MHiz, CDC13) 6 ppm 7.76 (dd, J =
1.6, 1.6 Hz, 1H), 7.36 ~ 7.22 (m, 7H), 7.22 - 7.05 (m, 8H), 6.85 (dd, J=2.4, 1.6 Hz, [ H),
3.75 - 3.49 (m, 2H), 3.34 — 3.16 (mn, 2H), 0.85 (dt,.J = 8.4, 6.8 Hz, 6H). “C NMR (100 MHz,
CDCly) 6 ppm 148.0, 141.2, 139.9 (d, J= 17 Hz), 139.4, 135.7, 133.5, 131.0, 129.0, 128.7,
128.5,128.1,128.0, 127.5, 126.3, 125.0, 119.7, 116.7 (d, J= 20 Hz), 62.5 (d,.J= 5 Hz), 62.3
(d,J=6Hz), 16.3(d,.J=6 Hz), 16.2 (d,J = 6 Hz). *’P NMR (CDCl;, 202 MHz) & ppm 11.0
(s).
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Example 4-1

Diethyl I-phenyl-1H-pyrazol-S-yiphosphonate

[3194] The titled compound was prepared as described in the general procedure for
synthesis of diethylphosphonates substituting 1-phenyl-14-pyrazole (5.00 mL, 37.8 mmol, 1
equiv) for the arene, wherein all other reagents are scaled accordingly, followed by
purification via column chromatography (120-g column; gradient: 1.5 column volumes
dichloromethane, ramp up to 92:8 dichloromethane:acetone over 8.5 column volumes, hold at
92:8 for 8 column volumes) (8.34 g, 98 area% by HPLC, 79% vield). 'H NMR (400 MHz,
CDCly) 8 ppm 7.71 (t, J = 1.7 Hz, 1H), 7.66 — 7.60 (m, 2H), 7.49 — 7.36 (m, 3H), 6.96 (dd, J =
2.5,1.9 Hz, 1H), 4.11 - 3.92 (m, 4H), 1.17 (¢d, J= 7.0, 0.5 Hz, 6H). *C NMR (100 MHz,
CDClL3) 8 ppm 140.1, 1393 (d, /= 17 Hz), 131.6 (d, /=216 Hz), 128.4, 128.3, 125.1, 117.0
(d,J=19 Hz), 62.9 (d, J = 6 Hz), 16.3 (d,J = 7 Hz). *'P NMR (CDCls, 202 MHz) & ppm 5.0
{(s).
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Example 4-m
Diethy} 2-(1 H-pyrrol-1-yl)phenylphesphonate

{8195} The titled compound was prepared as described in the general procedure for
synthesis of diethylphosphonates substituting 1-(2-bromophenyl)-1#-pyrrole (see Lautens M
et al, Organic Letters 2007; 9: 1761-1764) (5.29 g, 23.8 mmol, 1 equiv) for the arene, wherein
all other reagents are scaled accordingly, followed by purification via column
chromatography (80-g column; gradient: 1.5 column volumes dichloromethane, ramp up to
92:8 dichloromethane:acetone over 9.5 column volumes, hold at 92:8 for 5 column volumes)
(4.81 g, 97 area% by HPLC, 72% yield). "H NMR (400 MHz, CDCly) & ppm 8.04 (ddd, J =
14.6,7.7, 1.6 Hz, 1H), 7.59 (,.J=7.7, 1.4 Hz, 1H), 7.45 (idd, /= 7.6, 3.1, 1.2 Hz, 1H), 7.3
~7.29(m, 1H), 6.97 (t, /= 2.2 Hz, 2H), 6.29 (1, /= 2.2 Hz, 2H), 4.09 - 3.89 (m, 4H), 1.23 (4,
J=7.1Hz, 6H). *'P NMR (CDCls, 202 MHz) 8 ppm 15.1 (s).

t
o R-ORt

OMe Okt OMe
O n-butyllithium O Q
MeO [ MeO P(OEY),
O THF, -78 °C 10 1t O
49% yield

Example 4-n

Diethyl 3,6-dimethoxybiphenyi-2-viphosphonate

{0196] The titled compound was prepared as described in the general procedure for
synthesis of diethylphosphonates substituting 2-iodo-3,6-dimethoxybiphenyl (5.00 g, 14.7
mmol, | equiv) (see Buchwald SL et al, US Patent No. 7,858,784, December 28, 2010) for the
arene, wherein all other reagents are scaled accordingly, followed by purification via column
chromatography (120-g column; gradient: | column volumes dichloromethane, ramp up to
82:18 dichloromethane:acetone over § column volumes, hold at 82:18 for 6 column volumes)

(2.54 g, >99 area% by HPLC, 49% yield). "H NMR (400 MHz, CDCly) & ppm 7.44 — 7.26 (m,
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SH), 7.09 (d, J = 9.0 Hz, 1H), 6.98 (dd, J = 9.0, 7.2 Hz, 1H), 4.02-3.91 (m, 5H), 3.75 — 3.66
(m, 2H), 3.64 (d, J = 2.5 Hz, 3H), 1.09 (t,J = 7.0 Hz, 6H). PCNMR (100 MHz, CDCl3) §
ppm 155.7, 151.0 (d, J= 19 Bz), 137.4 (d,J = 5 Hz), 136.2 (d, J = 8 Hz), 129.6, 126.9, 126.5,
118.2 (d, J= 188 Hz), 116.1 (d,J =3 Hz), 111.6 (d,J = 11 Hz), 61.5 (d,J = 6 Hz), 56.9, 16.4
(d,J =7 Hz). *'P NMR (CDCl;, 202 MHz) 3 ppm 12.4 (s).
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Example 4-0
Diethyl 3,6-dimethoxy-2',4",6'-trimethylbiphenyl-2-yiphosphenate

[8197] The titled compound was prepared as described in the general procedure for
synthesis of diethylphosphonates substiluting 2-iodo-3,6-dimethoxy-2',4',6'-trimethyIbiphenyi
(5.01 g, 13.1 mmol, 1 equiv) for the arene, wherein all other reagents are scaled accordingly,
followed by purification via column chromatography (120-g column; gradient: 1.5 ¢olamn
volumes dichloromethane, ramp up to 85:15 dichloromethane:acetone over 8.5 column
volumes, hold at 85:15 for 6 column volumes) (3.09 g, 88 area% by HPLC, 60% yield). 'H
NMR (400 MHz, CDCl,) 8 ppm 7.07 (d,/ = 9.0 Hz, 1H), 6.94 (dd, /= 9.0, 7.2 Hz, 1H), 6.85
(s, 2H), 4.01 - 3.87 (m, 5H), 3.70 ~ 3.55 (m, SH), 2.30 (s, 3H), 1.95 (s, 6H), 1.09 (1, /= 7.1
Hz, 6H). C NMR (100 MHz, CDCl:) § ppm 155.7, 150.5 (d, J =20 Hz), 135.6, 135.6, 134.6
(d,J=9Hz), 134.0 (d,J=4 Hz), 127.1, 119.5, 115.5 (d, J= 3 Ha), 111.1 (d,J = 11 He), 61 4
(d,J=7Hz), 56.7 (d,J= 12 Hz), 21.4, 20.6, 16.5 (d,J = 6 Hz). *'P NMR (CDCl3, 202 MHz)
O ppm 12.6 (s).
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O OMe Cl OEt
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57% yield
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Exampie 4-p
Dicthyl 2',4',6'-triisopropyl-3,6-dimethoxybiphenyl-2-ylphosphonate

[8198] The titled compound was prepared as described in the general procedure for
synthesis of diethylphosphonates substituting 2-10do-2' 4",6"-triisopropyl-3,6-
dimethoxybiphenyl (see Buchwald SL et al, JACS 2008;130: 13552-13554) (6.00 g, 12.9
mmol, 1 equiv) for the arene, wherein all other reagents are scaled accordingly, followed by
purification via column chromatography (120-g column; gradient: 1.5 column volumes
dichloromethane, ramp up to 88:12 dichloromethane:acetone over § column volumes, hold at
88:12 for 7.5 column volumes) (3.51 g, 93 area% by HPLC, 57% yield). "H NMR (400 MHz,
CDCl3) & ppm 7.04 — 6.89 (1, 4H), 3.99 — 3.84 (m, 5H), 3.60 (s, 3H}, 3.57 — 3.44 (m, 2H),
2.93 (hept, J = 6.9 Hz, 1H), 2.49 (hept, J = 6.8 Hz, 2H), 1.28 (d,J = 6.9 Hz, 1H), 1.17 (d,J=
6.8 Hz, 6H), 1.01 (dd, J =9.3, 4.9 Hz, 6H), 0.97 (d, J = 6.8 Hz, 6H). *C NMR (100 MHz,
CDCl) 8 ppm 155.4, 151.3 (d, /=20 Hz), 146.6, 145.7, 133.7 (4, J= 8 Hz), 131.9, 119.8,
119.5(d,.J= 190 Hz), 113.7(d, J= 3 Hz), 110.5 (d, /=11 Hz), 61.1 (d,.J =7 Hu), 56.5, 55.5,
34.431.0,24.7, 24.3,23.7, 16.6 (d,.J = 6 Hz). *'P NMR (CDCl3, 262 MHz) 8 ppm 13.1 (5).

0
OMe Cl,!g\—OEt OMe
MeO. OEt MeQ
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Q THF, -78 °C to rt O
68% yield

Example 4-g
Diethyi 2',4',6'-triisopropyl-4,5-dimethoxybiphenyl-2-yiphosphonate

[0199] The titled compound was prepared as described in the general procedure for
synthesis of dicthylphosphonates substituting 2-bromo-2',4',6'-{ritsopropyl-4,5-
dimethoxybiphenyl (1.47 g, 3.51 mmol, 1 equiv) for the arene, wherein all other reagents arc
scaled accordingly, followed by purification via cobumn chromatography (80-g columu;
gradient: 2 column volumes dichloromethane, ramp up to 92:8 dichloromethane:acetone over
8 column volumes, hold at 92:8 for 8 columm volumes) (1.13 g, 99 arca% by HPLC, 68%
yield). "H NMR (400 MHz, CDCL) 8 ppm 7.49 (dd, J = 14.9, 3.9 Hz, 1H), 7.01 (s, 2H), 6.67
(d, J= 5.5 Hz, 1H), 3.98 (s, 3H), 3.91 - 3.78 (m, 5H), 3.66 (ddq, /= 10.2, 8.7, 7.1 Hz, 2H),
2.92 (hept, J= 7.0 Hz, 1H), 2.50 (hept, J = 6.8 Hz, 2H), 1.28 (d, J = 6.9 Hz, 6H), 1.21 (d, J =
6.8 Hz, 6H), 1.07 (1, J= 7.1 Hz, 6H), 1.00 (d, J = 6.8 Hz, 6H). "C NMR (100 MHz, CDCl;)
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& ppm 150.4 (d,.J = 4 Hz), 147.7, 146.8 (d, J= 19 Hz), 146.3, 137.3 (d, J = 10 Hz), 135.5 (d,
J=3Hz), 120.0, 119.5 (d, /= 197 Hz), 116.5, 115.0 (d,J = 13 Hz), 114.6 (d, J = 19 Hz),
61.6 (d,J =6 Hz), 56.1 (d,J =5 Hz), 34.6, 30.9, 26.1,24.4, 22.9, 16.5 (d, J= 6 Hz). *'P
NMR (CDCl,, 202 MHz) & ppm 18.3 (8).
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MeO OMe 52% yield MeO OMe

Example 4-r

Diethyl 3',5'-dimethoxybiphenyl-2-ylphosphonate

16200] The titled compound was prepared as described in the general procedure for
synthesis of diethylphosphonates substituting 2-bromo-3',5'-dimethoxybiphenyl (4.50 g, 15.4
mmeol, 1 equiv) for the arene, wherein all other reagents are scaled accordingly, followed by
purification via column chromatography (120-g column; gradient: 1.5 column volumes
dichloromethane, ramp up to 88:12 dichloromethane:acetone over 8 column volumeg, hiold at
88:12 for 4 column volumes) (2.81 g, 98 area% by HPLC, 52% yield). 'H NMR (400 MHz,
CDCly) & ppin 8.02 (ddd, J = 14.3, 7.7, 1.4 Hz, 1H), 7.54 (it, /= 7.5, 1.5 Hz, 1H), 7.46 — 7.38
(m, 1H), 7.38 - 7.32 (m, 1H), 6.63 (d,J = 2.3 Hz, 2H), 6.48 (t,J= 2.3 Hz, 1H), 4.03 - 3.84
(m, 4H), 3.82 (s, 7H), 1.17 (t,J = 7.1 Hz, 6H). "*C NMR (100 MHz, CDCl) 8 ppm 159.5,
145.4 (d, J =10 Hz), 142.9 (d,J = 4 Hz), 133.5 (d, J= 10 Hz), 131.6 (d, J= 3 Hz), 130.7 (&, .J
= 14 Hz), 126.7 (d, /= 14 Hz), 126.6 (d,J = 186 Hz), 107.5, 99.7, 61.9(d, /= 6 Hz), 55.5,
16.4 (d,J =7 Hz). *'P NMR (CDCls, 202 MHz) § ppm 17.7 ().
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Example 4-s
Diethyl 4'-teri-butylbiphenyl-2-yiphosphonate

[8201] The titled compound was prepared as described in the general procedure for
synthesis of diethylphosphonates substifuting 2-bromo-4'-fert-butylbiphenyl (2.86 g, 9.89
mmol, 1 equiv) for the arene, wherein all other reagents are scaled accordingly, followed by
purification via columm chromatography {120-g column; gradient: 2 column volumes
dichloromethanc, ramp up to 92:8 dichloromethanc:acetone over § column volumes, hold at
92:8 for 6 column volumes) (2.53 g, 96 area% by HPLC, 74% yield). 'H NMR (400 MHz,
CDCl3) & ppm 8.02 (ddd, J =143, 7.7, 1.4 Hz, 1H), 7.54 (i, J = 7.6, 1.5 Hz, 1H), 7.45 - 7.30
(m, 6H), 3.98 —3.74 (m, 4H), 1.36 (s, 9H), 1.10 (1, ./ = 7.0 Hz, 6H). "C NMR (100 MHz,
CDCly) 8 ppm 149.9, 145.6 (d, J= 10 Hz), 138.2 (d, /=4 Hz), 133.4 (d, /= 10 Hz), 131.5 (d,
J=3Hz), 131.1(d,J=14Hz), 128.7,127.7, 1263 (d,J = 15 Hz), 124.1, 61.8 (d, /= 6 Hz),
34.8,31.6,16.3 (d,./=7 Hz). *'P NMR (CDCl;, 202 MHz) 8 ppm 17.8 ().

Example 5-General procedure for the phosphonate reduction

{0202] In a round-bottom flask equipped with a magnetic stir bar and under a
positive pressure of nitrogen was added anhydrous, degassed tetrahydrofuran (~1.6 A/ relative
to LiAlH,) and lithium aluminum hydride (3 equiv) as a solution in tetrahydrofuran. After
cooling the mixture to 0 °C in an ice bath, chlorotrimethylsilane (3 equiv) was added in a
dropwise manner. The resulting solution was stirred at 0 °C. A tetrahydrofuran solution
(~0.7 M relative 1o the phosphonate) of the diethylphosphonate (1 equiv) was prepared in a
scparate round-botlom flask, then cooled to 0 °C in an ice bath while under a positive pressure
of N,. After 30 minutes, the lithium aluminum hydride/chlorotrimethylsilane solution was
transferred to the solution of diethylphosphonate in a dropwise fashion by cannula using a
positive pressure of nitrogen. Rapid gas evolution was observed. The reaction was stirred
vigorously at § °C and warmed slowly to room temperature overnight, After ~16 hours, the
reaction solution was cooled in an ice bath to 0 °C and quenched using either an acidic

workup (method A) or by the Fieser method (method B).

[6283] Workup method A was used for air-stable phosphines without a basic
functional group. The reaction mixture was quenched slowly with ethyl acetate (7.7 equiv),
followed by 1 M aqueous hydrochloric acid (15 equiv). The biphasic mixture was then stirred
vigorously at room lemperature until the phases became clear (~1 h), at which point the
phases were partitioned. The organic layer was collected, and the aqueous layer was washed

with ethyl acetate (3x). The combined organic fractions were then washed once with brine,
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dried over sodium sulfate, filtered, and concentrated on a rotlary evaporator, The isolated

primary phosphines were used without further purification.

[6204] Workup method B was employed with air-sensitive phosphines and air-stable
phosphines containing basic substituents. For air-sensitive substrates, the water and 15%
aqueous sodium bydroxide solution used in the Fieser quench (2 mL of water, n mL 15%
aqueous sodium hydroxide, 3n mL water, where n = grams of LiAlH; used) were degassed by
sparging with nitrogen for 30 minutes prior to use. The resulting slurry was stirred vigorously
for 15 minutes. Then, using standard Schienk technique, the air-sensitive phosphine slurry
was cannula transferred into a fritted Schlenk filter under nitrogen pressure. The filtrate
solution was collected in a 3-neck round-bottom flask. The reaction flask was rinsed with
nitrogen-sparged dichloromethane (2x), and the wash was passed through the Schlenk filter
each time. The filter cake was also rinsed with dichloromethane (2x). The combined organic
fractions were concentrated in vacuo to ~10 mL, then the solution was cannula transferred
into a degassed 40-mL scintillation vial with a septa-top cap. The solution was concentrated

in the vial to furnish the phosphine, which was used without further purification.

0
O
P(OEt), LiAlH,, TMSCI PH,
O THF ‘
99% yield

Example 5-a
Alternative Preparation of (2',4',6'-Triisopropylbiphenyl-2-y)phosphine

[0285] The titled compound was prepared as described in the general procedure for
the phosphonate reduction substituting diethyl 2',4',6'-triisopropylbiphenyl-2-ylphosphonate
(8.31 g, 20.0 mmol, 1 equiv) for diethylphosphonate, wherein all other reagents were scaled
accordingly, and using work up method A (15 mL ethyl acetate, 250 mL 1 A/ aqueous
hydrochloric acid) (6.20 g, 95 area% by HPLC, 99% yield). "H NMR (400 MHz, CDCL) 8
ppm 7.65 - 7.55 (m, 1H), 7.36 — 7.29 (m, 1H), 7.29 - 7.22 (m, 1H), 7.16 - 7.10 (m, 1H), 7.06
(s, 2H), 3.57 (d, J = 203.7 Hz, 2H), 2.95 (hept, J = 6.9 Hz, 1H), 2.42 (hept, J = 6.8 Hz, 2H),
1.32 (d,J = 6.9 Hz, 6H), 1.20 (d,J = 6.9 Hz, 6H), 1.02 (d, J= 6.8 Hz, 6H). °'P NMR (CDCl,,
202 MHz) é ppm -130.5 (s).
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O ’(I) LiAlH,, TMSCI O
P(OEt), PH,
Me,N OMe Me,N OMe
e 3
97% yield

Example 5-b

6-Mcthoxy-N,N-dimethyl-2'-phosphinobiphenyl-2-amine

[8206] The titled compound was prepared as described in the general procedure for
the phosphonate reduction substituting diethyl 2'-(dimethylamino)-6'-methoxybiphenyl-2-
ylphosphonate (3.15 g, 8.67 mmol, 1 equiv) for diethylphosphonate, wherein all other
reagents were scaled accordingly, and using work up method B (1 mL water, | mL 15%
aqueous sodinm hydroxide, 3 mL water) (2.17 g, 96 area% by HPLC, 97% yield). "H NMR
{400 MHz, CDCl3) 8 ppm 7.61 {dd, /= 10.6, 3.8 Hz, 1H), 7.37 - 7.26 {m, 3H), 7.24 - 7.18
{m, 1H), 6.72 (1, J = 8.0 Hz, 1H), 6.65 (d, /= 8.2 Hz, 1H), 3.72 (s, 3H), 3.65 (dq, J= 202.4,
12.1 Hz, 2H), 2.48 (s, 6H). *'P NMR (CDCl,, 202 MHz) § ppm -131.9 (s).

O
O 7 LiAlH,, TMSC! O o
2

P{OEL),

MeoN NMe, Me,N NMe,
4 2
93% yield

Example 5-¢

N° N, N Ni-tetramethyl-2'-phosphinobiphenyl-2,6-diamine

[0207] The titled compound was prepared as described in the general procedure for
the phosphonate reduction substituting diethyl 2',6'-bis(dimethylamino)biphenyl-2-
ylphosphonate (5.14 g, 13.7 mmol, 1 equiv) for diethylphosphonate, wherein all other
reagents were scaled accordingly, and using work up method B (1.55 mL water, 1.55 mL 15%
aqueous sodium hydroxide, 4.7 mL water) (3.45 g, 99 area% by HPLC, 93% yield). 'H
NMR (400 MHz, CDCl3) 8 ppm 7.58 (dd, J = 10.7, 4.2 Hz, 1H), 7.34 (ddd, /=123, 7.1, 5.1
Hz, 1H), 7.31 —7.26 (m, 1H), 7.26 — 7.22 (m, 1H), 7.19 - 7.12 (m, 1H), 6.81 (¢, /= 8.0 Hz,
2H), 3.60 (d, J = 202.4 Hz, 2H), 2.39 (s, 12H). *'P NMR (CDCl;, 202 MHz) § ppm -133.7
{(s).
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O
O ] LiAH,, TMSCI

!
P(OEY), PH,

MeO OMe MeO. OMe
J s ¢
95% yield

Example 5-d

(2',6'-Dimcthoxybiphenyl-2-yhphosphine

[0208)] The titled compound was prepared as described in the general procedure for
the phosphonate reduction substituting diethyl 2',6'-dimethoxybiphenyl-2-ylphosphonate
(5.40 g, 15.4 mmol, 1 equiv) for dicthylphosphonate, wherein alt other reagents were scaled
accordingly, and using. work up method A (10 mL ethyl acetate, 100 mL 1 A/ aqueous
hydrochloric acid) to afford the product as a while solid (3.80 g, 86 area% by HPLC, >99%
yield). "H NMR (400 MHz, CDCl3)  ppm 7.68 ~ 7.59 (m, 1H), 7.41 ~ 7.29 (m, 2H), 7.29 ~
7.22 (m, 18), 7.22 ~ 7.17 (m, 1H), 6.65 (dd, J = 9.9, 4.7 Hz, 2H), 3.73 (d, J = 4.7 Hz, 6H),
3.65 (d,J = 203.0 Hz, 2H). *'P NMR (CDCl3, 202 MHz) 8 ppm -131.5 (s).

O
@ Ui LiAlH,, TMSCI O
P(OEt), PH,

o) O

CCY 7 CCI

>09% yield

Example S-e
(2',6'-Diisopropoxybiphenyl-2-yl)phosphine

{0209] The titled compound was prepared as described in the general procedure for
the phosphonate reduction substituting diethyl 2',6'-diisopropoxybiphenyl-2-ylphosphonate
(3.16 g, 15.4 mmol, 1 equiv) for diethylphosphonate, wherein all other reagents were scaled
accordingly, and using. work up method A (6 mL ethyl acetate, 75 mL | M aqueous
hydrochloric acid) (2.30 g, 94 area% by HPLC, 98% vield). "H NMR (400 MHz, CDCL3) &
7.63 ~7.53 (m, 1H), 7.34 - 7.27 (m, 1H), 7.25 - 7.13 (m, 3H), 6.63 (dd, J= 6.8, 4.0 Hz, 2H),
4.33 (hept, J = 6.1 Hz, 2H), 3.68 (d, J=202.7 Hz, 2H), 1.16 (d, /= 6.1 Hz, 6H), 1.13(d, J =
6.0 Hz, 6H). *'P NMR (CDCls, 202 MHz) § ppm -132.2 (s).

O f/O LiAlH,, TMSCI O
PH,

P(OEt),

MeoN Me,N
o <
89% yield
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Exampie 5-f
N,N-Bimethyl-2'-phosphinobiphenyl-2-amine

{0210] The titled compound was prepared as described in the general procedure for
the phosphonate reduction substituting diethyl 2'-(dimethylamino)oiphenyl-2-ylphosphonate
(1.96 g, 5.88 mmol, 1 equiv) for diethylphosphonate, wherein all other reagents were scaled
accordingly, and using. the air-free work up method B (0.7 mL water, 0.7 mL 15% aquecous
sodivm hydroxide, 2.0 mL water) (1.20 g, 89% yield). "H NMR (400 MHz, CDCL) & ppm
7.73 - 7.49 (m, 1H), 7.37 - 7.29 (m, 3H), 7.25 - 7.19 (m, 1H), 7.19 - 7.14 (m, 1H), 7.03 (dd,
J=10.6, 4.4 Hz, 2H), 4.15 - 3.22 (m, 2H), 2.52 (s, 6H).

O 7 LiAIH,, TMSCI O
PH,

P(OEt),

g e g
86% vield

Example 5-g

Biphenyl-2-yiphosphine

[6211] The titled compound was prepared as described in the general procedure for
the phosphonate reduction substituting diethyl biphenyl-2-ylphosphonate (9.00 g, 31.0 mmol,
1 equiv) for diethylphosphonate, wherein all other reagents were scaled accordingly, and
using the air-free work up method B (3.5 mL water, 3.5 mL 15% aqueous sodium hydroxide,
11.5 mL water) (4.96 g, 86% vield). "H NMR (400 MHz, CDCl3) 8 ppm 7.56 — 7.39 (m, 1H),
7.38 = 7.19 (m, 6H), 7.19 — 7.09 (m, 2H), 3.72 (d, J = 204.4 Hz, 2H). *'P NMR (CDCl;, 202
MHz) & ppm ~123.6 (1, "oy = 202 Hz).

0 X
i LiAlH,, TMSCI L

P(OEL), PH;

0 m, OO
98% yield

Example 5-h

1,1'-Binaphthyl-2-ylphesphine

{10212] The titled compound was prepared as described in the general procedure for
the phosphonate reduction substituting diethy! 1,1'-binaphthyl-2-ylphosphonate (3.90 g, 9.99
mmol, | equiv) for diethylphosphonate, wherein all other reagents were scaled accordingly,

and using the air-free work up method B (1.1 mL water, 1.1 mL 15% aqueous sodium
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hydroxide, 3.4 mL water) (2.80 g, 98% yield). "H NMR (400 MHz, CDCl;) 8 ppm 7.93 —
7.84 (m, 2H), 7.78 (dd, J = 12.0, 8.3 Hz, 2H), 7.67 ~ 7.57 (m, 1 H), 7.53 (dt,./ = 10.7, 5.3 He,
1H), 7.44 - 7.28 (m, 3H), 7.23 — 7.13 (m, 2H), 7.08 (dd, /= 16.5, 8.5 Hz, 2H), 3.57 (ddd, J =
205.2, 66.6, 12.0 Hz, 2H). *'P NMR (CDCls, 202 MHz) 8 ppm -126.1 (s).

OO e LiAIH,, TMSCI OO

P(OEt), PH,

OMe OMe
0 w, OO
98% yield

Example 5

2'-Methexy-1,1'-binaphthyl-2-yDphosphine
phthyl-2-yl)phosp

[021.3] The titled compound was prepared as described in the general procedure for
the phosphonate reduction substituting diethyl 2-methoxy-1,1-binaphthyl-2-
yiphosphonate(see Powell DR, et al, Journal of Organic Chemistry 1998; 63: 2338-2341)
{1.23 g, 2.92 mmol, 1 equiv) for diethylphosphonate, wherein all other reagents were scaled
accordingly, and using the air-free work up method B (0.3 mL water, 0.3 mL 15% aqueous
sodium hydroxide, 1,0 mL water) (908 mg, 98% yield). "H NMR (400 MHz, CDCL;) 3 8.07
= 7.96 (m, 1H), 7.93 — 7.80 (m, 3H), 7.80 - 7.67 (m, 1H), 7.52 ~ 7.37 (m, 2H), 7.37 - 7.26
{m, 1H), 7.26 - 7.17 (m, 2H), 7.13 (dt, /= 6.9, 1.9 Hz, 1 H}), 6.99 — 6.88 (m, 1H), 3.79 (s, 3H),
3.62 (ddd, J = 204.0, 46.0, 12.1 Hz, 2H). *'P NMR (CDCls, 202 MHz) & ppm -129.2 {s).

N o
PN LiAlH,, TMSCI
P(OEt),

“ THF «
X 97% yield

Example 5-j

PH,

(2-(Naphthalen-1-yD)pheryDphosphine

[6214] The titled compound was prepared as described in the general procedure for
the phosphonate reduction substituting diethyl 2-(naphthalen-1-yl)phenylphosphonate (2.12 g,
6.23 mmol, 1 equiv) for diethylphosphonate, wherein all other reagents were scaled
accordingly, and using the air-free work up method B (0.7 mL water, 0.7 mL 15% aqueous

sodium hydroxide, 2.1 mL water) (1.43 g, 97% yield). 'H NMR (400 MHz, CDCl3) & ppm
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7.98 —7.85 (m, 2H), 7.72 - 7.62 (m, 1H), 7.57 ~ 7.29 (m, 8H), 3.59 (ddd, J = 102.0, 34.9,
12.2 Hz, 2H). *'P NMR (CDCls, 202 MHz) & ppm -130.1 (s).

DN ®
/
p’(oa)2 LiAlH,, TMSCI

O THF O
O 90% yield O

Example 5-k

PH,

(2-(Naphthalen-2-yhphenyDphosphine

[6215] The titled compound was prepared as described in the general procedure for
the phosphonate reduction substituting diethyl 2-(naphthalen-2-yl)phenylphosphonate (3.06 g,
8.99 mmol, 1 equiv) for diethyiphosphonate, wherein all other reagents were scaled
accordingly, and using. the reaction air-free work up method B (1.0 mL water, 1.0 mL 15%
aqueous sodium hydroxide, 3.1 mL water) (1.92 g, 90% yield). TH NMR (400 MHz, CDCL)
87.93 -17.82 (m, 3H), 7.82 — 7.76 (m, 1H), 7.63 (ddd, J=13.6, 4.6, 4.0 Hz, 1H), 7.54 — 7.45
(m, 3H), 7.40 — 7.31 (m, 2H), 7.31 — 7.22 (m, |H), 3.85 (d, J = 204.6 Hz, 2H). *'P NMR
(CDCY;, 202 MHz) 6 ppm -126.0 (s).

BN B
NQ\P(OEt)z LiAlH,, TMSCI No 7 PH,
Ph\(%/Ph Phﬁph
N=N, 99% yield N—N,
Ph on

Example 5-1
1%,3",5"-Triphenyl-5-phesphino-1'H-1,4"-bipyrazole

[0216] The titled compound was prepared as described in the general procedure for
the phosphonaie reduction substituting diethyl 1',3',5triphenyl-1'H-1,4%bipyrazol-5-
ylphosphonate (2.42 g, 4.85 mmol, 1 equiv) for diethylphosphonate, wherein all other
reagents were scaled accordingly, and vsing the air-free work up method B (0.6 mL water, 0.6
mL 15% aqueous sodium hydroxide, 1.6 mL water) (1.81 g, 86 area% by HPLC, 95% yield).
'H NMR (400 MHz, CDCL3) 8 7.76 (1, J = 1.6 Hz, 1H), 7.46 — 7.32 (m, 6H), 7.32 ~ 7.27 (m,
4H), 7.25 - 7.18 (m, 3H), 7.15 — 7.09 (m, 2H), 6.60 — 6.50 (m, 1H), 3.32 {(dm, J= 208.4 Hz,
2H).
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0
A\ . A\
N, )\g’(OEt)z LiAlH,, TMSCI NQ\PHz

N

@ 82% yield @

Example 5-m

1-Phenyl-5-phosphino-1H-pyrazole

[0217] The titled compound was prepared as described in the general procedure for
the phosphonate reduction substituting diethyl 1-phenyl-1H-pyrazol-5-ylphosphonate (3.77 g,
13.5 mmol, 1 equiv) for diethylphosphonate, wherein all other reagents were scaled
accordingly, and using the air-free work up method B (1.6 mL water, 1.6 mL 15% agueous
sodium hydroxide, 4.6 mL water) (1.95 g, 82% yicld). "H NMR (400 MHz, CDCl;) 8 ppm
7.75 ~7.65 (m, 1H), 7.52 — 7.37 (m, 5H), 6.60 (d, J = 1.2 Hz, 1H), 3.92 (d, J = 207.8 Hz, 2H).
3P INMR (CDCls, 202 MHz) 8 ppm -161.3 (s).

2 LiAlH,, TMSCI
P(OEt), - PH,
N o) N
‘\ /? 81% vield (\ J

Example 5-n

1-(2-Phosphinophenyl)-1 H-pyrrole

10218] The titled compound was prepared as described in the general procedure for
the phosphonate reduction substituting diethyl 2-(1 H-pyrrol-1-yDphenyiphosphonate (4.00 g,
14.3 momol, 1 equiv) for dicthylphosphonate, wherein all other reagents were scaled
accordingly, and using the air-free work up method B (1.6 mL water, 1.6 mL 15% aqueous
sodium hydroxide, 4.9 mL water) (2.03 g, 81% yield). 'H NMR (400 MHz, CDCl) 8 ppm
7.63 —7.52 (m, 1H}, 7.43 - 7.31 (m, 1H), 7.31 ~ 7.21 {m, 2H), 6.84 — 6.74 (m, 2H), 6.37 —
6.29 (m, 2H), 3.74 (d, J = 205.6 Hz, 2H). *'P NMR (CDCls, 202 MHz) & ppm -132.3 (s).

OMe OMe
2 LiAlH,, TMSCI
MeO P(OEt), MeO PH,

0 um O
93% vield
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Example 5-0
(3,6-Dimethoxybiphenyl-2-ylphosphine

{6219] The titled compound was prepared as described in the general procedure for
the phosphonate reduction substituting diethyl 3,6-dimethoxybiphenyl-2-yiphosphonate (2.50
g, 7.14 mmol, 1 equiv) for diethylphosphonate, wherein all other reagents were scaled
accordingly, and using the air-free work up method B(0.8 mL waier, 0.8 mL 15% aqueous
sodium hydroxide, 2.4 mL water) (1.64 g, 93% yicld). "H NMR (400 MHz, CDCls) § 7.49 —
7.40 (m, 28), 7.40 — 7.33 (m, 1H), 7.26 — 7.20 (m, 1 H), 6.84 (dt, /= 8.9, 5.9 Hz, 2H), 3.88 (s,
3H), 3.67 (s, 3H), 3.46 (d, J = 215.1 Hz, 2H). *'P NMR (CDCls, 202 MHz) & ppm -154.6 (3).

OMe OMe
O
0 '/ LiATH, TMSCl . o O

P(OEt), PH,
O 98% yield O

Example S-p

MeO

(3,6-Dimethoxy-2',4",6'-trimethyibiphenyl-2-yl)phesphine

[0220] The titled compound was prepared as described in the general procedure for
the phosphonate reduction substituting diethyl 3,6-dimethoxy-2',4",6'-trimethylbiphenyl-2-
yiphosphonate (3.05 g, 7.77 mmol, 1 equiv) for diethylphosphonaie, wherein all other
reagents werce scaled accordingly, and using the air-free work up method B (0.9 mL water, 0.9
mL 15% aqueous sodium hydroxide, 2.7 mL water) (2.19 g, 98% yield). 'H NMR (400 MHz,
CDCL) & ppm 6.95 (s, 2H), 6.83 (dt, ./ = 8.9, 6.0 Hz, 2H), 3.87 (s, 3H), 3.67 (s, 3H), 3.34 (d, ./
=214.2 Hz, 2H), 2.34 (s, 3H), 1.94 (s, 6H). *'P NMR (CDCl, 202 MHz) § ppm -160.4 (s).

O %Me O OMe
/ -
MeO P/(OEt)z LiAlH,;, TMSCIH MeO

PH,
O 98% yield O
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Example 5-g
(2',4',6'-Triisopropy}-3,6-dimethoxybiphenyl-2-yhphosphinc

[8221] The titled compound was prepared as described in the general procedure for
the phosphonate reduction substituting diethyl 2'.4',6"-triisopropyl-3,6-dimethoxybiphenyl-2-
yiphosphonate (3.47 g, 7.28 mmol, 1 equiv) for diethylphosphonate, wherein all other
reagents were scaled accordingly, and using work up method A (6 mL ethyl acetate, 100 mL 1
M aquecous hydrochloric acid) (2.67 g, 98% yield). "H NMR (CDCls, 400 MHz) 8 ppm 7.05
(d, J=3.2 Hz, 2H), 6.86-6.78 (m, 2H), 3.88 (s, 3H), 3.65 (s, 3H), 3.31 (d, /= 215.0 Hz, 2H),
3.01-2.88 (m, 1H), 2.44 (hept, J = 6.8 Hz, 2H), 1.31 (d, /= 6.9 Hz, 6H), 1.15 (d,J = 6.9 Hz,
6H), 1.02 (d, J = 6.8 Hz, 6H). *'P NMR (CDCl;, 202 MHz) & ppm -156.3 ().

OMe OMe

MeCO
LiAlH,, TMSCI O

94%, yield O

Example §-r

MeO

PH,

O O
U]
P(OEL),

(2',4",6'-Triisopropyi-4,5-dimethoxybiphenyl-2-yhphosphine

[0222] The titled compound was prepared as described in the general procedure for
the phosphonate reduction substituting diethyl 2',4",6"-iriisopropyl-4,5-dimethoxybiphenyl-2-
ylphosphonate (1.10 g, 2.31 mmol, 1 equiv) for diethylphosphonate, wherein ali other
reagents were scaled accordingly, and using work up method A (1.7 mL ethyl acetate, 32 mL
1 M aqueous hydrochloric acid) (798 mg, 93% yield). 'H NMR (400 MHz, CDCl3) 8 ppm
7.11 = 7.03 (m, 3H), 6,69 - 6.65 {(m, 1H), 3.96 (d, J =57.3 Hz, 1H), 3.94 (5. 3H), 3.81 (s, 3H),
3.31 (s, 1H), 3.02 - 2.89 (m, 1H), 2.56 - 2.39 (in, 3H), 1.32(d, /= 6.9 Hz, 2H), 1.19(d, /=
6.9 Hz, 2H), 1.04 (d, J = 6.8 Hz, 2H). *'P NMR (CDCl;, 202 MHz) 5 ppm -128.9 (s).

o]
O h LiAlH,, TMSCI O
P(OEt), PH,
O 80% vield O
OMe MeQ OMe

93
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Example 5-s
(3'.5'-Dimethoxybiphenyl-2-yDphosphine

[8224] The titled compound was prepared as described in the general procedure for
the phosphonate reduction substituting diethyl 3',5'-dimethoxybiphenyl-2-yiphosphonate
(2.75 g, 7.85 mmol, 1 equiv) for diethylphosphonate, wherein all other reagents were scaled
accordingly, and using the air-frec work up method B (0.9 mL water, 0.9 mL 15% agueous
sodium hydroxide, 2.7 mL water) (1.54 g, 80% yield). 'H NMR (400 MHz, CDCl;) & ppm
7.55—-7.45 (m, 1H), 7.31 = 7.11 (m, 3H), 6.45 — 6.38 (m, 3H), 3.79 (d, J = 204.4 Hz, 2H),
3.74 (s, 6H). *'P NMR (CDCls, 202 MHz) & ppm -123.5 (1, sy = 200 MHz).

O 7 O
I
P(OEY),

LiAlH,, TMSCI PH,

O 79% yield O

Example 5-t

{4'-tert-Butylbiphenyi-2-yDphosphine

[8225] The titled compound was prepared as described in the general procedure for
the phosphonate reduction substituting diethyl 4'-tert-butylbiphenyl-2-ylphosphonate (2.52 g,
7.27 mmol, 1 equiv) for diethylphosphonate, wherein all other reagents were scaled
accordingly, and using the air-free work up method B (0.8 mL water, (0.8 mL 15% aqueous
sodium hydroxide, 2.5 mL water) (1.40 g, 79% yield). 'H NMR (400 MHz, CDCl;) 8 ppm
7.56 ~ 7.46 (m, 1H), 7.41 ~ 7.33 (m, 2H), 7.30 - 7.09 (m, 5H), 3.78 (d, J = 204.7 Hz, 2H),
1.30 (s, 95). *'P NMR (CDCls, 202 MHz) 8 ppm -121.1 (t, 'Jpy = 204 MHz).

Example ¢6-General procedure for the double conjugate addition to phorone.

[0226] A 20-mL glass liner equipped with a magnetic stir bar was charged with the
primary biarylphosphine (1 equiv) and phorone (2.1 equiv). The glass liner was then placed
into a 30-mL Parr Hastelloy C reactor, which was purged with nitrogen gas and sealed under
30 psig of N;. For air sensitive phosphines, the reaction was setup n a nitrogen-atmosphere
glovebox and sealed under an atmosphere of N, The reaction was stirred overnight in an oil
bath at 170 °C. Upon cooling to room temperature, the Parr reactor was carefully vented and
then unsealed. The glass liner was removed from the Parr body and typically contained a

yellow solid. Ethanol was added to the crude material and manually slurried with a spatula.
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If necessary, gentle heating (50 °C) was applied to aid in breaking the solid apart. The
product was isolated by filtration and the glass liner and filter cake were washed with cold

ethanol (3x).

C D\g 1
PH; phorone P
J 0-c ¢

78% yield

Example 6-a.

Alternative Preparation of 2,2,6,6-Tetramethyl-1-(2',4',6'-triisopropylbiphenyl-
2-yhphosphinan-4-one (Example 1-b)

[0227] The titled compound was prepared as described in the general procedure for
the double conjugate addition to phorone substituting (2',4',6'-triisopropylbiphenyl-2-
yD)phosphine (4.0 g, 12.8 mmol, 1 equiv) for biarylphosphine, wherein all other reagents were
scaled accordingly, and heating for 20 hours (4.49 g, 92 area% by HPLC, 78% yield). 'H

NMR (400 MHz, CDCl;) 8 ppm 7.91 — 7.79 (m, 1H), 7.43 — 7.33 (m, 2H), 7.29 - 7.21 (m,
1H), 7.02 (s, 2H), 3.04 — 2.89 (m, 3H), 2.49 (hept, J = 6.6 Hz, 2H), 2.29(dd, /= 13.6, 4.9 Hz,
2H), 1.32(d,J = 6.9 Hz, 6H), 1.25 - 1.15 (m, 12H), 1.02 - 0.95 {m, 12H). *'P NMR (CDCl,,
202 MHz) 6 ppm 6.1 (8).

o)
- phorone 5
2
oﬁ&

Me,N OMe Me,h
170 °C
72% yield

Example 6-b

1-(2'-(Dimethylamino)-6'-methoxybiphenyl-2-yh-2,2,6,0-tetramethylphosphinan-

4~one

[0228] The titled compound was prepared as described in the general procedure for
the double conjugate addition to phorone substituting 6-methoxy-N,N-dimethy]-2'-
phosphinobiphenyl-2-amine (1.82 g, 7.02 mmol, 1 equiv) for biarylphosphine, wherein all

other reagents were scaled accordingly, and heating for 20 hours (2.01 g, >99 area% by
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HPLC, 72% yield). 'H NMR (400 MHz, CDCl;) & ppm 7.82 (dd, J = 5.3, 3.9 Hz, 1H), 7.47 -
7.40 (m, 1H), 7.36 — 7.27 (1, 3H), 6.69 (dd, J = 8.2, 0.9 Hz, 1H), 6.63 (dd, ./ = 8.3, 0.8 Hz,
1H), 3.63 (s, 3H), 3.03 (d, J = 13.8 Hz, 1H), 2.90 — 2.78 (1, 1H), 2.46 (s, 6H), 2.42 — 2.33 (m,
1H), 2.18 = 2.02 (m, 1H), 1.23 (d, J = 19.6 Hz, 3H), 1.15 (d, J = 9.2 Hz, 3H), 1.00 (¢, /= 17.8
Hz, 3H), 0.62 (d, J= 10.0 Hz, 3H). CNMR (100 MHz, CDCl3) 8 ppm 212.1, 157.1, 152.3
(d,J =3 Hz), 145.6 (d,.J = 36 Hz), 135.8 (d, /=28 Hz), 133.3 (d,J = 7 Hz), 133.1 (d,J= 4
Hz), 128.3,128.2, 125.8, 124.1 (d,J = 7 Hz), 110.5, 104.1, 55.2, 54.7 (d, /= 3 Hz), 52.3,
43.6,35.8 (d,J =21 Hz), 34.9 (d, J =24 Hz), 33.8 {d, J = 39 Hz), 31.2 (d, /= 34 Hz), 29.6 (d,
J=9Hz),29.0 (d.J=7 Hz). P NMR (CDCl;, 202 MHz) & ppm 0.0 (s). LRMS (ESI")
found for [M+H, Cp4H3sNO,PT 398.2.

O i
horone O
P P

PH,

MGQN NM@Q MeoN NMeZ
ST ¢
65% yield

Example 6-¢

1-(2%,6"-Bis(dimethylamino)biphenyi-2-yi)-2,2,6,6-tetramethylphosphinan-4-one

[0229] The titled compound was prepared as described in the gencral procedure for
the double conjugate addition to phorone substituting N°, N2, N, N* -tetramethyl-2'-
phosphinobiphenyl-2,6-diamine (2.89 g, 10.6 mmol, 1 equiv) for biarylphosphine, wherein all
other reagents were scaled accordingly, and heating for 20 hours (2.81 g, 87 area% by HPLC,
65% yield). "H NMR (400 MHz, CDCL) § ppm 7.79 (d, J = 7.7 Hz, 1H), 7.50 - 7.35 (m,
2H), 7.35 ~ 7.26 (1, 2H), 6.93 - 6.82 (m, 2H), 2.91 (dd, J = 13.9, 2.9 Hz, 2H), 2.46 (s, 12H),
2.30 (ddd, J= 14.0, 10.2, 4.1 Hz, 2H), 1.15 (s, 3H), 1.10 (s, 3H), 0.95 (s, 3H), 0.93 (s, 3H).
BCNMR (100 MHz, CDCL) 8 ppm 212.0, 153.1, 147.6, 135.5 (d.J =29 Hz), 133.9(d, /=4
Hz), 133.5(d,J=7Hz), 132.7-131.8 (m), 128.3, 127.6, 125.5, 114 .4, 53.7, 45.5, 35.1, 34.9,
33.4, 33.0, 29.6, 29.5. *'P NMR (CDCls, 202 MHz) & ppm 0.0 (s). HRMS (TOF-ESI') caled
for [M, CysH3sN;OP]™ 410.2487, found 410.2491.
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Example 6-d
1-(2',6'-Dimethoxybiphenyl-2-y1)-2,2,6,6-tetramethylphosphinan-4-one

[0230] The titled compound was prepared as described in the general procedure for
the double conjugate addition to phorone substituling (2',6'-dimethoxybiphenyl-2-
yl)phosphine (3.80 g, 15.4 mmol, 1 equiv) for biarylphosphine, wherein all other reagents
were scaled accordingly, and heating for 19 hours (2.81 g, 84 area% by HPLC, 65% yield).
'H NMR (400 MHz, CDCls) 8 ppm 7.83 (d, J= 7.7 Hz, 1H), 7.50 — 7.41 (m, 1H), 7.41 - 7.29
(m, 2H), 7.22 (ddd, J = 7.5, 3.8, 1.3 Hz, 1H), 6.60 (1, /= 9.3 Hz, 2H}, 3.69 (s, 6H), 2.91 (dd,.J
=13.1, 3.9 Hz, 2H), 2.29 (dt,J = 21.8, 10.9 Hz, 2H), 1.16 (s, 3H), 1.12 (s, 3H), 0.98 (s, 3H),
0.96 (s, 3H). *C NMR (100 MHz, CDClL;) 8 ppm 211.7, 156.8 (d, J = 2 Hz), 144.0 (d,J =38
Hz), 135.8(d, /=26 Hz), 132.7(d, /=4 Hz), 131.6 (d,J= 7 Hz), 128.8, 128.5, 126.3, 119.8
(d,J=9 Hz), 103.0, 55.3, 53.7, 35.6, 35.6, 35.4, 35.4,32.6, 32.2,29.5 (d, /= 7 Hz). *'P
NMR (CDCls, 202 MHz) 8 ppm -0.5 (s). LRMS (ESI") found for [M+H, Cy3H300:P1"

385.1.
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Example 6-¢

1-(2',6'-Diisopropexybiphenyl-2-y)-2,2,6,6-tetramethylphosphinan-4-one

[6231] The titled compound was prepared as described in the general procedure for
the double conjugate addition to phorone substituting (2'.6'-diisopropoxybiphenyi-2-
yDphosphine (3.93 g, 13.0 mmol, 1 equiv) for biaryiphosphine, wherein all other reagents
were scaled accordingly, and heating for 15 hours (2.81 g, 83 area% by HPLC, 49% yield).
'H NMR (400 MHz, CDC13) 8 ppm 7.77 (dd, ./ = 5.4, 3.7 Hz, 1H), 7.38 — 7.27 (m, 2H), 7.22
(dd,J= 7.3, 4.0 Hz, 1H), 7.10 (ddd, /= 7.4, 3.8, 1.7 Hz, 1 H), 6.56 (d, J = 8.3 Hz, 2H), 4.42
(hept, J = 6.1 Hz, 2H), 2.95 (dd, J = 13.3, 2.2 Hz, 2H), 2.27 (dd, /= 13.3, 4.8 Hz, 2H), 1.18
(dd,J=12.3, 8.6 Hz, 12H), 1.04 (d,.J = 6.0 Hz, 6H), 0.99 (d,J = 9.9 Hz, 6H). *'P NMR
(CDCl, 202 MHz) & ppm -1.3(s). LRMS (ESI") found for [M+H, Cy7H330:P]" 441.2.
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Example 6-f

1-(2'<(Dimethylamino)biphenyl-2-y1)-2,2,6,6-tetramethylphosphinan-4-one

[0232] The titled compound was prepared as described in the general procedure for
the double conjugate addition 1o phorone in a nitrogen-atmosphere glovebox substituting NN~
dimethyl-2'-phosphinobiphenyl-2-amine (1.05 g, 4.58 mmol, 1 equiv) for biarylphosphine,
wherein all other reagents were scaled accordingly, and heating for 18.5 hours. (1.15 g, 68
area% by HPLC, 68% yield). 'H NMR (400 MHz, CDCly) 8 ppm 7.81 (d, J = 7.7 Hz, 1H),
7.46 {1, =74 Hz, 1H), 7.39 - 7.28 (m, 3H), 7.05 - 6.96 (m, 3H), 3.06 {d, /= 13.7 Hz, LH),
2.83 (d,J=12.6 Hz, 1H), 2.48 (s, 6H), 2.44 ~ 2.32 (1, 1H), 2.05 (ddd, J= 12.6, 4.6, 1 4 Hz,
1H), 1.33 - 1.15 (m, 6H), 1.00 (d, = 17.8 Hz, 3H), 0.56 (d, J = 9.9 Hz, 3H). P NMR
(CDCls, 202 MHz) 8 ppm 9.5 (s). LRMS (ESI") found for [M+H, Co:Hz NOP]" 368.1.
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Example 6-g

1-(Biphenyi-2-y1)-2,2,6,6-tetramethylphosphinan-4-one

[0233] The titled compound was prepared as described in the general procedure for
the double conjugate addition to phorone in a nitrogen-atmosphere glovebox substituting
biphenyl-2-ylphosphine (2.73 g, 14.7 mmol, 1 equiv) for biarylphosphine, wherein all other
reagents were scaled accordingly, and heating for 21 hours (3.05 g, >99 area% by HPLC,
64% yield). 'H NMR (400 MHz, CDCl;) & ppm 7.96 — 7.86 (m, 1H), 7.52 — 7.33 (m, 6H),
7.33 = 7.24 (m, 2H), 3.07 ~ 2.86 (m, 2H), 2.32 (dd, J = 13.0, 4.9 Hz, 2H), 1.23 (s, 3H), 1.19
(s, 3H), 1.01 (s, 3H), 6,99 (s, 3H). "C NMR (100 MHz, CDCL) 8§ ppm 211.0, 151.7 (d,J = 35
Hz), 142.8 (d,J = 8 Hz), 134.0 (d, J = 30 Hz), 133.0 (d,J = 4 Hz), 130.9 (d, J = 6 Hz), 130.3
{d,J=5Hz), 128.7, 127.1, 126.5, 126.4, 53.4 (d,J = | Hz}, 36.0 (d, J =21 Hz), 32.2, 31.9,
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30.1 (d, J = 8 Hz). *'P NMR (CDCl;, 202 MHz) 8 ppm -3.9 (s). HRMS (TOF-ESI") caled for
[M, CyiHasOP)' 324.1643, found 324.1638.
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Example 6-h

1-(1,1"-Binaphthyl-2-y1)-2,2,6,6-tetramethyiphosphinan-4-one

[8234] The titled compound was prepared as described in the general procedure for
the double conjugate addition to phorone in a nitrogen-atmosphere glovebox substituting 1,1'-
binaphthyi-2-yiphosphine (1.73 g, 6.04 mmol, 1 equiv) for biarylphosphine, wherein all other
reagents were scaled accordingly, and heating for 20 hours (1.71 g, 91 arca% by HPLC, 67%
yield). "H NMR (400 MHz, CDCl3) 8 ppm 8.10 ~ 7.86 (m, SH), 7.66 ~ 7.55 (m, 1H), 7.48
(dddd, .J=16.4, 8.1, 6.8, 1.2 Hz, 2H), 7.40 - 7.31 (m, 1H), 7.30 ~ 7.20 (m, 2H), 7.14 (t, /=
9.3 Hz, 2H), 3.19 — 2.90 (m, 2H), 2.31 {(dddd, J = 22.0, 13.0, 4.9, 1.1 Hz, 2H), 1.18 - 1.08 (m,
3H), 1.07 - 0.89 (m, 9H). C NMR (100 MHz, CDCl;) 8 ppm 211.1, 148.3 (d, J = 37 Hz),
138.1 (d, J= 10 Hz), 133.6 (d, /= {6 Hz), 133.4 (d, /= 5 Hz), 133.1, 133.0 (d, /= 2 Hz),
133.0, 129.0 (d, /=4 Hz), 128.8 (d,.J = 3 Hz), 128.0, 127.6 — 127.4 (m), 127.3 (d,J= 11 Hz),
[26.7 (d, J= 6 Hz), 126.2, 125.4 {d, J= 6 Hz), 124.5, 54.1, 53.4, 36.3 (d,.J = 22 Hz), 35.5 (d,
J =122 Hz), 32.7(d, J= 36 Hz), 31.9 (d, J = 34 Hz), 30.7 (d, J = 7 Hz), 30.0 (d, J = § Hz). °'P
NMR (CDCls, 202 MHz) & ppm -1.1 (s). LRMS (EST") found for [M+H, CaoH3OP]"

425.2,
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Example 6-i

1-(2'-Methoxy-1,1"-binaphthyl-2-y1}-2,2,6,6-tetramethylphosphinan-4-one

{6235] The titled compound was prepared as described in the general procedure for
the double conjugate addition to phorone in a nitrogen-atmosphere glovebox substituting (2'-
methoxy-1,1"-binaphthyl-2-yl)phosphine (808 mg, 2.55 mmol, 1 equiv) for biarylphosphine,
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wherein all other reagents were scaled accordingly, and heating for 19.5 hours (1.07 g, 92
area% by HPLC, 92% vield). ‘H NMR (400 MHz, CDCl3) 8 ppm 8.11 — 7.81 (i, 5H), 7.55 -
7.46 (m, 1H), 7.46 — 7.38 (m, 1H), 7.35 ~ 7.20 (m, 2H), 7.20 — 7.09 (m, 2H}, 6.94 ~ 6.84 (1n,
1H), 3.76 (4, J = 3.7 Hz, 3H), 3.09 — 2.94 (m, 2H), 2.44 ~2.23 (m, 2H), 1.19 — 109 (m, 3H),
1.06 (,J = 8.5 Hz, 3H), 0.94 — (.85 (m, 6H). “C NMR (100 MHz, CDCl;) § ppm 21 1.5,
153.6, 145.1 (d, J = 38 Hz), 134.1 (d, J = 28 Hz), 133.9 (d,J =2 Hz), 133.3,133.2(d,/= 8
Hz), 129.4,129.3 (d, /= 3 Hz), 128.3, 127.6, 127.4, 127.0 (d, J = 3 Hz), 126.9, 126.6, 126.1,
125.9,125.6,122.9, 122.3 (4, /= 10 Hz), 112.2, 55.6, 54.0, 53.7,35.7 (d, J = 23 H7), 35.4 (d,
J=22Hz),32.9(d,J= 37 Hz), 32.5 (d,.J = 36 Hz), 30.4 (d, J= 7 Hz), 29.8 (d, /= 7 Hz). *'P
NMR (CDCly, 202 MHz) § ppm -1.3 (). LRMS (EST') found for [M+H, C3cH30.P]
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Example 6-j

2,2,6,6-Tetramethyl-1-(2-(naphthalen-1-yhphenyl)phosphinan-4-one

{0236] The titled compound was prepared as described in the general procedure for
the double conjugate addition to phorone in a nitrogen-atmosphere glovebox substituting (2-
(naphthalen-{-yl)phenyl)phosphine (1.07 g, 4.52 mmol, 1 equiv) for biarylphosphine, wherein
all other reagents were scaled accordingly, and heating for 18 hours (1.44 g, 87 area% by
HPLC, 85% vield). 'H NMR (400 MHz, CDCL;) 8 8.04 — 7.96 (m, 1H), 7.96 — 7.87 (m, 2H),
7.61 —7.47 (m, 4H), 7.44 — 7.36 (m, 3H), 7.35 — 7.27 {(m, 1H}, 2.99 (ddd, /= 13.0, 11.3, 3.1
Hz, 2H), 2.43 —2.20 (m, 2H), 1.18 = 0.96 (m, 12H). “C NMR (100 MHz, CDCl;) 8 ppm
211.0, 1495 (d,.J= 37 Hz), 140.5(d, /= 9 Hz), 135.9 (d,./ = 29 Hz), 133.3 - 132.8 (m),
132.4(d, J= 2 Hz), 131.5 (d,J = 6 Hz), 128.8, 127.9, 127.8 (d,./= 3 Hz), 127.2, 127.0,
126.6,125.3,125.2, 124.4,54.0 (d, /=1 Hz), 52.9(d,./J= 1 Hz), 36.2 (d,J= 22 Hz), 35.4 (d,
J =122 Hz),32.5 (d,J = 35 Hz), 31.5 (d, /= 33 Hz), 30.4 (d, /= 7 Hz), 30.0 (d, J= 8 Hz). 7P
NMR (CDCl4, 202 MHz) 8 ppm -4.9 (s). LRMS (EST") found for [M+H, CpsH50P]"
375.2,
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Example 6-k

2,2,6,6-Tetramethyl-1-(2-(naphthalen-2-ylphenyl)phosphinan-4-one

[0237] The titled compound was prepared as described in the general procedure for
the double conjugate addition to phorone in a nifrogen-atmosphere glovebox substituting (2-
(naphthalen-2-yphenyl)phosphine (1.41 g, 5.98 mmol, 1 equiv) for biarylphosphine, wherein
all other reagents were scaled accordingly, and heating for 18 hours (1.74 g, 99 area% by
HPLC, 78% yield). "H NMR (400 MHz, CDCl) 8 ppm 7.99 — 7.80 (m, 4H), 7.68 (s, 1H),
7.58 —7.37 (m, 6H), 3.07 ~ 2.84 (m, 2H), 2.39 —2.22 (m, 2H), 1.18 (s, 3H), 1.14 (s, 3H), 1.02
(s, 3H), 0.99 (d, J = 9.0 Hz, 3H). “C NMR (100 MHz, CDCl;) 8 ppm 210.9, 151.6 (d, ./ = 34
Hz), 140.6 (d, J= 8 Hz), 134.2 (d,/ =30 Hz), 133.0 (d,/J=4 Hz), 132.7, 131.9, 1312 (d,J =
6 Hz), 129.3 (d, /= 6 Hz), 128.8, 128.6 (d, J = 3 Hz), 127.7, 127.5, 126.7, 126.2, 125.8,
125.5, 53.5, 36.2, 36.0, 32.1, 31.8, 30.2, 30.1. *'P NMR (CDCl, 202 MHz) § ppm -6.8 (s).
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Example 6-1

2,2,6,6-Tetramethyl-1-(1',3',5'-triphenyl-1' H-1,4'-bipyrazoel-S-y)phosphinan-4-

one

[0238] The titled compound was prepared as described in the general procedure for
the double conjugate addition to phorone substituting 1',3',5-triphenyl-5-phospbino-1'H-1,4"-
bipyrazole (2.36 g, 5.98 mumol, 1 equiv) for biarylphosphine, wherein all other reagents were
scaled accordingly, and heating for 21.5 hours (1.64 g, 80 area% by HPLC, 52% yield). H
NMR (400 MHz, CDCl;) & ppm 8.20 (d, /= 2.0 Hz, 1H), 7.76 - 7.61 (m, 4H), 7.61 — 7.28 (m,
13H), 6.80 (t, J = 3.3 Hz, 1H), 2.93 = 2.75 (m, 2H), 227 — 2.12 (m, 2H), 1.12 (dd, /= 18.5
Hz, 6H), 0.30 (d, J= 12.1 Hz, 3H), 0.01 (d,J = 12.0 Hz, 3H). ®C NMR (100 MHz, CDCl) &
ppm 210.3, 149.2, 141.9, 141.7, 141.0 (d, /= 2 Hz), 140.3 (d, /= 2 Hz), 139.6, 131.3, 129.4,
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128.6, 128.5, 128.1, 128.1, 128.1, 128.0, 127.3, 127.2, 125.1, 120.4, 111.9 (d, J = § Hz), 52.7
—52.4 (m), 35.5 (d, J=3 Hz), 35.3 (d, J= 4 Hz), 30.0 (d,.J = 7 Hz), 29.6 (d, J = 7 Hz), 29.4
(d,J =9 Hz), 28.3 (d,J = 9 Hz). *'P NMR (CDCL, 202 MHz) 8 ppm -21.6 (). LRMS
(EST") found for [M+H, Cs3HN,OP]" 533.2.
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Example 6-m
2,2,6,6-Tetramethyl-1-(1-phenyl-1 H-pyrazol-5-yhphosphinan-4-one

[6239] The titled compound was prepared as described in the general procedure for
the double conjugate addition to phorone in a nitrogen-atmosphere glovebox substituting 1-
phenyl-5-phosphino-1 H-pyrazole (1.45 g, 8.23 mmol, 1 equiv) for biarylphosphine, wherein
all other reagents were scaled accordingly, and heating for 18 hours (1.08 g, 67 area% by
HPLC, 42% yield). "H NMR (400 MHz, CDCL) 8 ppm 7.81 (t,J = 3.3 Hz, 1H), 7.49 - 7.38
(m, SH), 6.87 ~ 6.71 (m, 1H), 3.02 - 2.87 (m, 2H), 2.25 (dd, /= 12.7, 5.6 Hz, 2H), 1.24 (s,
3H), 1.20 (s, 3H), 0.96 (s, 3H), 0.93 (s, 3H). “C NMR (100 MHz, CDCls) & ppm 216.0, 139.7
(d,J=2 Hz), 138.5 (d,J= 28 Hz), 128.3, 128.2, 127.7 (d,J = 5 Hz), 112.0 (d, J = 5 Hz),
52.7, 52.6, 36.1, 35.9, 30.3, 30.2, 30.2, 29.9. *'P NMR (CDCls, 202 MHz) 8 ppm -22.0 (s).
LRMS (ESI") found for [M+H, CisHaaN,OP]" 315.1.
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Example 6-n

1-2<(1H-Pyrrol-1-yl)phenyi)-2,2,6,6-tetramethylphosphinan-4-one

[6240] The titled compound was prepared as described in the general procedure for
the double conjugate addition to phorone in a nifrogen-atmosphere glovebox substituting 1-
(2-phosphinophenyl)-1H-pyrrole (2.00 g, 11.4 mmol, | equiv) for biarylphosphine, wherein
all other reagents were scaled accordingly, and heating for 19 hours (1.65 g, 85 area% by
HPLC, 46% yield). "H NMR (400 MHz, CDCL) 8 ppm 7.96 — 7.83 (m, 1H), 7.54 — 7.41 (m,
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2H), 7.41 —7.33 (m, 1H), 6.86 — 6.73 (m, 2H), 6.37 - 6.23 (m, 2H), 2.91 (dd, J = 13.0, 3.3
Hz, 2H), 2.41 - 2.26 (m, 2H), 1.25 (s, 3H), 1.20 (s, 3H), 0.98 (s, 3H), 0.96 (s, 3H). BCNMR
(100 MHz, CDCl;) 8 ppm 210.5, 148.4 (d, J = 28 Hz), 134.2 (d, J = 34 Hz), 133.4 (d, J = 4
Hz), 129.9, 128.4 (d,J = 3 Hz), 127.4, 123.3 (d, /=3 Hz), 108.4, 53.2, 35.7, 35.5, 32.2, 31.8,
30.0, 29.9. *'P NMR (CDCls, 202 MHz) 8 ppm -5.4 (s). LRMS (EST") found for [M+H,
C1oH2sNOP]" 314.1.

OMe OMe
O phorone O
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75% yield

Example 6-0

1-(3,6-Dimethoxybiphenyl-2-¥1)-2,2,6,6-tetramethylphosphinan-4-one

[0241] The titled compound was prepared as described in the general procedure for
the double conjugate addition to phorone in a nitrogen-atmosphere glovebox substituting (3,6-
dimethoxybiphenyl-2-yl)phosphine (1.58 g, 6.42 mmol, 1 equiv) for biarylphosphine, wherein
all other reagents were scaled accordingly, and heating for 18 hours (1,84 g, 87 area®™ by
HPLC, 75% yield). 'H NMR (400 MHz, CDCl3) & ppm 7.44 — 7.27 (m, 3H), 7.11 ~ 7.03 (m,
2H), 7.00 (d,./ = 8.9 Hz, 1H), 6.87 (dd, /= 10.2, 6.9 Hz, 1H), 3.82 (s, 3H), 3.65 (s, 3H), 3.13
(d, J=12.4 Hz, 2H),2.15 (dd, 7= 12.6, 5.3 Hz, 2H), 1.12 (s, 3H), 1.07 (s, 3H), 0.95 (s, 3H),

Hz), 142.9(d,J = 42 Hz), 139.2 (d, J = 12 Hz), 130.5 (d,.J= 5 Hz), 126.9, 126.0, 124.6 (d, J
= 44 Hz), 113.3, 108.5, 56.5, 54.6, 54.6, 54.4, 35.8, 35.5, 34.1, 33.6, 30.4, 30.3. *'P NMR
(CDCls, 202 MHz) & ppm 0.1 (s). HRMS (TOF-ESI*) caled for [M, CpsHasO5P]* 384.1854,
found 384.1860.

OMe OMe
MeO O PH, phorone MeO O . 5
) e q
46% yield
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Example 6-p

1-(3,6-Dimethoxy-2',4',6'-trimethylbiphenyl-2-yh-2,2,6,6~

tetramethylphasphinan-4-one

[0242] The titled compound was prepared as described in the general procedure for
the double conjugate addition to phorone substituting (3,6-dimethoxy-2',4",6'-
trimethylbiphenyl-2-yhphosphine (2.08 g, 7.23 mmol, | equiv) for biarylphosphine, wherein
all other reagents were scaled accordingly, and heating for 19 hours (1.65 g, 88 arca% by
HPLC, 46% yield). "H NMR (400 MHz, CDCL) § ppm 7.03 ~ 6.95 (m, 1H), 6.85 (dd, J =
12.9, 9.0 Hz, 3H), 3.79 (s, 3H), 3.64 (s, 3H), 2.98 (dd, /= 14.3, 4.3 Hz, 2H), 2.33 (s, 3H),
2.31~2.21 (m, 2H), 1.95 (s, 611), 1.17 - L.11 (m, 3H), 1.08 (s, 3H), 0.99 (s, 3H), 0.97 (s, 3H).
BCNMR (100 MHz, CDCl3) 8 ppm 213.4, 154.5, 151.4 (d, J = 12 Hz), 140.7 (d, J = 41 Hz),
135.7,135.4(d, /= 3 Hz), 134.5 (d, /= 10 Hz), 127.2,124.2 (d,.J= 43 Hz), 113.1, 108.5,
56.3, 543, 54.3, 54.2, 35.0, 34.5, 34.5, 34.2,29.0 (d, /= 3 Hz), 21.6, 21.4, 21.3. *'P NMR
(CDCls, 202 MHz) 3 ppm 6.8 (s). HRMS (TOF-EST") caled for [M, CpsH3sO5P]" 426.2324,
found 426.2327,

l OMe OMe
MeO

PH, phorone MeO B

O 160 °C

66% vield

7\

Example 6-q

2,2,6,6-Tetramethyl-1-(2',4',6'-triisopropyl-3,6-dimethoxybiphenyl-2-
yhphosphinan-4-one

[6243] The titled compound was prepared as described in the general procedure for
the double conjugate addition to phorone substituting (2,4',6'-triisopropyl-3,6-
dimethoxybipheny!-2-yl)phosphine (1.80 g, 4.83 mmol, 1 equiv) for biarylphosphine, wherein
all other reagents were scaled accordingly, and heating for 19 hours followed by purification
via silica gel column chromatography (80-g column; gradient: 2 column volumes heptane,
ramp up to 80:20 heptane:ethyl acetate over 8 colummn volumes, hold at 80:20 for 4 column
volumes) (1.63 g, 93 area% by HPLC, 66% yield). 'H NMR (CDCly, 400 MHz) & ppm 7.00
(s, 2H), 6.98 ~ 6.86 (i, 2H), 3.85 (s, 3H), 3.62 (s, 3H), 3.08 (dd, /= 12.8, 1.7 Hz, 1H), 2.98
(bept, J = 6.7 Hz, 1H), 2.48 (hept, /= 6.7 Hz, 1H), 2.21 (dd, J=12.8, 5.0 Hz, 1H), 1.35(d,J
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= 6.9 Hz, 6H), 1.25 (d, /= 6.8 Hz, 6H), 1.16 (d, /= 22.8 Hz, 3H), 1.02 ~ (.94 (m, 12H). °C
NMR (100 MHz, CDCl;) 6 ppm 213.8, 154.1 (d, J=2 Hz), 152.2 (d, /= 12 Hz), 146.9, 145.6
(d,J =2 Hz), 140.5 (d,.J = 42 Hz), 132.0 (d, J = 10 Hz), 125.4 (d, /= 44 Hz), 119.8, 111.4,
107.9,55.3 (d, J =4 Hz), 54.6, 54.2, 36.4, 36.1, 34.9, 344, 34.1, 30.9,29.4 (d, /= 3 Hz),
25.5,2423,23.9. 3'P NMR (CDCl,, 202 MHz) & ppm 6.2 {(br s). HRMS (TOF-BESI™) caled for
M, C3Hy7O5PT 510.3263, found 510.3267.

OMe OMe

MeO MeQO o
phorone O
PH, P

170 °C O
71% yield

Example 6-r

2,2,6,6-Tetramethyi-1-(2',4',6'-triisopropyi-4,5-dimethoxybiphenyl-2-
ybhphosphinan-4-one

[8244] The titled compound was prepared as described in the general procedure for
the double conjugate addition to phorone substituting (2',4",6'-triisopropyl-4,5-
dimethoxybiphenyl-2-yDphosphine (600 mg, 1.61 mumol, 1 equiv) for biarylphosphine,
wherein all other reagents were scaled accordingly, and heating for 16 hours. The product
was shurried in 2 mixture of heptane and collected by filtration (581 mg, 97% pure by 'H
NMR, 71% yield). 'HNMR (400 MHz, CDCLk) 8 ppm 7.29 (d, J = 1.0 Hz, 1H), 7.02 (s, 2H),
6.72 {(d,J=3.6 Hz, 1H),3.94 (d, J = 5.2 Hz, 3H), 3.84 (d, J = 8.4 Hz, 3H), 3.01 - 2.85 (m,
3H), 2.65 - 2.51 (m, 2H), 2.34 (dt, J = 14.6, 5.2 Hz, 2H), 1.32(d, J = 6.9 Hz, 6H), 1.26 - 1.21
(1n, 9H), 1.18 (s, 3H), 1.05 — 0.99 (m, 12H). “C NMR (100 MHz, CDC}) & ppm 211.0, 148.6
{d,J=1Hz), 1474, 146.4, 145.8, 143.0 (¢, /=39 Hz), 135.9(d, /=6 Hz), 126.0(d, /=29
Hz), 120.3, 115.9 (d, /=3 Hz), 115.3 (d, /=8 Hz), 56.1, 55.8, 53.9 (d, J = 1 Hz), 36.3, 36.0,
34.2,32.9,32.5,30.7,30.2 (d,J = 6 Hz), 26.7, 24.3, 23.3. *'P NMR (CDCl;, 202 MHz) &
ppm -0.9 (s). LRMS (ESI") found for [M+H, C32His03P]" 511.2.

O
O horone O
P 2

PH;

A, s O
OMe 66% yicld MeQ OMe
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Example 6-s
1-(3',5'-Dimecthoxybiphenyl-2-y1)-2,2,6,6-tetramethylphosphinan-4-one

[0246] The titled compound was prepared as described in the general procedure for
the double conjugate addition to phorone in a nitrogen-atmosphere glovebox substituting
(3',5'-dimethoxybiphenyl-2-yl)phosphine (1.30 g, 5.28 mmol, | equiv) for biarylphosphine,
wherein all other reagents were scaled accordingly, and heating for 18 hours (1.33 g, 94
arca% by HPLC, 66% yield). "H NMR (400 MHz, CDCl;) & ppm 7.87 (dt, J = 6.2, 1.8 Hz,
1H), 7.46 — 7.36 (m, 2H), 7.36 — 7.30 (m, 1H), 6.46 (t, /= 2.3 Hz, 1H), 6.39 (d,.J= 2.3 Hz,
2H), 3.81 (s, 6H), 2.94 (dd, J = 13.0, 3.3 Hz, 2H), 2.30 (dd, / = 13.0, 4.9 Hz, 2H), 1.22 (s,
3H), 1.17 (s, 3H), 0.99 (s, 3H), 0.96 (s, 3H). “CNMR (100 MHz, CDCly) 8 ppm 211.0,
159.3, 151.6 (d,J = 36 Hz), 144.8 (d, J= 8 Hz), 134.0 (d, /= 30 Hz), 132.9 (d, J = 4 Hz),
130.4 (d, J= 6 Hz), 128.7, 126.6, 108.8 (d, J = 4 Hz), 98.6, 55.4, 53.5, 36.1, 35.9,32.3, 31.9,
30.2 (d,J = 7 Hz). *'P NMR (CDCl, 202 MHz) 8 ppm -3.7 (). HRMS (TOR-ESI") caled for
[M, Cy3Ha05P]" 384.1854, found 384.18604.

(J O\ge

PH, phorone

9 e

79% yield

Example 6-t
1-(4'-tert-Butylbiphenyl-2-y1)-2,2,6,6-tctramethylphosphinan-4-one

{0247] The titled compound was prepared as described in the general procedure for
the double conjugate addition 1o phorone in a nitrogen-atmosphere glovebox substituting (4'-
tert-butylbiphenyl-2-yDphosphine (1.24 g, 5.10 mmol, 1 equiv) for biarylphosphine, wherein
all other reagents were scaled accordingly, and heating for 17 hours followed by purification
via silica gel columm chromatography (80-g column; gradient: 2 column volumes heptane,
ramp up to 85:15 heptane:ethy! acetate over 8 column volumes, hold at 85:15 for 2 column
volumes) to afford the air-stable product as a white powder (1.53 g, 74 area% by HPLC, 79%
yield). "H NMR (400 MHz, CDCls) 8 ppm 7.87 (d, J = 7.5 Hz, 1H), 7.46 — 7.36 (1, 4H), 7.36
- 7.30 (m, 1H), 7.19 (d, J = 7.9 Hz, 2H), 2.95 (dd, /= 12.9, 2.7 Hz, 2H), 2.28 (dd, J = 13.0,
4.8 Hz, 2H), 1.39 (s, 8H), 1.22 (s, 3H), 1.17 {s, 3H), 0.96 (d,J = 10.0 Hz, 6H). “C NMR (100
MHz, CDCls) éﬂppm 2113, 151.7 (d,J= 34 Hz), 148.8, 139.6 (d, J = § Hz), 134.1 (d, . = 30
Hz), 132.9(d,J=4 Hz), 131.2 (d, J = 6 Hz), 130.1 (d, /= 5 Hz), 128.7, 126.3, 124.0, 53.4,
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36.2,35.9,34.7,32.3,31.9,31.7,30.2 (d, J = § Hz). *'P NMR (CDCls, 202 MHz) § ppm -4.3
{(br 5). HRMS (TOF-ESI") caled for [M, CysH330P]" 380.2269, found 380.2282.

Example 7. General procedure for the phosphorinone ketalization

{0248] To a round-bottom flask equipped with a magnetic stir bar was added the
biaryl phosphorinone (1 equiv) and p-toluenesulfonic acid (0.1 equiv). The flask was purged
with nitrogen for 15 minutes, and then anhydrous nitrogen-sparged toluene was added (0.1 M
in the phosphorinone), followed by ethylene glycol (10 equiv). The reaction flask was fitted
with a Dean-Stark trap and heated to reflux under a N; atmosphere. The distilled toluene and
water were collected in the Dean-Stark trap. Reaction conversion was determined by reverse
phase HPLC. Upon completion of the reaction, the solution was cooled to room temperature
and quenched with aqueous saturated sodium bicarbonate. The phases were partitioned, and
the organic layer was collected. The agueous layer was then washed with ethyl acetate (3x),
and the combined organic fractions were washed once with brine, dried over sodium sulfate,
filtered, and concentrated on a rotary evaporator. The resulting crude material was then
crystallized from a saturated ethanol solution. The crystalline material was isolaled by

filtration, washed with ice-cold ethanol, and dried under vacuum at room temperature.

O O
Y e oy
P p-toluenesulfonic acid P
O toluene O
115°C
. >09% yield

Example 7-a

Alternative Preparation of 7,7,9,9-Tetramethyl-8-(2',4',6'-triisopropylbiphenyl-
2-yi)-1,4-dioxa-8-phosphaspire[4.5]decane (Example 1-d)

[6249] The titled compound was prepared as described in the general procedure for
the phosphorinone ketalization substituting 2,2,6,6-tetramethyl-1-(2',4',6'-
triisopropylbiphenyl-2-yl)phosphinan-4-one (2.79 g, 6.19 mmol, 1 equiv) for biaryl
phosphorinone, wherein all other reagents were scaled accordingly, and refluxing for 3 hours,
followed by purification via crystallization from a saturated ethanol solution (3.06 g, 95
area% by HPLC, >99% yield). "H NMR (400 MHz, CDCl) § ppm 7.79 ~ 7.71 (i, 1H), 7.35
~7.27 (m, 2H), 7.19 - 7.12 (m, 1H), 7.00 (s, 2H), 4.09 - 3.99 (m, 2H), 3.99 - 3.90 {m, 2H),
2.94 (hept,.J = 7.0 Hz, 1H), 2.49 (hept, J = 6.7 Hz, 2H), 2.15 (d,.J = 14.3 Hz, 2H), 1.67 (dd, J

107



WO 2012/009698 PCT/US2011/044282

=14.3, 5.7 Hz, 2H), 1.36 - 1.29 (m, 9H), 1.28 — 1.19 {m, 9H), 0.95 (d,J = 6.7 Hz, 6H), 0.87
(d,J=10.1 Hz, 6H). >C NMR (100 MHz, CDCl;) 8 ppm 148.8 (d,.J = 36 Hz), 147.0, 145.5,
136.7(d, /= 16 Hz), 136.5 (d,J= 9 Hz), 133.8 (d, /= 3 Hz), 132.3(d, /= 7 Hz), 127.6,
125.8,120.2, 110.6, 64.9, 63.1, 44.9 (d, J = 3 Hz), 34.2, 32.6, 32.3 (d, J/ = 6 Hz), 32.1, 31.3 (4,
J=17Hz),30.6,26.3, 24.3, 23.4. *'P NMR (CDCl,, 202 MHz) § ppm -9.4 (s). LRMS (ESI")
found for [M+H, CxH:0,P]" 495.3.

O o) no ™~ O/>
P p-toluenesulfonic acid O S ©
Me;N OMe toluene Me,N OMe
T )

76% yield

Example 7-b

6-Methoxy-N,N-dimethyl-2'-(7,7,9,9-tetramethyl-1,4-dioxa-~8-
phosphaspiro[4.5jdecan-8-yl)biphenyl-2-amine

[0256] The titled compound was prepared as described in the general procedure for
the phosphorinone ketalization substituting 1-(2'-(dimethylamino)-6'-methoxybiphenyi-2-y1)-
2,2,6,6-tetramethylphosphinan-4-one (1.48 g, 3.72 mmol, 1 equiv) for biaryl phosphorinone,
wherein all other reagents were scaled accordingly, and refluxing for 5.5 hours, followed by
purification via crystallization from a saturated methanol solution (1.24 g, 97 area% by
HPLC, 76% yield). "H NMR (400 MHz, CDCly) 8 ppm 7.68 — 7.58 (m, 1H), 7.34 — 7.08 (m,
4H), 6.60 (dt,J = 5.4,2.2 Hz, 1H), 6.52 (dd, J = 8.3, 0.8 Hz, 1H), 3.98 - 3.76 (m, 41), 3.52
(s, 3H), 2.36 (s, 6H), 2.13 (d, /= 14.4 Hz, 1H), 1.84 (dd, J = 14.2, 1.1 Hz, 1H), 1.74 - 1.60
(m, 1H), 1.49 - 1.38 (m, 1H), 1.20(t, /= 12.9 Hz, 3H), 1.05 ({,/ = 14.9 Hz, 3H), 0.95 (d, J =
9.5 Hz, 3H), 0.43 (d, /= 10,0 Hz, 3H). “C NMR (100 MHz, CDC1;) § ppm 157.0, 152.3 (d, J
=3.0 Hz), 145.2 (d, /= 35.4 Hz), 136.9 (d,./ = 28.6 Hz), 133.5 (d, /= 4.3 Hz), 132.9 (d, J =
6.6 Hz), 127.8 (d,J=41.7 Hz), 125.5, 124.6 (d, /= 74 Hz), 111.2, 110.4, 104.0, 64.8, 63.0,
55.2,45.8 (d,J=2.8 Hz), 43.6,43.5(d, /= 2.4 Hz), 33.2 (d, / = 39.4 Hz), 31.7 (d, /= 37.1
Hz), 31.2 (d,J = 19.6 Hz), 31.0 (d,J = 13.9 Hz), 30.9, 29.8 (d, /= 7.2 Hz). *'P NMR (CDCl,
202 MHz) 8 ppm -5.6 (s). LRMS (EST") found for [M+H, CasH37NO:P]™ 442.2.
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o]
N 7
b p-toluenesulforic acid O b
Me:N NMe; toluene Me,N NMe2
115°C O

79% yield

Example 7-¢

NN NS NC-Tetramethyl-2'-(7,7,9,9-tetramethyl-1,4-dioxa-8-
phosphaspirof4.5}decan-8-yl)biphenyl-2,6-diamine

[0251] The titled compound was prepared as described in the general procedure for
the phosphorinone ketalization substituting 1-(2',6'-bis(dimethylamine)oiphenyl-2-y1)-2,2,6,6-
tetramethylphosphinan-4-one (2.72 g, 6.63 mmol, 1 equiv) for biary! phosphorinone, wherein
all other reagents were scaled accordingly, and refluxing for 3 hours, followed by purification
via crystallization from a saturated ethanol solution (2.37 g, 89 area% by HPLC, 79% yield).
"H NMR (400 MHz, CDCL) 8 ppm 7.72 (d, J = 7.7 Hz, 1H), 7.40 — 7.28 (m, 3H), 7.26 - 7.21
(m, 1H), 6.90 (d,J = 8.0 Hz, 2H), 4.05 —3.98 (i, 2H), 3.96 — 3.90 (m, 2H), 2.47 (s, 12H),
2.11 (d,J = 14.5 Hz, 2H), 1.69 (dd, J = 14.2, 5.6 Hz, 2H), 1.26 (s, 3H), 1.21 (s, 3H), 0.87 (s,
3H), 0.84 (s, 3H). “C NMR (100 MHz, CDCl3) 8 ppm 153.1, 147.1 (d, J = 36 Hz), 136.7 (d,
J=29 Hz), 134.0(d, /=4 Hz), 133.3(d,J= 7 Hz), 128.1, 126.9, 125.3, 114.4, 110.9, 64.8,
63.0, 45.6,45.3 (d,J =3 Hz), 33.2, 32.8, 31.5, 31.3, 30.6 (d,J= 7 Hz). *'P NMR (CDCl;,
202 MHz) 6 ppm -6.0 (s). HRMS (TOF-ESI™) caled for [M, CyrHieN,O,PT" 454.2749, found
454.2753.

O HO/\‘/OH O/>
P p-toluenesulfonic acid O P ©
MeO._~ | OMe
SN

toluene MeO _-OMe
115 °C O
83% vield

Example 7-d
§-(2',6’-Bimethoxybiphenyl-2-y1}-7,7,9,9-tetramethyl-1,4-dioxa-8-

phosphaspiro[4.5]decane

[6252] The titled compound was prepared as described in the general procedure for
the phosphorinone ketalization substituting 1-(2',6'-dimethoxybiphenyi-2-y1)-2,2,6,6-
tetramethylphosphinan-4-one (4.22 g, 11.0 mmol, 1 equiv) for biaryl phosphorinone, wherein

all other reagents were scaled accordingly, and refluxing for 3 hours, followed by purification
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via silica gel column chromatography (330-g colurmn; gradient: 1.5 column volumes heptane,
ramp up 10 78:22 heptane:ethy! acetate over 8.5 column volumes, hold at 78:22 over 6 column
volumes) (3.92 g, 92 area% by HPLC, 83% yield). ‘H NMR (400 MHz, CDCly) & ppm 7.88 —
7.66 (n, 1H), 7.50 — 7.25 (m, 3H), 7.24 - 7.12 (m, 1H), 6.61 (dd, J=15.2, 8.3 Hz, 2H), 4.07
- 4.00 (m, 2H), 3.96 (ddd, J = 13.1, 8.7, 3.7 Hz, 2H), 3.72 (s, 6H), 2.11 (dd, J= 14.2, 3.1 Hz,
2H), 1.71 (dd, J= 14.3, 5.5 Hz, 2H), 1.28 (s, 3H), 1.22 (d, J= 10.8 Hz, 3H), 0.91 (s, 3H), 0.89
(s, 3H). PCNMR (100 MHz, CDCL) 8 ppm 156.8 (d,J = 1.8 Hz), 143.6 (d, J = 37.3 Hz),
137.0, 1332 (d,J=4.3 Hz), [31.1 (d,J = 6.8 He), 128.3, 128.2, 126.0, 120.3, 116.5 (m),
111.0, 102.9, 64.7, 63.2, 55.3, 44.9, 32.6,32.2, 31.4, 31.2, 30.6, 30.6. *'P NMR (CDCl, 202
MHz) § ppm -5.6 (s). LRMS (ESI") found for [M+H, CpsHs404P]" 429.2.

Oy e e
P p-toluenesulfonic acid O B ©
I

. O 0
w0

85% yield

Example 7-e

8-(2',6'-Diisopropoxybiphenyl-2-yi)-7,7,9,9-tetramethyl-1,4-dioxa-8-
phosphaspiro[4.Sjdecane

]0253] The titled cormpound was prepared as described in the general procedure for
the phosphorinone ketalization substituting 1-(2',6'-diisopropoxybiphenyl-2-y1)-2,2,6,6-
tetramethylphosphinan-4-one (2.77 g, 6.29 mmol, 1 equiv) for biaryl phosphorinone, wherein
all other reagents were scaled accordingly, and refluxing for 3 hours (2.60 g, >99 area% by
HPLC, 85% yield). "H NMR (400 MHz, CDCl;) 8 ppm 7.78 — 7.64 (m, 1H), 7.36 - 7.17 (m,
3H), 7.10 - 7.01 (m, 1H), 6.63 — 6.51 {m, 2H), 4.53 — 4.36 (m, 2H), 4.10 - 4,01 {m, 2H), 4.01
—3.92 (m, 2H), 2.21 - 2.03 (m, 2H), 1.70 (dd, J = 14.3, 5.6 Hz, 2H), 1.32 (s, 3H), 1.28(d, /=
7.8 Hz, 3H), 1.23 (s, 3H), 1.22 (s, 3H), 1.07 (d, J = 3.4 Hz, 3H), 1,05 (s, 3H), 0.93 (s, 3H),
0.90 (d, J= 5.3 Hz, 3H). “C NMR (100 MHz, CDCL) 8 ppm 155.7, 144.7 (d, J = 37 Hz),
137.3(d, J=26 Hz), 132.7 (d,./=4 Hz), 1313 (d, J= 7 Hz), 127.6 (d, J =24 Hz), 125.3,
123.8,111.2, 105.8, 70.3, 64.8, 63.0, 44.7 (d, J= 3 Hz), 32.6,32.3,31.4 (d, /= 8 Hz), 31.2 (d,
J=19 Hz), 22.5,22.4. *'P NMR (CDCl;, 202 MHz) § ppm -6.7 (s). LRMS (ESI") found
for [M+H, CooHpnO4P]" 485.2.
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p-toluenesulfonic acid

MeoN toluene MeoN
115 °C O

81% yield

S e 0
P ic aci O ©
P.

Example 7-f

N,N-Dimethyl-2'-(7,7,9,9-tetramethyi-1,4-dioxa-8-phosphaspiro(4.5]decan-8-
yDbiphenyl-2-amine

[0254] The titled compound was prepared as described in the general procedure for
the phosphorinone ketalization substituting 1-(2'-(dimethylamino)biphenyl-2-y1)-2,2,6,6-
tetramethylphosphinan-4-one (1.13 g, 3.07 mmol, 1 equiv) for biaryl phosphorinone, wherein
all other reagents were scaled accordingly, and refluxing for § hours (1.02 g, 98 area% by
HPLC, 81% yield). "H NMR (400 MHz, CDCl;) 8 ppm 7.73 (dd, J = 6.8, 1.5 Hz, 1H), 7.41
(ddd, /= 8.1, 2.1, 1.0 Hz, 1H), 7.38 — 7.23 (m, 3H), 7.01 (1d, /= 8.2, 2.6 Hz, 3H), 4.14 - 3.88
(m, 4H), 2.51 (s, 6H), 2.27 (d, /= 14.5 Hz, 1H), 1.92 (d,/= 14.1 Hz, 1H), 1 .81 (ddd, J =
14.5,5.3, 1.5 Hz, 1H), 1.52 (ddd, /= 14.2, 5.3, 1.6 Hz, 1H), 1.36 (d, /= 19.9 Hz, 3H), 1.17
(d,J=18.9 Hz, 3H), 1.11 (d,J = 9.7 Hz, 3H), 0.5 (d,J = 9.8 Hz, 3H). C NMR (100 MHz,
CDCl) 6 ppm 151.0 (d, J = 3.0 Hz), 150.1 (d, /= 36 Hz), 136.6 (d, /= 23 Hz), 136.5, 133.3
(d,J=5Hz), 131.9, 130.7 (d, =7 Hz), 128.6, 127.6, 125.7, 120.7, 117.2, 11 1.0, 64.8, 63.0,
459 (d,J=3 Hz),43.3,43.2(d,/J=3 Hz), 33.3,32.9,31.9 (d, /=20 Hz), 31.7,31.3 (d,J=3
Hz), 31.3,30.9 (d,J = 22 Hz), 30.0 (d, J = 7 Hz). *'P NMR (CDCl;, 202 MHz) § ppm -3.8
(s). LRMS (ESI") found for [M+H, Cy5H3sNO,P]' 412.2.

3

=10

p-toluenesutfonic acid

toluene
115 °C
80% yield

Example 7-g
8-(Biphenyl-2-yD)-7,7,9,9-tetramethyl-1,4-dioxa-8-phosphaspire]4.5}decane
[8255] The titled compound was prepared as described in the general procedure for
the phosphorinone ketalization substituting 1-{biphenyl-2-y1)-2,2,6.6-tetramethylphosphinan-
4-one (2.00 g, 6.17 mmol, 1 equiv) for biaryl phosphorinone, wherein all other reagents were

scaled accordingly, and refluxing for 4 hours (1.81 g, >99 area% by HPLC, 80% yield). 'H
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NMR (400 MHz, CDCl;) § 7.80 (dd, J = 5.3, 3.8 Hz, 1H), 7.51 —7.21 (m, 8H), 4.14 - 4.01
(m, 2H), 4.01 — 3.87 (m, 2H), 2.13 (dt,.7 = 14.2, 4.0 Hz, 2H), 1.70 (dd, J = 14.3, 5.6 Hz, 2H),
1.33 (s, 3H), 1.28 (d, /= 5.6 Hz, 3H), 0.91 (5, 3H), 0.88 (s, 3H). C NMR (100 MHz,
CDCly) 8 151.3 (d,J = 34 Hz), 143.2 (d, J = 8 Hz), 135.3, 133.6 (d, J= 4 Hz), 130.5 (d, /= 6
Hz), 130.3 (4, J = 4 Hz), 128.1, 127.0, 126.1, 110.9, 64.8, 63.2, 44.5 (d, /= 2 Hz), 32.2, 31.9,
31.7,31.5,31.3,31.2. *'P NMR (CDCls, 202 MHz) § ppm -8.8 (s). LRMS (ESI") found
for [M+H, Ca3H300,P]" 369.1.

SO\ g sl {y

B p-toluenesulfonic acid Q
toluene

S

87% yield

Example 7-h

8-(1,1'-Binaphthyl-2-y1)-7,7,9,9-tetramethyl-1,4-dioxa-8-
phosphaspire{4.5jdecane

[0256] The titled compound was prepared as described in the general procedure for
the phosphorinone ketalization substituting 1-(1,1-binaphthyl-2-y1)-2,2,6,6-
tetramethylphosphinan-4-one (1.66 g, 3.91 mmol, 1 equiv) for biaryl phosphorinone, wherein
all other reagents werc scaled accordingly, and refluxing for 5 howrs (1.60 g, >99 area% by
HPLC, 87% yield). "H NMR (400 MHz, CDC1;) 8 ppm 7.98 — 7.88 (m, 3H), 7.85 (dd, J =
8.3, 4.4 Hz, 2H), 7.55 (dt, J = 11.0, 5.5 Hz, 1H), 7.42 (dddd, J= 8.1, 6.9, 5.8, 1.2 Hz, 2H),
7.30 (dd, J= 7.0, 1.1 Hz, 1H), 7.18 (dddd, /= 22.1, 20.7, 10.3, 4.6 Hz, 3H}, 7.05 (4, J= 8.1
Hz, 1H), 4.03 — 3.87 (m, 4H), 2.20 (ddd, J = 25.6, 14.2, 1.8 Hz, 2H), 1.81 — 1.58 {m, 2H),
1.28 —1.13 (m, 3H), 1.02 (d,J = 19.6 Hz, 3H), 0.89 (dd, J = 19.9, 10.0 Hz, 6H). C NMR
(100 MHz, CDC13) 8 ppm 147.6 {(d, J= 37 Hz), 138.6 (d, /= 10 Hz), 134.9 (d, /= 29 Hz),
133.4(d, J=7 Hz), 133.1 (d,J= 2 Hz), 132.9, 129.6 (d, J =4 Hz), 129.0 (d, /= 4 Hz), 127.9,
127.4(d, J=3 Hz), 127.3, 127.2, 127.0, 126.6, 126.2, 125.8, 125.3, 125.2, 124.5, 110.9, 64.8,
63.2,45.1,44.5,32.7,32.3,32.2,32.0,31.9, 31.8,31.2, 31.1, 31.0. *"P NMR (CDCl, 202
MHz)  ppm -8.8 (s). LRMS (ESI') found for [M+H, C31H140,P1" 469.2.
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0 Ho~OH O O o/>
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83% yield

Example 7-1

8-(2'-Methoxy-1,1'-binaphthyl-2-y}}-7,7,9,9-tetramethyl-1,4-dioxa-§-
phosphaspiro[4.5}decane

[0257] The titied compound was prepared as described in the general procedure for
the phosphorinone ketalization substituting 1-(2-methoxy-1,1-binaphthyl-2-y1)-2,2,6,6~
tetramethylphosphinan-4-one (955 mg, 2.19 mmol, 1 equiv) for biaryl phosphorinone,
wherein all other reagents were scaled accordingly, and refluxing for S hours (910 mg, 95
area% by HPLC, 83% vield). "H NMR (400 MHz, CDCls) & ppm 8.10 — 7.99 (m, 1H), 7.99 -
7.91 (m, 1H), 7.91 — 7.80 (m, 2H), 7.53 — 7.40 (m, 2H), 7.33 ~ 7.26 (m, 2H), 7.26 - 7.19 (m,
1H), 7.19 ~ 7.07 (m, 2H), 6.95 ~ 6.86 (m, 1H), 4.10 —3.91 (m, 4H), 3.79 (s, 3H), 2.34 ~ 2.16
(m, 2H), 1.§2 - 1.64 (m, 2H), 1.35 - 1.19 (m, 3H), 1.10 - 0.94 (in, 6H), 0.81 (dd, J=12.4,7.2
Hz, 3H). C NMR (100 MHz, CDCl;) & ppm 153.6, 144.3 (d, J = 37 Hz), 135.5 (d, J = 28
Hz), 133.9, 133.2, 133.1, 130.0 (d,./=3 Hz), 129.1, 128.3, 127.4 (d, /= 12 Hz), 126.9(d, /=
2 Hz), 1264, 126.2, 126.1, 125.8, 125.3, 122.8, 122.7 (d,J = 10 Hz), 112.2, 111.0, 64.8, 63.2,
55.6,45.2,44.9, 33.0, 32.6, 32.2, 31.7, 31.5 (dd, J = 7, 4 Hz), 31.3, 30.8 (d, /= 7 Hz). *'P
NMR (CDCls, 202 MHz) 8 ppm -6.5 (s). LRMS (ESI") found for [M+H, CspHzs05P]"

499.2.
O o} o > O’>
P p-toluenesul fonic acid‘ O b o
toluene
115°C

92% yield

Example 7-§

7,7,9,9-Tetramethyl-8-(4-methyl-2-(naphthalen-1-yl)phenyl)-1,4-dioxa-8-
phosphaspiro{4.5}decane

10258) The titled compound was prepared as described in the general procedure for
the phosphorinone ketalization substituting 2,2,6,6-tetramethyl-1-(2-(naphthalen-1-
yhphenyl)phosphinan-4-one (1.39 g, 3.71 mmol, | equiv) for biaryl phosphorinone, wherein
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all other reagents were scaled accordingly, and refluxing for 4 hours (1.43 g, 88 area% by
HPLC, 92% yield). 'H NMR (400 MHz, CDCl3) & ppm 7.98 — 7.83 (m, 3H), 7.58 — 7.24 (m,
8H), 4.10 - 3.91 (m, 4H), 2.31 — 2.04 (m, 2H), 1.78 — 1.58 (m, 2H), 1.24 (d, /= 18.8 Hz, 3H),
1.09 (d, /= 19.2 Hz, 3H), 0.94 (dd, J = 11.2, 10.4 Hz, 6H). “C NMR (100 MHz, CDCl;) &
ppm 149.1 (d, J =36 Hz), 141.0 (d, /= 8 Hz), 136.9 (d,J = 30 Hz), 133.5 (d, J = 4 Hz),
132.9,132.4, 131.2 (d, J= 6 Hz), 128.1,127.8,127.8, 127.0, 126.9, 126.6, 125.1 (d, J= 11
Hz), 124.3,110.8, 64.8, 63.1, 45.0 (d, /= 2 Hz), 44.1 (d,J= 2 Hz), 32.4,32.0,31.9, 31.8,
31.7,31.6,31.5,31.5,31.2, 31.1, 31.0. *'P NMR (CDCls, 202 MHz) 8 ppm -9.8 (s).

O
O
® o~ D
P p-toluenesulfonic acid P
O toluene O
115°C
89% yield

Example 7-K

7,7,9.9-Tetramethyl-8-(2-(naphthalen-2-y)phenyl)-1,4-dioxa-8-
phosphaspiro[4.5]decane

[0259] The titled compound was prepared as described in the general procedure for
the phosphorinone ketalization substituting 2,2,6,6-tetramethyl-1-(2-(naphthalen-2-
ybhphenyhphosphinan-4-one (1.71 g, 4.56 mmol, | equiv) for biaryl phosphorinone, wherein
all other reagents were scaled accordingly, and refluxing for 15 hours (1.69 g, 99 area% by
HPLC, 89% yield). "H NMR (400 MHz, CDCls) § ppm 7.93 — 7.76 (m, 4H), 7.65 (s, L H),
7.54 —7.42 (m, 3H), 7.42 - 7.29 (m, 3H), 4.06 — 3.97 (m, 2H), 3.96 ~ 3.89 (m, 2H), 2.11 (dd,
J=143,22Hz, 2H), 1.67 (dd, J= 14.3, 5.6 Hz, 2H), 1.26 (d, J = 4.8 Hz, 3H), 1.22 (5, 3H),
0.92 (s, 3H), 0.89 (s, 3H). PCNMR (100 MHz, CDCl3) 8 151.2 (4, J =34 Hz), 141.1 (d, /=
& Hz), 135.2(d,J =31 Hz), 133.6 (d,./=4 Hz), 132.7, 131.8, 130.8 (d,/= 6 Hz), 129.5 (d,J
=6 Hz), 128.5 (d,J= 3 Hz), 128.2, 127.6, 127.5, 126.3, 126.0, 125.6, 125.3, 110.8, 64.8,
63.2,44.5 (d,J =2 Hz), 32.2, 31.8, 31.8, 31.6, 31.3, 31.3. *'P NMR (CDCl, 202 MHz) &
ppm -11.6 (s). HRMS (TOF-ESI") caled for [M, Cx7H310,P]" 418.2062, found 418.2068.
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O
DY e D
N~N P. p-toluenesulfonic acid N~N P.
Ph\&,Ph toluene Ph \«\[/Ph
N-N, 115°C N-N_
Ph 81% yield Ph
Example 7-1

1',3',5"-Triphenyl-5-(7,7,9,9-tetramethyl-1,4-dioxa-8-phosphaspire[4.5]decan-8-
y)-1'H-1,4"-bipyrazole

[6260] The titled compound was prepared as described in the general procedure for
the phosphorinone ketalization substituting 2,2,6,6-tetramethyl-1-(1',3',5"-triphenyl-1'H-1,4'-
bipyrazol-5-yl)phosphinan-4-one (1.57 g, 2.95 mmol, 1 equiv) for biaryl phosphorinone,
wherein all other reagents were scaled accordingly, and refluxing for 4 hours (1.38 g, 95
area% by HPLC, 81% yield). "H NMR (400 MHz, CDCl;) & ppm 7.91 (d, J = 2.0 Hz, 1H),
7.52 — 743 (m, 4H), 7.40 - 7.28 (m, 3H), 7.28 — 7.20 (m, 5H), 7.20 - 7.11 (m, 3H), 6.48 (d,.]
= 2.0 Hz, 1H), 3.95 - 3.78 (m, 4H), 1.72 {t, /= 14.3 Hz, 2H), 1.50 ~ 1.3} (m, 2H), 1.02 (dd, /
=21.1, 19.0 Hz, 6H), -0.01 (d, J = 12.0 Hz, 3H), -0.30 (4, J = 11.9 Hz, 3H). "CNMR (100
MHz, CDClL) 8 ppm 149.9, 143.2 (d,./= 27 Hz), 141.6, 140.5, 140.3, 131.9, 129.9, 129.0,
128.9,128.7, 128.5, 128.4, 128.3, 128.3, 127.7, 127.6, 125.5, 121.1, 112.6 (d, J = 5 Hz),
110.5, 64.7, 62.9, 43.6 (d, J = 3.6 Hz), 30.6, 30.5, 30.1, 30.0, 29.5 (d, /=3 Hz), 292 (d, /=3
Hz), 29.0, 28.9. *'P NMR (CDCls, 202 MHz) § ppm -16.0 (s). LRMS (ESI") found for
IM+H, C3sH3sN4O2P]" 577.2.

O
T 7\
N/;:)\Péi p-toluenesulfonic acid N/;}\P 0
o ]
S A O
-

tolucnc
115°C
56% yield

Example 7-m
1-Phenyl-5-(7,7,9,9-tetramethyl-1,4-dioxa-8-phosphaspirol4.5]decan-8-yl)-1H-
pyrazole

[0261] The titled compound was prepared as described in the general procedure for
the phesphorinone ketalization substituting 2,2,6,6-tetramethyl-1-(1-phenyl-1H-pyrazol-5-
ylphosphinan-4-one (1.04 g, 3.30 mmmol, 1 equiv) for biaryl phosphorinone, wherein all other

reagents were scaled accordingly, and refluxing for 15 hours (659 mg, 94 area% by HPLC,
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56% vyield). 'H NMR (400 MHz, CDCls) 8 ppm 7.75 (. J = 3.2 Hz, 1H), 7.54 - 7.39 (1, 5H),
6.71 (dd, J= 5.7, 1.1 Hz, 1H), 4.09 — 4.01 (m, 2H), 3.99 - 3.92 (m, 2H), 2.04 {dd, J = 14.6,
5.1 Hz, 2H), 1.75 ~ 1.62 (m, 2H), 1.38 (s, 3H), 1.33 (s, 3H), 0.88 (s, 3H), 0.85 (s, 3H). *C
NMR (100 MHz, CDCl;) 8 ppm 140.1 (d, /= 126 Hz), 139.3 (d,J = 2 Hz), 128.1, 127.9,
127.8,127.7,112.5 (d, J =5 Hz), 110.3, 64.9, 63.1, 43.7 (d,J = 4 Hz), 31.6, 31.4, 31.3, 31.2,
30.1,29.7. *'P NMR (CDCls, 202 MHz) 8 ppm -26.2 (s). HRMS (TOF-ESI") caled for [M,
CaoHaNo0O,PT" 358.1810, found 358.1814,

o] Ho ™" O’>
@ p-toluenesulfonic acid @ o}
P P,
N N \Q\
W

toluene
K\ /7 115 °C

38% yield

Example 7-n

1-(2-(7,7,9,9-Tetramethyl-1,4-dioxa-8-phosphaspiro[4.5|decan-8-yD)phenyl)-1H-
pyrrole

10262] The titled compound was prepared as described in the general procedure for
the phosphorinone ketalization substituting 1-(2-(1 H-pyrrol-1-ylphenyl)-2,2,6,6-
tetramethylphosphinan-4-one (1.32 g, 4.21 mmol, 1 equiv) for biary] phosphorinone, wherein
all other reagents were scaled accordingly, and refluxing for 3 hours, followed by purification
via silica gel column chromatography (40-g column; gradient: 1.5 column volumes heptane,
ramp up to 85:15 heptane:ethyl acetate over 7 column volumes, hold at 85:15 for 3 column
volumes) (572 mg, 98 area% by HPLC, 38% yield). "H NMR (400 MHz, CDCL;) § ppm 7.67
(dd,J=35.2,3.8 Hz, 1H), 7.40 ~ 7.25 (m, 2H), 7.21 (dddd, J= 7.5, 5.7, 4.0, 2.0 Hz, 1H), 6.70
(dd,J=3.8,2.0 Hz, 2H), 6.21 (t,.J= 2.1 Hz, 2H), 3.99 - 3.90 (m, 2H), 3.90 - 3.77 (m, 2H),
1.96 {dl, J=9.7, 4.9 Hz, 28), 1.61 (dd, J = 14.4, 5.7 Hy, 2H), 1.25 (s, 3H), 1.20 (s, 3H), 0.78
(s, 3H), 0.75 (s, 3H). °C NMR (100 MHz, CDCl) & 148.1 (d,J = 28 Hz), 135.3 (d, J = 35
Hz), 133.9(d, J=4 Hz), 129.2, 128.0(d, /= 3 Hz), 127.0, 123.3(d, /=3 Hz), 110.7, 108.1,
64.8, 63.2, 44,3 (d,J =2 Hz), 32.2, 31.8, 31.3, 31.1, 31.1, 31.0. *"P NMR (CDC};, 202 MHz)
3 ppm -13.3 (s). LRMS (ESI™) found for [M+H, Cy1H2oNO-PT" 358.1.
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OMe Ho” O OMe
O p-toluenesulfonic acid O
MeO P MeO p O
© toluene ol J
“) )
42% yield
Example 7-0

8-(3,6-Dimethoxybiphenyl-2-yI)-7,7,9,9-tetramethyl-1,4-dioxa-8-
phosphaspirof4.5jdecane

[0263] The titled compound was prepared as described in the general procedure for
the phosphorinone ketalization substituting 1-(3,6-dimethoxybiphenyl-2-y1)-2,2.6,6-
tetramethylphosphinan-4-one (1.80 g, 4.67 mmol, 1 equiv) for biaryl phosphorinone, wherein
all other reagents were scaled accordingly, and refluxing for 5 hours, followed by purification
via silica gel column chromatography (80-g colummn; gradient: 1.5 column volumes heptane,
ramp up 1o 80:20 heptane:ethyl acetate over 8.5 column volumes, hold at 80:20 over 6 column
volumes) (1.27 mg, 88 area% by HPLC, 63% yield). "H NMR (400 MHz, CDCl3)  ppm 7.37
(ddd, J = 7.4, 4.4, 1.3 Hz, 2H), 7.33 - 7.27 {m, 1H), 7.08 — 7.02 (m, 2H), 6.97 — 6.90 (m, 1H),
6.79 (d, J = 8.9 Hz, 1H), 3.98 (dd, /= 9.8, 3.6 Hz, 2H), 3.88 (dd, J = 9.6, 3.5 Hz, 1H), 3.80 (s,
3H), 3.63 (s, 3H), 2.21 (d, /= 13.3 Hz, 2H), 1.55 (dd, J= 13.3, 6.2 Hz, 1H), 1.22 (s, 3H), [.16
(s, 3H), 0.82 (d, /= 9.3 Hz, 6H). "CNMR (100 MHz, CDCL) & ppm 154.5 (d,./ = 3 Hz),
151.1 (d,J =11 Hz), 142.7 (d, J=41 Hz), 139.6 (d, J= 12 Hz), 130.6 (d, /=5 Hz), 126.8,
126.2 (d, J =45 Hz), 125.8, 112.8, 112.1, 107.8, 64.7,62.9, 56.5, 54.2,45.6 (d, /= 4 Hz),
33.9,334,31.7,31.6 (d,J=1 Hz), 31.4. *’P NMR (CDCls, 202 MHz) § ppm -5.6 (s).

HRMS (TOF-EST") calcd for [M, CasHs304P]" 428.2117, found 428.2122.

OMe ~ D Ay OMe
OOk O
MeO o p-toluenesulfonic acid ~ Me0” N Ny O
0 - J
O toluene O
115°C
42% yield

Example 7-p

8-(3,6-Dimethoxy-2',4",6'-trimethylbiphenyl-2-yl)-7,7,9,9-tetramethyl-1,4-dioxa-
8-phosphaspiro[4.5]decane
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[0264] The titled compound was prepared as described in the general procedure for
the phosphorinone ketalization substituting 1-(3,6-dimethoxy-2'4",6"irimethylbiphenyl-2-y1)-
2,2,6,6-tetramethylphosphinan-4-one (1.39 g, 3.25 mmol, 1 equiv) for biaryl phosphorinone,
whercin all other reagents were scaled accordingly, and refluxing for ~14.5 hours, followed
by purification via silica gel column chromatography (80-g column; gradient: 1.5 column
volumes heptane, ramp up to 80:20 heptane:ethy] acetate over 8.5 column volumes, hold at
80:20 over 4 column volumes) (644 mg, >99 area% by HPLC, 42% yield). 'H NMR (400
MHz, CDCl;) 8 ppm 6.93 (d, J = 8.9 Hz, 1H), 6.85 (s, 2H), 6.79 (d, /= 8.9 Hz, 1H), 4.01 -
3.95 (m, 2H), 3.93 ~ 3.86 (m, 2H), 3.79 (s, 3H), 3.62 (s, 3H), 2.33 (s, 3H), 2.21 (d, J = {3.5
Hz, 2H), 1.95 (s, 6H), 1.57 (dd, J = 13.3, 6.4 Hz, 2H), 1.24 (s, 3H), 1.18 (s, 3H), 0.86 (d, ./ =
8.8 Hz, 6H). “CINMR (100 MHz, CDCl5) 8 ppm 154.7, 151.3 (d, J= 11 Hz), 140.7 (d, J= 41
Hz), 135.4, 135.4 (d,J =1 Hz), 134.8 (d,J= 10 Hz), 127.1, 126.0 (d,J = 45 Hz), 1 12.5,
111.8,107.7,77.3, 77.0. 76.7, 64.6, 62.9, 56.3, 54.1, 46.2 (d, J = 4 Hz), 34.5, 34.1, 32.1, 31.9,
30.8 (d,J =4 Hz), 21.6, 21.4 (d,J = 3 Hz). *'P NMR (CDCls, 202 MHz) 3 ppm 0.1 ().
HRMS (TOFR-ESI) caled for [M, CaeHsoOuP]" 470.2586, found 470.2590.

OMe QA\/OH O OMe
MeO p-toluenesulfonic acid MeO ]
toluene O
90% yield

Example 7-q

7,7,9,9-Tetramethyl-8-(2',4",6'-triisopropyl-3,6-dimethoxybiphenyl-2-yl)-1,4-
dioxa-8-phosphaspiro[4.5]ldecane

{0265] The titled compound was prepared as described in the general procedure for
the phosphorinone ketalization substituting 2,2,6,6-tetramethyl-1-(2',4',6-triisopropyl-3,6-
dimethoxybiphenyl-2-yl)phosphinan-4-one (1.10 g, 2.15 mmol, 1 equiv) for biaryl
phosphorinone, wherein all other reagents were scaled accordingly, and refluxing for ~15.6
hours, followed by purification via silica gel column chromatography (80-g column; gradient:
2 column volumes heptane, ramp up to 80:20 heptane:ethyl acetate over 8 column volumes,
hold at 80:20 over 6 column volumes) (1.08 g, 94 area% by HPLC, 90% yield). 'H NMR
{CDCl, 400 MHz), & ppm 6.99 (8, 2H), 6.91 —6.77 (m, 2H), 4.02 (dd, J = 9.6, 3.4 Hz, 2H),
3.92 (dd, J= 9.6, 3.5 Hz, 2H), 3.83 (s, 3H), 3.59 (s, 3H), 2.98 (hept, J= 6.8 Hz, 1H), 2.51
(hept, J= 6.7 Hz, 1H), 2.21 (d,J = 13.2 Hz, 2H), [.59 (dd, /= 13.2, 6.4 Hz, 2H), 1.35(d, J =
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6.9 Hz, 3H), 1.25 (dd, J = 15.1, 8.3 Hz, 6H), 0.96 (d, J = 6.7 Hz, 6H), 0.88 (d,/ = 8.7 Hz,
6H). *C NMR (100 MHz, CDCL;) 8 ppm 154.2, 152.0 (d, /= 12 Hz), 146.4,145.5 (d, /=2
Hz), 140.3 (4, J = 42 Hz), 132.3 (d, J = 9 Hz), 127.0 (d,J = 46 Hz), 119.8, 111.8), 110.8,
107.2, 64.7, 62.9, 54.6, 54.0, 46.8 (d, J = 4 Hz), 34.4, 34.0, 33.9, 32.8,32.5, 30.7, 30.7, 30.7,
25.5,24.3,24.2. *'PNMR (CDCls, 202 MHz), 8 ppm -0.7 (br s). HRMS (TOF-ESI") calcd
for [M, CseHs,0.P] 554.3525, found 554.3528.

OMe e

OM
MeO O o no~-OH MeO O o’>
p-toluenesulfonic acid 0
P P.
toluene
115°C

80% yield

Example 7-r

7,7,9,.9-Tetramethyl-8-(2',4",6'-triisopropyl-4,5-dimethoxybiphenyl-2-yl)-1,4-
dioxa-8-phesphaspire[4.5ldecanc

[0266] The titled compound was prepared as described in the general procedure for
the phosphorinone ketalization substituting 2,2,6,6-tetramethyl-1-(2',4',6'-triisopropyl-4,5-
dimeth0xybipheny1~Z—yl)phésphina1}~4uone (670 mg, 1.31 mmol, 1 equiv) for biaryl
phosphorinone, wherein all other reagents were scaled accordingly, and refluxing for ~15.5
hours, followed by purification via silica gel column chromatography (80-g columy; gradient;
2 column volumes heptane, ramp up to 78:22 heptane:ethyl acetate over 8 column volumes,
hold at 78:22 over 2 column volumes). The title compound was isolated as a white solid (585
mg, 85 area% by HPLC, 80% yield). 'H NMR (CDCl;, 400 MHz), 8 ppm 6.99 (s, 2H), 6.91 —
6.77 (m, 2H), 4.02 (dd, J = 9.6, 3.4 He, 2H), 3.92 (dd, J= 9.6, 3.5 Hz, 2H), 3.83 (s, 3H), 3.59
(s, 3H), 2.98 (hept, J = 6.8 Hz, 1H), 2.51 (hept, J= 6.7 Hz, 1H), 2.21 (d,/ = 13.2 Hz, 2H),
1.59 (dd, J= 13.2, 6.4 Hz, 2H), 1.35 (d, J = 6.9 Hz, 3H), 1.25 (dd, J = 15.1, 8.3 Hz, 6H), 0.96
(d.J=6.7 Hz, 6H), 0.88 (d, /= 8.7 Hz, 6H). C NMR (100 MHz, CDCl3) 8 ppm 148.0,
147.0, 146.1, 145.8, 142.5 (d, /=38 Hz), 136.4 (d, J= 6 Hz), 127.4 (d, /= 29 Hz), 120.3,
116.0 (d,./=3 Hz), 115.1 (d, /= 8 Hz), 110.5, 64.9, 63.2, 56.0, 55.7, 45.5 (d,J = 2 Hz), 34.2,
326,324,323 (d,J=4Hz),32.1,31.2(d, /=7 Hz), 30.5, 29.3, 26.6, 24.3, 23.5, 23.0, 14.5.
1P NMR (CDCls, 202 MHz), & ppm -0.7 (br 5). HRMS (TOF-ESI") caled for [M,
CasHs5,04P] 554.3525, found 554.3533.
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S\ S\ ™
P p-toluenesulfonic acid P O
toluene
115°C

MeC OMe 86% yield MeQO' OMe

Example 7-s

8-(3',5'-Dimethoxybiphenyi-2-yi)-7,7,9,9-tetramethyi-1,4-dioxa-8-
phosphaspiro[4.5]decane

[0267] The titled compound was prepared as described in the general procedure for
the phosphorinone ketalization substituting 1-(3',5-dimethoxybiphenyi-2-y1)-2,2,6,6-
tetramethylphosphinan-4-one (1.28 g, 3.33 mmol, | equiv) for biary! phosphorinone, wherein
all other reagents were scaled accordingly, and refluxing for ~15.5 hours (1.23 g, >99 area%
by HPLC, 86% yield). 'H NMR (400 MHz, CDCL) 8 ppm 7.82 — 7.74 (m, 1H), 7.42 —7.23
(m, 3H), 6.47 (t, J = 2.3 Hz, 1H), 6.41 (d, J = 2.3 Hz, 2H), 4.08 — 4.01 (m, 2H), 4.00 — 3.94
{m, 2H), 3.84 (s, 6H), 2.12 (dd, /= 14.3, 2.4 Hz, 2H), 1.71 (dd, /= 14.3, 5.5 Hz, 2H), 1.34 (s,
3H), 1.29 (s, 3H), 0.91 (s, 3H), 0.89 (s, 3H). “C NMR (100 MHz, CDCl5) & ppm 159.2,
1512 (d, J =35 Hz), 145.3 (d,J =9 Hz), 135.1 (d,J =31 Hz), 133.5 (d, J = 4 Hz), 130.0 (d, J
=6 Hz), 128.1, 126.2, 110.9, 108.7 (d, /=4 Hx), 98.6, 64.8, 63.2, 55.4, 44.5,32.3, 31.9, 31.6,
31.4,31.4,31.3. *'P NMR (CDCl;, 202 MHz), § ppm -8.5 (br s). HRMS (TOF-ESI’) caled
for [M, CysHa3O4PT 428.2117, found 428.2121,

O
o
QYY" e O
a ™ p-toluenesulfonic acid P
toluene O
67% yield

Example 7-t

8-(4'~tert-Butylbiphenyi-2-y1)-7,7,9,9-tetramethyl-1,4-dioxa-8-

phosphaspiro[4.5]decane

[0268] The titled compound was prepared as described in the general procedure for
the phosphorinone ketalization substituting 1-(4'-ferr-butylbiphenyl-2-y1)-2,2,6,6-

tetramethylphosphinan-4-one (1.49 g, 3.92 mmol, | equiv) for biaryl phosphorinone, wherein
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all other reagents were scaled accordingly, and refluxing for ~15 hours (1.12 g, 93 area% by
HPLC, 67% yield). "H NMR (400 MHz, CDCl;) 3 ppm 7.82 — 7.75 (m, 1H), 7.42 - 7.33 (m,
3H), 7.33 - 7.24 (m, 2H), 7.24 - 7.17 {m, 2H), 4.12 - 4.01 (m, 2H), 4.01 - 3.88 (m, 2H), 2.13
(dd,J= 143,19 Hz, 2H), 1.69 (dd, J= 14.3, 5.5 Hz, 2H), 1.42 (s, 9H), 1.34 (s, 3H), 1.29 (s,
3H), 0.88 (d,J = 10.0 Hz, 6H). C NMR (100 MHz, CDCls) 8 ppm 151.3 (d, J = 34 Hz),
148.4, 140.1 (d, J =8 Hz), 135.1 (d, J= 31 Hz), 133.6 (d, J = 4 Hz), 130.9 (d, 7= 6 Hz),
130.1 (d, /=15 Hz), 128.1, 125.9, 123.9, 110.9, 64.8, 63.1, 44.5, 34.7,32.3,31.9, 31.7, 31.7,
31.5,31.3,31.3. 'P NMR (CDCl, 202 MHz), & ppm -9.4 (br s). HRMS (TOF-ESIT") calcd
for [M, Cy7H;,0,P]” 4242531, found 424.2539.

N@ o} : N@
" — o
Nl‘N\ Ph diethylene glycol E\LN Ph
{ 210°C :
bn 63% vield Pn
Exampile 8

1',3',5"-Triphenyi-5-(2,2,6,6-tetramethylphosphinan-1-yl)-1'H-1,4"-bipyrazole

[0269] A round bottom flask was charged with 2,2,6,6-tetramethyi-1-(1',3,5"-
triphenyl-1‘A-1,4"-bipyrazol-5~yl)phosphinan-4-one (1.25 g, 2.35 mmol, 1.0 equiv} and
purged with nitrogen for 15 minutes. Then nitrogen-sparged diethylene glycol (12.3 mL, 129
mmol, 55 equiv) was added and the flask was equipped with a Claisen adapter and a Dean-
Stark trap. The mixture was charged with hydrazine hydrate (1.07 mL, 11.7 mmol, 5 equiv,
55 wt% hydrazine) and potassium hydroxide (658 mg, 11.7 mmol, 5 equiv). The mixture was
immersed in an oil bath at 125 °C under a nitrogen atmosphere. The temperature of the bath
was increased 1o 210 °C over 1 hour and kept at that temperature for 7 hours. The reaction
mixture was cooled to room temperature under a positive pressure of nitrogen, and then
diluted with heptane (10 mL) and ethy! acetate (10 mL). The phases were partitioned, and the
aqueous layer was collected. The aqueous layer was then washed with ethyl acefate (2 x 20
mL), and the combined organic fractions were washed once with aqueous saturated sodium
chioride (50 mL.), dried over sodium sulfate, filtered, and concentrated on a rotary evaporator.
The crude concentrate was dissolved in a minimal amount of hot ethanol, and the solution was
allowed to cool, effecting the crystallization of the product as a white solid. (826 mg, 95
area% by HPLC, 68% yield). "H NMR (400 MHz, CDCl;) d ppm 7.91 (d, 7= 1.9 Hz, I H),
7.52 - 742 {m, 4H), 7.38 — 7.26 (m, 3H), 7.25 - 7.19 (m, 5H), 7.19 ~ 7.11 {m, 3H), 6.61 (d, J
= 1.8 Hz, 1H), 1.53 (dd, J=14.1, 12.0 Hz, 5H), 1.21 (ddd, /=24.9, 11.7, 5.7 Hz, 2H), 0.85
(dd, J=24.4, 18.8 Hz, 6H), 0.01 (d, /= 11.6 Hz, 3H), -0.27 (d, J= 11.5 Hz, 3H). *C NMR
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(100 MHz, CDCly) 3 ppm 149.3 (d, J = 2 Hz), 145.0, 143.2 (4, J = 27 Hz), 141.0 (d, J =2
Hz), 139.8, 139.6 (d,.J = 2 Hz), 131.5, 129.5, 128.5, 128.3, 128.0, 127.9, 127.8, 127.3, 127.2,
125.1, 120.9, 113.0 (d, J = 5 Hz), 37.1 (dd, J = 8, 2 Hz), 29.9, 29.8, 29.3 (d, /= 2 Hz), 29.2
(d,J=2THz),29.1 (4, J=2Hz), 28.8 (d,J =2 Hz), 28.8 (d, J = § Hz), 20.2. "'PNMR
(CDCL, 202 MHz) 8 ppm -17.0 (s). LRMS (EST") found for [M+H, C33H3sN4P]" 519.2.

0O
Q\ NH,»-NH,, KOH Q\
P N P

N diethylene glycol N
W e U

97% yield

Example 9
1-(2-(2,2,6,6-Tetramethylphosphinan-1-yDphenyl)-1H-pyrrole

{0276] A round bottom flask was charged with 1-(2-(LH-pyrrol-1-yDpheny})-2,2,6,6-
tetramelhylphosphinan-4-one (878 mg, 2.80 mmol, 1.0 equiv) and purged with nitrogen for
15 minutes. Then nitrogen-sparged diethylene glycol (14,7 mL, 154 mmol, 55 equiv) was
added and the flask was equipped with a Claisen adapter and a Dean-Stark trap, The flask
was further charged with hydrazine hydrate (1.24 mL, 14.0 mmol, 5 equiv, 55 wi%
hydrazine) and potassium hydroxide (786 mg, 14.0 mmol, 5 equiv), and the mixture was
immersed. in an oil bath at 60 °C. The temperature of the bath was gradually increased to 210
°C over 1 hour and kept at that temperature for 7 hours. The reaction mixture was cooled to
room temperature under a positive pressure of nitrogen and then diluted with water (50 mL)
and ethyl acetate (20 mL). The phases were partitioned, and the organic layer was collected.
The aqueous layer was washed with ethyl acetate (4 x 20 mL), and the combined organic
fractions were washed once with aqueous saturated sodivm chloride, dried over sodium
sulfate, fillered, and concentrated on a rotary evaporator to afford the title compound as a
palc yellow solid (811 mg, 91 area% by HPLC, 97% vyield). 'H NMR (400 MHz, CDCl;) 8
ppm 7.96 — 7.83 (m, 1H), 7.35 - 7.22 (m, 2H), 7.22 - 7.17 (m, 1H), 6.72 — 6.66 (m, 2H), 6.20
(t,J=2.1 Hz, 2H), 1.87 ~ L.71 (m, 2H), 1.71 = 1.56 (i, 2H), 1.506 ~ 1.33 (m, 2H), 1.11 (s,
3H), 1.06 (s, 3H), 0.76 (d, /= 9.7 Hz, 6H). °C NMR (100 MHz, CDCl3) 8 ppm 149.4 —
146.8 (m), 134.7 (d, /= 4 Hz), 129.0, 127.8 (d, /= 3 Hz), 126.5, 123.3 (d, /= 3 Hz), 107.9,
37.6,314,31.1,30.2(d, /=7 Hz), 29.6 {d,./= 18 Hz}, 20.5. P NMR (CDCls, 202 MHz) &
ppm 7.6 (8).
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i OMe ‘ OMe
MeQ R MeO B

o  NH,-NH,, KOH

Q diethylenc glycol O

210°C
27% vyield

Example 10

2,2,6,6-Tetramethyl-1-(2',4',6'-triisopropyl-3,6-dimethoxybiphenyl-2-
yh)phosphinane

[0271] A round bottom flask was charged with 2,2,6,6-tetramethyl-1-(2',4',6'-
triisopropyl-3,6-dimethoxybiphenyl-2-yhphosphinan-4-one (1.03 g, 2.02 mmol, 1.0 equiv)
and purged with nitrogen for 15 minutes. Then nitrogen-sparged diethylene glycol (10.6 mL,
111 mmol, 55 equiv) was added and the flask was equipped with a Claisen adapter and a
Dean-Stark trap. The flask was charged with hydrazine hydrate (0.892 mL., 10.1 mmol, §
equiv, 55 wi% hydrazine) and potassiuin hydroxide (918 mg, 10.1 mimol, 5 equiv). The
mixture was immersed in an oil bath at 170 °C. The temperature of the bath was gradually
mereased 10 210 °C aver | hour and kept at that temperature for 7 hours. The reaction
mixture was cooled to room temperature under a positive pressure of nitrogen. Reaction
material that had condensed on the Claisen adapter was washed down into the reaction flask
with ethyl acetate (5 mL). The phases were partitioned, and the organic layer was collected.
The aqueous layer was washed with ethyl acetate (2 x 20 mL). The combined organic
fractions were washed once with aqueous saturated sodium chloride, dried over sodium
sulfate, filtered, and concentrated on a rotary evaporator, Purification of the crude material by
silica gel column chromatography on an 1sco CombiFlash system (40-g column; gradient: 2
column volumes heptane, ramp up to 85:15 heptane:ethyl acetate over 8 colurmn volumes,
hold at 85:135 for 4 column volumes) afforded the title compound as a white solid (266 mg,
>99 area% by HPLC, 27% yicld). 'H NMR (400 MHz, CDCl) 8 ppm 6.95 (s, 2H), 6.85 (d, J
= 8.8 Hz, 1H), 6.79 (d, J= 8.8 Hz, 1H), 3.82 (s, 3H), 3.56 (s, 3H}, 2.95 (hept, /= 6.9 Hz, 1H),
2.49 (hept, J = 6.7 Hz, 2H), 2.10 — 1.89 (m, 2H), 1.71 - 1.51 (m, 2H), 1.45 - 1.26 (m, §H),
1.21 (d,.J = 6.8 Hz, 6H), 1.14 (s, 3H), 1.08 (s, 3H), 0.93 (d, /= 6.7 Hz, 6H), 0.80 (d, ./ = 8.6
Hz, 6H). *C NMR (100 MHz, CDCl;) & ppm 154.3, 151.9 (d, /= 11 Hz), 146.3, 145.5 (d,J =
2 Hz), 140.1 (4, /=42 Hz), 132.5{d, J =9 Hz), 127.7 (d,J = 46 Hz), 119.7, 110.6, 107.1,
54.3 (d,J = 62 Hz), 40.8 (d, J = 4 Hz), 34.0 (d, J =5 Hz), 33.4, 30.7, 30.3 (d, J = 24 Hz), 30.1
(d,J =13 Hz), 25.5, 24.2 (d,J= 13 Hz), 20.8. *'P NMR (CDCl;, 202 MHz) & ppm -6.0 (br s).
HRMS (TOF-ESI") caled for [M, CiHaoOaP]™ 496.3470, found 496.3465.
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. 62% yield

Example 11

1-(Biphenyl-2-yi)-2,2,7,7-tetramethylphosphepan-4-one

[0272] To a 40-mL scintillation vial equipped with a magnetic stir bar was added 1-
(biphenyl-2-y1)-2,2,6,6-tetramethylphosphinan-4-one (900 mg, 2.77 mmol, 1 equiv). The vial
was sealed with a septa-top cap and then purged with nitrogen gas for 10 minutes, The solid
was then dissolved with anhydrous, degassed dichloromethane (9 mL). In a separate 250-mL
round bottom flagsk was added anhydrous, degassed dichloromethane (31 mL) which was
cooled to -78 °C. Boron trifluoride diethy] etherate (527 uL, 4.16 mmol, 1.5 equiv) was then
added to the flask. The phosphine solution was transferred by cannula to the reaction flask
over the course of 3 minutes using a positive pressure of nitrogen gas. After stirring the
solution for 5 mimutes, (trimethylsilylydiazomethane (2.1 mL, 4.16 mmol, 1.5 equiv, 2 M in
hexane) was added slowly over 3 minutes The bright yellow solution was stirred at -78 °C for
an hour, and then diluted with 1 M aqueous hydrochloric acid (50 mL). The shurry was
warmed 10 room temperature overnight, The solution was charged into a separatory funnel
and the phases were pariitioned. The dichloromethane layer was collected, and the aqueous
layer was washed with dichloromethane (3 x 20 mL). The combined organic layers were then
washed with aqueous saturated sodium bicarbonate (50 mL), dried over sodium sulfate,
filtered, and concentrated in a rotary evaporator. Purification of the crude product oil by
silica gel column chromatography on an Isco CombiFlash system (120-g column; gradient:
1.5 column volumes heplanc, ramp up to 98:2 heptane:methy! tert-butyl ether over 0.5
column volumes, hold at 98:2 for 2 column volumes, ramp up to 75:25 heptane:methyl tert-
butyl ether over § column volumes, hold at 75:25 for 2 column volumes) afforded the title
compound as a white solid (578 mg, 98 area% by HPLC, 62% vield). 'H NMR (400 MHz,
CDCl;) 8 ppm 7.88 (dt,J=7.8, 1.5 Hz, 1H), 7.47 - 7.32 (m, 5H), 7.32 - 7.27 (m, 1H), 7.26 ~
7.20 (m, 2H), 2.91 (dd, J = 12.2, 7.6 Hz, 1H), 2.67 - 2.46 (m, 3H), 2.17 - 2.04 (m, |H), 1.91
(dddd, J=21.9,15.4, 6.4,4.7 Hz, 1H), 1.20 (d, /= 5.0 Hz, 3H), .16 (d, /= 5.5 Hz, 3H), 1.02
{d, J=13.6 Hz, 3H), 0.98 (d, J = 13.6 Hz, 3H). “CNMR (100 MHz, CDCl;) 8 ppm 211.3,
151.5 (d, J =34 Hz), 143.2, 134.6 (d, /= 3 He), 133.1 (d, J = 29 Hz), 130.5 (d, /= 6 Hz),
130.0 (d,J=4 Hz), 128.7, 126.9, 1263, 125.7, 55.7 (d. 7= 17 Hz), 41.5, 37.0 (d, /= 18 Hz),
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35.2,35.0,33.2,32.9,32.6,32.3, 31.9, 31.6,27.3, 26.3. 'P NMR (CDCl, 202 MHz) § ppm
15.1 (s). HRMS (TOF-ESI") caled for [M, CaHzOP] 338.1800, found 338.1805.

O
O NH,-NH,, KOH O b
P.
diethylene glycol
O 210 °C
51% yield
Example 12

1-(Biphenyl-2-y1)-2,2,7,7-tetramcthylphesphepane

[0273] A round bottom flask was charged with 1-(biphenyl-2-y1)-2,2,7,7-
tetramethylphosphepan-4-one (520 mg, 1.54 mmol, 1.0 equiv) and purged with nitrogen for
15 minutes. Then nitrogen-sparged dicthylene glycol (8.0 mL, 85 mmol, 55 equiv) was added
and the flask was equipped with a Claisen adapter and a Dean-Stark trap. The mixture was
charged with hydrazine hydrate (0.680 mL, 7.68 mmol, 5 equiv, 55 wt% hydrazine) and
potassium hydroxide (431 mg, 7.68 mmol, 5 equiv). The mixture was immersed in an oil
bath at 175 °C. The temperature of the bath was gradually increased to 210 °C over 30
minutes and kept at that iemperature for 7 hours. The reaction mixture was cooled to room
temperature under a positive pressure of nitrogen, and the reaction mixture was dituted with
water (10 mL) and heptane (30 mL). The phases were partitioned, and the organic layer was
collecied. The aqueous layer was washed with hepiane (2 x 20 mL). The combined organic
fractions were washed once with aqueous saturated sodium chioride (20 mL}), dried over
sodium sulfate, filtered, and concentrated on a rotary evaporator. The crude product was
crystallized from a saturated solution of ethanol and isolated by filtration to afford an off-
white solid (254 mg, 90 area% by HPLC, 51% yield). 'H NMR (400 MHz, CDCl5) & ppm
8.03 —7.95 (m, 1H), 7.47 — 7.27 (m, 8H), 1.88 — 1.54 (n, 8H), 1.26 (d, /= 4.0 Hz, 6H), 0.96
(s, 3H), 0.92 (s, 3H). C NMR (100 MHz, CDCl3) & ppm 150.8 (d, J = 34 Hz), 143.5 (d, J =
7 Hz), 136.3 (d, J = 3 Hz), 134.8 (d,.J= 32 Hz), 130.3 {d,/ =4 Hz), 130.2 (d,./= 6 Hz),
127.9, 126.7, 125.9, 125.3,45.1 (d, J= 18 Hz), 35.2, 34.9,32.3, 32.0, 28.1 {(d,J =3 Hz), 25.6
(d,J =3 Hz). *'P NMR (CDCls, 202 MHz) & ppm 14.4 (s). HRMS (TOF-EST") caled for [M,
CooHyoPT" 324.2007, found 324.2004.

125



WO 2012/609698 PCT/US2011/044282

S\gg
=) BF3-Et,O O b
MesSi” N,

63% vield

Example 13
2,2,7,7-Tetramethyl-1-(2',4",6'-triisopropylbiphenyl-2-yi)phosphepan-4-one

[6274] To a 40-mL scintillation vial equipped with a magnetic stir bar was added
2,2,6,6-tetramethyl-1-{2',4',6'-triisopropylbiphenyl-2-ylphosphinan-4-one (1.38 g, 3.06
mmol, 1 equiv). The vial was scaled with a septa-top cap and then purged with nitrogen gas
for 10 minutes The solid was then dissolved with anhydrous, degassed dichloromethane (10
mL). In a separate 250-mL round bottom flask was added anhydrous, degassed
dichloromethane (36 mlL) which was cooled 10 -78 °C. Boron trifluoride diethyl etherate (582
ul, 4.59 mmol, 1.5 equiv) was then added to the flagk. The phosphine solution was
transferred by cannula to the reaction flask over the course of 3 minutes using a positive
pressure of nitrogen gas. After stirring the solution for 5 minutes,
(trimethylsilyl)diazomethane (2.3 mL, 4.59 mmol, 1.5 equiv, 2 A/ in hexane) was added
slowly over 3 minutes The bright yellow solution was stirred at -78 °C for an hour, then
dituted with 1 M aqueous hydrochloric acid (50 mL). The slurry was warmed 1o room
temperature overnight. The solution was charged into a separatory funnel and the phases
were partitioned. The organic layer was collected and washed with aqueous saturated sodium
bicarbonate (50 mL), dried over sodium sulfate, filtered, and concentrated in a rotary
evaporator. Purification of the crude colorless oil by silica gel column chromatography on an
Isco CombiFlash system (120-g column; gradient: 1.5 column volumes heptane, ramp up o
98:2 heptanemethy! ferr-butyl ether over 0.5 column volumes, hold at 98:2 for 2 column
volumes, ramp up to 80:20 heplane:methyl zer-butyl ether over 8 column volumes, hold at
80:20 for 2 column volumes) afforded the title compound as a white solid (900 mg, 90 area%
by HPLC, 63% yield). "H NMR (400 MHz, CDCl5) 8 ppm 8.00 ~ 7.90 {m, 1H), 7.43 — 7.29
(m, 2H), 7.28 — 7.21 (m, 1H), 7.00 (s, 2H), 3.10 - 2.86 (m, 2H), 2.73 - 2.37 (m, 5H), 2.34 —
2.18 (m, 1H), 1.95— 1.77 (m, 1H), 1.31 (d, J= 6.9 Hz, 5H), 1.23 (d, /= 6.8 Hz, 3H), 1.20 (d,
J=6.8 Hz, 3H), 1.15 {(d,J= 6.6 Hz, 3H), 1.10 (d, J = 6.4 Hz, 3H), 1.08 — 1.03 (m, 4H), 1.02
~0.98 (m, 4H), 0.95 (d, J = 6.7 Hz, 3H). C NMR (100 MHz, CDCl5) & ppm 211.3, 148.6 (d,
J=735Hz), 147.5, 145.8 (d, /= 16 Hz), 136.1 (d, J= 6 Hx), 135.5 (d, /=31 Hz), 1343 (d,J
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=2 Hz), 132.6 (d,J = 7 Hz), 127.8, 125.5, 120.1 (d, J = 5 Hz), 56.5 (d, J = 10 Hz), 41.5, 36.3
(d, =10 Hz), 35.0 (d, J = 24 Hz), 34.3, 33.3 (d,/ = 27 Hz), 32.2 (d,J = 31 Hz), 31.9 (dd, /=
6,2 Hz), 30.7,29.5 (d, /=5 Hz), 293 (d, J = 3 Hz), 26.7 (d, J = 33 Hz), 24.3 (d,J = 8 Hz),
22.9 (d,J =9 Hz). *'P NMR (CDCl;, 202 MHz) 8 ppm 18.3 (s). HRMS (TOE-ESI") caled
for [M, Cs1HysOPT™ 464.3208, found 464.3216.

( ®
O 5 NH,-NH,, KOH \Q
O diethylene glycol O
210°C
79% yield

Exampie 14
2,2,7,7-Tetramethyl-1-(2',4',6'-triisopropylbiphenyl-2-yl)phosphepane

[0275] A round bottom flask was charged with 2,2,7,7-tetramethyl-1-(2',4',6'-
tritsopropyibiphenyl-2-yl)phosphepan-4-one (1.06 g, 2.29 mmol, 1.0 equiv) and purged with
nitrogen for 15 minutes. Nitrogen-sparged diethylene glycol (12.0 mL, 126 mmol, 55 equiv)
was added and the flask was equipped with a Claisen adapter and a Dean-Stark trap. The
mixture was charged with hydrazine hydrate (1.01 mL, 11.4 mmol, 5 equiv, 55 wi%
hydrazine) and potassium hydroxide (641 mg, 11.4 mmol, 5 equiv). The mixture was
immersed in an oil bath at 175 °C under a nitrogen atmosphere. The temperature of the bath
was gradually increased to 210 °C over 40 minutes and kept at that temperature for 7 hours.
The reaction mixture was cooled to room temperature under a positive pressure of nitrogen
and then the reaction mixture was diluted with heptane (20 mL) and ethyl acetate (20 mL).
The phases were partitioned, and the organic layer was collected. The aqueous layer was
washed with ethyl acetate (3 x 20 mL). The combined organic fractions were washed once
with aqueous saturated sodium chloride (50 mL), dried over sodium sulfate, filtered, and
concentrated on a rotary evaporator. The crude product was purified by silica gel column
chromatography (80-g columm; gradient: 1.5 column volumes heptane, ramp up to 92:8
heptane:ethyl acetate over 8.5 column volumes, hold at 92:8 for 2 column volumes) to afford
the title compound as a white solid (810 mg, >99 area% by HPLC, 79% yield). "H NMR (400
MHz, CDCl;) 8 ppm 8.00 — 7.83 (m, 1H), 7.33 -~ 7.26 (m, 2H}, 7.22 - 7.13 (m, 1 H), 6.97 (s,
2H), 2.91 (hept, J = 6.9 Hz, 1H), 2.48 (hept, J= 6.7 Hz, 2H), 1.77 - 1.60 (1, 6H), 1.60 — 1.47
(m, 2H), 1.29 (d, /= 6.9 Hz, 6H), 1.21 (dd, /= 8.2, 4.4 Hz, 12H), 0.96 (d, J= 6.7 Hz, 6H),
0.82 (s, 3H), 0.78 (s, 3H). "CNMR (100 MHz, CDCl3) 8 ppm 148.0, 147.7, 147.2, 145 8,

137.0 (d, J = 34 Hz), 136.7, 1362 (d, J=2 Hz), 131.7(d, J =7 Hz), 126.9, 125.1, 119.9, 46.3
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(d,J =17 Hz), 35.1, 34.8, 34.3,32.1, 31,9, 31.1 (d, J = 3 Hz), 28.8 (d, J = 3 Hz), 26.7, 26.2
(d,J =3 Hz), 24.4, 22.9 (d, J= 2 Hz). *'P NMR (CDCl;, 202 MHz) 8 ppm 20.1 (s). HRMS
(TOF-ESI) caled for [M, CaHyrP]™ 450.3415, found 450.3429.

O
O 5 BFg-Bt»)O
MesSi™ SN,
O CH,CL,, -78 °C
70% yield

Example 15
2,2,8,8-Tetramethyl-1-(2',4",6'-triisopropylbiphenyl-2-yhphosphocan-4-one

[6276] To a 250-mL round bottom flagk equipped with a magnetic stir bar was added
2,2,7,7-tetramethyl-1-(2',4",6'-triisopropylbiphenyl-2-yl)phosphepan-4-one (1.24 g, 2.67
mmol, 1 equiv). The flask was sealed with a septum and purged with nitrogen gas for 10
minutes The solid was dissolved with anhydrous, degassed dichloromethane (38 mL), and the
solution was cooled to -78 °C. Boron trifluoride diethyl ctherate (507 pL, 4.00 mmol, 1.5
equiv) was added to the flask over the course of 3 minutes After stirring the solution for §
minutes, {trimethylsilyl)diazomethane (2.0 mL, 4.00 mmol, 1.5 equiv, 2 A in hexane) was
added slowly over 3 minutes The bright vellow solution was stirred at -78 °C for an hour,
then diluted with 1 M agueous hydrochloric acid (50 mL). The slurry was warmed to room
temperature overnight. The solution was charged into a separatory funnel and the phases
were partitioned. The organic layer was coliected, and the aqueous layer was washed with
dichloromethane (2 x 20 mL). The combined organic fractions were then washed with
aqueous saturaled sodium bicarbonate (30 mL), dried over sodium sulfaie, filtered, and
concentrated via a rotary evaporator. Purification by silica gel column chromatography on an
Isco CombiFlash system (120-g column; gradient: 1.5 column volumes hepiane, ramp up ©
90:10 heptane:ethyl acetate over 8.5 column volumes, hold at 90:10 for 4 colurmn volumes)
afforded the title compound as a white solid (905 mg, >99 area% by HPLC, 71% yield). 'H
NMR (400 MHz, CDCL) 8 ppm 7.87 — 7.80 (m, 1H), 7.37 - 7.27 (m, 2H), 7.22 (ddd, /= 4.2,
3.3, 1.9 Hz, 1H), 6.97 (dd, J= 7.3, 1.8 Hz, 2H), 3.09 - 2.97 (m, 1H), 2.92 (dg, /= 13.7, 6.9
Hz, 1H), 2.75 ~ 2.54 (m, 2H), 2.46 — 2.30 (m, 2H), 2.24 (dq, /= 15.0, 5.7 Hz, 1H), 1.98 -
1.77 (m, 2H), 1.65 (idd, J=13.5, 9.4, 3.9 Hz, 1H), 1.55 - 1.41 {m, 4H), 1.30 (d,.J = 6.9 Hz,
6H), 1.27 (1,/=4.5 Hz, 6H), 1.17 (d, /= 6.8 Hz, 3H), 1.01 (d, /= 6.6 Hz, 3H), 0.95(d, /=

6.7 Hz, 3H), 0.90 (d, J = 12.2 Hz, 3H), 0.74 (d,J = 164 Hz, 3H). '*C NMR (100 MHz,
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CDCl;) 8 ppm 213.9, 148.5, 148.1, 147.4, 145.9, 145.6, 136.9 (d,J=2 Hz), 136.1 (d,J= 5
Hz), 134.9,134.6, 132.2 (d, ./ = 7 Hz), 127.6, 124.9, 120.0 (d, .J = 14 Hz), 59.7 (d, J = 27 Hz),
42.9(d,/ =12 Hz), 42.6,36.9 (d, J= 31 Hz), 36.0 (d, /= 28 Hz), 34.3, 31.8 (d,/ = 14 Hz),
31.2(d,J =4 Hz), 31.0, 30.3 (d, J = 26 Hz}, 29.0 (d,J = 4 Hz), 27.1, 26.4 ~ 26.0 (m), 24.4 (d,
J=7Hz),23.2 228 (m), 21.3 (d,J =7 Hz). *'P NMR (CDCl;, 202 MHz) 8 ppm 10.5 (s).
HRMS (TOF-ESI) caled for [M, CxnHe,OPT 478.3365, found 478.3369.

( ®
@\P NH,-NH,, KOH P.
diethylene glycol O

210°C
41% yield

Example 16
2,2,8,8-Tetramethyl-1-(2',4',6'-triisopropylbiphenyl-2-yl)phosphocane

[6277] A round bottom flask was charged with 2,2,8,8-tetramethyl-1-(2',4',6"
{riisopropylbiphenyl-2-yDphosphocan-4-one (1.25 g, 2.61 mmol, 1.0 equiv) and purged with
nitrogen for 15 minutes. Nitrogen-sparged diethylene glycol (13.7 mL, 144 mmol, 55 equiv)
was added, and the flask was equipped with a Claisen adapter and a Dean-Stark trap. The
mixture was charged with hydrazine hydrate (1.16 mL, 13+1 mmol, § equiv, 55 wi%
hydrazine) and potassium hydroxide (733 mg, 13.1 mmol, 5 equiv). The mixture was
immersed in an oil bath at 160 °C under a nitrogen atmosphere. The temperature of the bath
was gradually increased 1o 210 °C over 30 minutes and kept at that temperature for 7 hours.
The reaction mixture was ¢cooled 10 room temperature under a positive pressure of nitrogen
overnight. The Claisen adapter was washed with ethyl acetate (30 mL). The phases were
partitioned, and the organic layer was collected. The aqueous layer was washed with ethyl
acetate (3 x 20 mL), and the combined organic fractions were washed once with water (50
mL) and aqueous saturated sodium chloride (50 mL), dried over sodium sulfate, filtered, and
concentrated on a rotary evaporator. The purified product was trituraled from hot methanol
and collected by filiration to afford the title compound as a white solid (499 mg, 92 area’ by
HPLC, 41% yield). "H NMR (400 MHz, CDC13) 8 ppm 7.96 — 7.87 (m, 1H), 7.33 - 7.26 (m,
2H), 7.23 - 7,17 {m, 1H), 6.97 (s, 2H), 3.00 - 2.85 (m, 1H), 2.61 - 2.44 (m, 2H), 1.91 - 1.61
(m, 5H), 1.61 - 1.41 (m, 5H), 1.39(d,./= 2.5 Hz, 6H), 1.31 (d, J= 6.9 Hz, 6H), L 23 (d,/ =
6.8 Hz, 6H), 0.98 (d, J = 6.7 Hz, 6H), 0.74 (d, J = 15.0 Hz, 6H). “C NMR (100 MHz,
CDCl) & ppm 148.2 (d, J = 35 Hz), 147.1, 145.8, 137.3, 136.8 (d,J =8 Hz), 136.6 (d, /= 21
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Hz), 1320 (d, J= 7 Hz), 126.9, 124.6, 119.8, 43.8 (d, J= 18 Hz), 36.3 (d, J= 30 Hz), 34.3,
31.1,31.0 (4,7 = 18 Hz), 28.3 (d, J = 4 Hz), 26.8 (d, J= 11 Hz), 26.7, 24.4, 23.1 (d,J =2
Hz), 22.4 (d,) = 6 Hz). *'P NMR (CDCls, 202 MHz) 8 ppm 10.5 (5). HRMS (TOF-ESI")
caled for [M, CsyHaoP]" 464.3572, found 464.3584.

[0278] Assay yield calculation for Examples 17-29. Product standards were
determined using commercially available or purified material. The product standard of
interest was weighed into a volumetric flask (Wigy) and dissolved in the appropriate volume
of acetonitrile (Vola). A sample was injected into an HPLC mstrument and the area
corresponding to the product was recorded {Agy). The mass of the crude reaciion solution
following filtration and rinse was obtained (Wty). A sample of known mass (Wigampie) Was
taken from the bulk solution and added to a volumetric flask, then diluted in acetonitrile
(Volgw). A sample was then injected into an HPLC instrument, recording the area
corresponding 1o the product (Asum). The assay yield of product was then determined using

the following formula.

Asain X Volgom X Wigy X Wio g x 100

Assay vyield (%) =
Agia X Wigampie X VOlgyy X theoretical yield

[0279] Unless noted otherwise, the following HPLC method was used for reaction

analyses for Examples 17-29.
Mobile phase A: 0.1% HClO, in water (volume/volume).
Mobile phase B: acetonitrile.
Column: Ascentis® Express C8 2.7 pm, 4.6 mmx150 mm.
Flow rate: 1.25 mL/minute.
Column temperature: 40 °C.

Monitor at 210 nim.

Time
% A % B
(minutes)
0 40% 60%
6 5% 95%
10 5% 95%
{1 40% 60%
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[0280] Example 17. Palladium-catalyzed C-O cross-coupling of a primary
alcohol with an aryl chloride.

1 mol% Pd(OAc),
1.1 mol% ligand

OMc OMe
(:[ HO” " Me Cs,CO; C[
Cl toluene, 110°C, 19 h 0 ""Me

[6281] 1-Butoxy-2-methoxybenzene. In a nitrogen-atmosphere glovebox, a 40-mL

scintillation vial equipped with a magnetic stir bar was charged with palladium(1l) acetate (3.2
mg, 0.014 mmol, 0.01 equivalents), 7,7.9,9-tetramethyl-8-(2,4',6'-triisopropyl-3,6-
dimethoxybiphenyl-2-y1)-1,4-dioxa-8-phosphaspiro[4.5]decane (8.6 mg, 0.015 mmol, 0.011
equivalenis) and cesium carbonate (686 mg, 2.10 mmol, 1.5 equivalents). The solids were
then slurried in toluene (2.8 mL) and n-butanol (385 uL, 4.21 mmol, 3 equivalents). 2-
Chloroanisole (178 uL, 1.40 mmol, 1 equivalent) was added by syringe, then the vial was
scaled with a polytetrafluoroethylene (PTFE) screw cap septum and heated to 110 °C for 19
hours. Afler cooling the reaction 1o room iemperature, the vial was brought outside the
glovebox. The reaction mixture was diluted with ethyl acetate (2 mL) and filtered through a
pad of diatomaceous earth. After the vial was rinsed with ethy! acetate (2»2 mL) and fillered,
the filter cake was washed with ethyl acetate (2 ml.). The ethyl acetate was carefully
removed on a rolary evaporator. A weight percent (wi%) analysis was then performed on the
crude concentrate to determine an assay yield of 62% (literature reference: Wolter M, et al,
Org. Lett. 2002; 4: 973-976). 'H NMR (400 MHz, CDCL,) & ppm 6.96 — 6.84 (m, 4H), 4.03
(t,J = 6.8 Hz, 2H), 3.87 (s, 3H), 1.91 ~ 1.78 (m, 2H), 1.57 — 1.44 (m, 2H), 0.99 (1, J = 7.4 Hz,
3H).

Assay Yield

Ligand
(%)

OMe

MeO

av}

5|
.
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¢ Assay yield was determined by weight percent analysis versus isolated,

characterized product.

[0282] Example 18. Palladium-catalyzed C-N cross-coupling of an aryl

nonaflate with methylsulforamide.

1 moi% szdba3
K F 2.4 mol% ligand

FP pr  HNT M K30, Me

Me¢ 1-AmOH, 80 °C, 16 h

[0283] N-p-tolylmethanesulfonamide. In a mnitrogen-aimosphere glovebox, a
microwave vial equipped with a magnetic stir bar was charged with potassium phosphate
(71.6 mg, 0.337 mmol, 1.1 cquivalents), tris(dibenzylidencacetone)dipaliadium(0) (Pd,dbas)
(2.8 mg, 0.00307 mmol, 0.01 equivalents) and phosphine ligand (0.00736 mmeoi, 0.024
equivalents). #-Amyl alcohol (1.1 mL) was syringed inlo the vial and the mixture was stirred
for 30 minutes at 80 °C. After cooling to room temperature, methanesulfonamide (35.0 mg,
0.368 mmol, 1.2 equivalents) and p-methylbenzene nonaflate (100 mg, 0.307 mmol, 1
equivalent) were added to the reaction solution. The vial was sealed with a crimp top and
placed in a heating block at 80 °C. After 16 hours, the reaction was cooled to room
temperature and brought out of the glovebox. The reaction solution was diluted with CHxCl;
(2 ml.) and filtered through a pad of diatomaceous earth. The vial was rinsed with CH,Cly
(2x2 mL), then the filler cake was washed with CH,Cly (22 mL). The filtrate was
transferred to a tared flask and concentrated omn a rotary evaporator to furnish an orange oil.
The crude concentrate was sampled for a wt% analysis. Purified material could be isolated as
an off-white solid by silica gel flash column chromatography (30 g silica gel, gradient from
85:15 to 70:30 heptane:ethyl acetate) (literature reference: Shekhar S, et al. J. Org. Chem.
2011; 76: 4552-4563.). "H NMR (400 MHz, CDCl3) 8 ppma 7.22 ~ 7.07 (m, 4H), 6.57 (br s,
1H), 2.99 (s, 3H), 2.34 (s, 3H).
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Assay Assay Yield
Ligand Ligand
Yield (%)° (%)*

>99 (92) O 87

* Assay yields were determined by weiglt percent analyses versus isolated,

characterized product.

[0284] Example 19. Palladium-catalyzed phenylurea coupling 4-chiorotoluene.

1 mol% Pd,dbas
o 4 mol% ligand u q
@y N/U\N’Ph NTN\Ph
Mg DME, 85°C,15h Mg

[0285] 1-Phenyl-3-p-tolylurea. In a nitrogen-atmosphere glovebox, a microwave
vial equipped with a magnetic stir bar was charged with phenylurea (160 mg, 0.734 mmol, 1
equivalent), potassium phosphate (234 mg, 1.10 mmol, 1.5 equivalents),
tris{dibenzylideneacetone)dipalladium(0) (Pd,dbas) (6.7 mg, 0.00734 mmol, 0.0 equivalents)
and phosphine ligand (0.029 ramol, 0.04 equivalents). Then 1,2-dimethoxyethane (1.34 mL)
was syringed into the vial, After stirring the-mixture for 1 hour at room temperature, 4-
chlorotoluene (96 pl, 0.808 mmdl, 1.1 equivalents) was added. The vial was sealed with a
crimp top and placed in a heating block at 85 °C. After 15 hours, the reaction vial was cooled

to room temperature and brought out of the glovebox. The reaction solution was diluted with
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dimethylformamide (0.6 mL) and stirred for 15 minutes. The shurry was then filtered through

a pad of diatomaceous earth. The vial was rinsed with dimethylformamide (0.6 mL) before

passing through the filter. The combined filtrate was concentrated on a rotary evaporator to

fornish an orange oil. A 1:1 mixture of methanol:water (3.5 mL) was added dropwise to the

crude concentrate, leading to the precipitation of product.

The solids were collected by

filtration and washed with 1:1 methanol:water (3 mL). The isolated product urea was dried in

a vacuum oven for 6 hours al 60 °C/150 mmm Hg. (literature reference: Kotecki BJ, et al. Org.
Lett, 2009; 11: 947-950). 'H NMR (400 MHz, DMSO-ds) & ppm 8.52 (1, J = 22.7 Hz, 2H),
7.42 (dd, J = 8.5, 1.0 Hz, 2H), 7.31 (t, J = 5.4 Hz, 2H), 7.26 (dd, J = 10.7, 5.2 Hz, 2H), 7.07

(d,.7= 8.2 Hz, 2H), 6.95 (dd, /= 10.5, 4.2 Hz, 1H), 2.24 (s, 3H).

Conversion Yicld
Ligand
(%)* (%)’
@y @
N
Ph ! © >99 96 (>99)
| N Ph
N
Ph
O 8
S
0O
= P
>99 98 (>99)
o/>
O\GX:
P 096° ~

Me ?.N O NMCQ

% Reaction conversion determined by reverse phase HPLC versus isolated,

characterized product. The conversion is a ratio of ((desired)/(starting material +

desired)). ° Isolated yields. Values in parentheses are the assay yields of the crude
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reaction mixlures measured by weight percent analyses. ° Reaction conversion

measured after 22 hours at 85 °C.

[0286] Example 2. Palladium-catalyzed nitration of an aryl chloride.
1 mol% Pdgdba?,

2.4 mol% ligand
5 mol% TDA-1

Cl NO,
O e o
NC -BuOH, 130°C, 24 h NC

{0287] 4-Nitrobenzonitrile, In a nifrogen-atmosphere glovebox, a microwave vial

equipped with a magnetic stir bar was charged with 4-chlorobenzonitrile (100 mg, 0.727
mmol, 1 equivalent), sodium nitrite (100 mg, 145 mmol, 2 equivalents),
tris(dibenzylideneacetone)dipalladium(0) (Pdydbas) (6.7 mg, 0.00727 mmol, 0.01 equivalents)
and phosphine ligand (0.017 mmol, 0.024 equivalents). The solids were slurried in t-butyl
alcohol (1.3 mL) before adding tris[2-(2-methoxyethoxy)ethyl]amine (TDA-1) (12 pL, 0.036
mmol, 0.05 equivalents), The vial was sealed with a crimp top and placed in a heating block
at 130 °C. After 24 hours, the reaction vial was cooled to room temperature and brought out
of the glovebox. The reaction solution was diluted with tetrahydrofuran (2 mL) and filtered
through a pad of diatomaceous earth into a tared 125-mL Erlenmeyer flask. The vial was
rinsed with tetrahydrofuran (3x1 mL) before the filter cake was washed with tetrahydrofuran
(2 mL). A wt% analysis was performed on the filtrate and an assay yield was measured
(literature reference: Fors BP, et al. J. Am. Chem. Soc. 2009; 131: 12898-12899).
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Assay Yield

Ligand
# %)

9

32

“ Assay yields were determined by weight percent analyses versus

commercially available 4-nitrobenzonitrile.

n mot% Pd,dba,
1.2rn mol% ligand

cl 5 mol% TDA-1 O O NO,
Y

t-BuOH, 130 °C 5
0]

10288] 4-Nitrobenzophenone, In a nitrogen-atmosphere glovebox, a microwave
vial equipped with a magnetic stir bar was charged with 4-chlorobenzophenone (100 mg,
0.462 mmol, 1 equivalent), sodium nitrite {63.7 mg, 0.923 mmol, 2 equivalents),
tris(dibenzylideneacetone)dipalladivm(0) (Pdadbas) (0.005 or 0.0025 equivalents) and 7,7,9,9-
tetramethyl-8-(2',4",6-triisopropy-3,6-dimethoxybiphenyl-2-yl)-1,4-dioxa-8-
phosphaspiro[4.5]decane (0.012 or 0.006 equivalents, respectively). The solids were slurried
in t-butyl alcohol (0.84 mL) before adding tris{2-(2-methoxyethoxy)ethyllamine (TDA-1)
(7.4 uL, 0.023 mmol, 0.05 equivalents). The vial was sealed with a crimp top and placed in a

heating block at 130 °C. After indicated reaction time, the vial was cooled to room
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temperature and brought out of the glovebox. The reaction solution was diluted with
tetrahydrofuran (2 ml) and filtered through 2 pad of diatomaceous earth into a tared 125-mlL
Erlenmeyer flask. The vial was rinsed with tetrahydrofuran (5%1 mL) before the filter cake
was waghed with tetrahydrofuran (5 mL). A wit% analysis was performed on the filtrate and

an agsay yield was measured.

mol % Assay
mol % Time
Ligand ligand Yield
Pd,dba; (h)
(%)
O
] 0.5% 1.2% 22 93
O
0.25% 0.6% 24 96

¢ Assay yields were determined by weight percent analyses versus
commercially available 4-nitrobenzophenone.
[6289] Example 21. Palladium-catalyzed sclective N-arylation of oxindole.

1 mol% P dgdbag
2.2 mol% ligand / N

i cl
- I g
0 ‘
K,CO,, THF
NC 80 °C, 24 h ©$:o

[0298] 4-(2-Oxoindolin-1-yhbenzonitrile. In a nifrogen-atmosphere glovebox, a

microwave vial equipped with a magpetic stir bar was charged with oxindole (40 mg, 0.300
mmol, 1 equivalent}, 4-chlorobenzonirile (50 mg, 0.361 mmol, 1.2 equivalents), potassium
carbonate (83 mg, 0.601 mmol, 2 equivalents), tris(dibenzylideneacetone)dipalladium(()
(Pdydbas) (2.8 mg, 0.0030 mmol, 0.0 equivalents) and 2,2,7,7-tetramethyl-1-(2',4',6'-
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trilsopropylbiphenyl-2-yl)phosphepane (3.0 mg, 0.0066 mmol, 0.022 equivalents). Then
tetrahydrofuran (0.3 mL) was syringed into the vial. The vial was sealed with a crimp top and
placed in a heating block at 80 °C. Afler 24 hours, the vial was removed from the heating
block, cooled 10 room lemperature and brought out of the glovebox. The reaction solution
was diluted with tetrahydrofuran (2 mL) and filtered into a tared 125-mL Erlenmeyer flask.
The vial was rinsed with tetrahydrofuran (2x2.5 mL), followed by washing of the filter cake
with tetrahydrofuran (5 mL)., A wit% analysis was performed on the filtered solution and an
assay yicld of 71% was measured (literature reference: Altman RA, et al. J. Am. Chem. Soc.
2008; 130: 9613-9620). 'H NMR (400 MHz, CDCl;) § ppm 7.90 — 7.82 (m, 2H), 7.68 — 7.60
(m, 2H), 7.41 — 7.34 (m, 1H), 7.32 = 7.25 (m, 1H), 7.21 — 7.13 (m, 1H), 6.93 (dd, 7= 9.8, 2.1
Hz, 1H), 3.79 (s, 2H).

Assay Yield

Ligand
(%o)*

| P
$ ﬂ

* Assay yield was determined by weight percent analysis versus isolated,

characterized product.

[0291] Example 22. Palladium-catalyzed alkyl Suzuki-Miyaura cross-coupling

with an aryl bromide.

1 mol% szdba3
2.2 mol% ligand

Br Me
KBF;Me
CSQCO3

dioxane/H,O
100°C,21 h

[0292] Toluene. In a nitrogen-atmosphere glovebox, a microwave vial equipped
with a magnetic stir bar was charged with potassium trifluoromethylborate (140 mg, 1.15

mmol, 1.2 equivalents), cesium carbonate (934 mg, 2.87 mmol, 3 equivalents),
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tris(dibenzylideneacetone)dipalladiom(0) (Pd,dbas) (8.8 mg, 0.00955 mmol, 0.01
equivalents), and phosphine ligand (0.021 mmol, 0.022 equivalents). Dioxane (1.7 mL) was
added to the vial and the resulting slurry was stirred for 1 hour before adding water (190 L)
and bromobenzene (101 pL, 0.955 mmol, 1 equivalent). The vial was sealed with a crimp top
and placed i a heating block at 100 °C. After 21 hours, the reaction was cooled 1o room
temperature and brought out of the glovebox. The reaction solution was fillered into a tared
125-mL Erlenmeyer flask, The vial was rinsed with dioxane {5x1 mL), followed by washing
of the fiiter cake with dioxane (5 mL). A wi% analysis was performed on the filtrate to obtain

an assay yield for toluene.

Assay Yield
Ligand
(%)
O/>
PAgY
P 68
MGQN O
o/>
DAGE:
P 72

“ Assay yields were determined by weight percent analyses versus a toluene
standard.
[0293] Example 23. Palladium-catalyzed borylation of an aryl chloride.
1 mol% Pd,dbas

i ? 2.4 mol% ligand (/)
Q/ O~ 0 Pg
MeQ ([) KOAc, dioxane /©/
MeO

110°C,20 b
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{0294] 4-Methoxyphenyiboronic acid pinacol ester. In a nilrogen-atmosphere
glovebox, a microwave  vial equipped with a magnetic stir bar was charged
bis(pinacolato)diboron (107 mg, 0.421 mmol, 1.2 equivalents), potassium acetate (68.8 mg,
0.701 mmol, 2 equivalents), tris{dibenzylidencacctone)dipaliadium(0) (Pdadbas) (3.2 mg,
0.60351 mmol, 001 equivalents), and 8-(2',6'-diisopropoxybiphenyl-2-y1)-7,7,9,9-
tetramethyl-1,4-dioxa-8-phosphaspiro[4.5]decane (4.1 mg, 0.00842 mmol, 0.024 equivalents).
Then dioxane (0.7 mL) was syringed into the vial, followed by 4-chloroanisole (43 puL, 0.351
mmol, 1 equivalent). The vial was sealed with a crimp top and placed in a heating block at
110 °C. After 20 hours, the reaction vial was removed from the heating block, cooled to
room temperature and brought out of the glovebox. The reaction solution was filtered into a
tared 125-mL Erlenmeyer flask. The vial was rinsed with dioxane (5x1 mL), followed by
washing of the filter cake with dioxane (5 mL). A wi% analysis was performed on the filtered

solution to oblain an assay yield of 73%.

Assay Yield
Ligand
(%)
O
E
O
P 73 (42)°
KT )
X

? Assay yields were determined by weight percent analyses versus
commercially available material. * Value in parentheses is the assay yield of the
borylalion when §.25 mol % tris(dibenzylidencacetonejdipatladivm(Q) (Pdadbas) and

0.6 mol % ligand were used under the same reaction conditions.

[0295] Example 24. Palladium-catalyzed fluoripation .of an aryl

trifluoromethanesuifonate.

2 mol% Pd catalyst

[ R OTf 6 mol% ligand F
7
CsF, toluene
110°C, 18 h
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[0296] 2-Fluorobiphenyl. In a nitrogen-atmosphere glovebox, a microwave vial
equipped with a magnetic stir bar was charged with cesium fluoride (101 mg, 0.662 mmol, 2
equivalents), palladium catalyst (0.00662 mmol, 0.02 equivalents), 7,7,9,9-tetramethyl-8-
(2',4',6"-triisopropyl-3,6-dimethoxybiphenyl-2-y1)-1,4-dioxa-8-phosphaspiro[4.5 Jdecane (11.0
mg, 0.020 mmol, 0.06 cquivalents) and biphenyl-2-yl trifluoromethanesulfonate (Wang I-Q,
et al. Tetrabedron 2002; 58: 5927-5931) (100 mg, 0.331 mmol, 1 equivalent). Afier adding
toluene (1.65 mL) the vial was sealed with a crimp top and placed in a heating block at 110
°C, After 18 hours, the vial was removed from the heating block, cooled to room temperature
and brought out of the glovebox. The reaction solution was diluted with tetrahydrofuran (2
mL) and filtered into a tared 125-mi Erlenmeyer flask, The vial was rinsed with
tetrahydrofiran (5x1 mL), followed by washing of the filter cake with tetrahydrofuran (5
mL). A wi% analysis was performed on the filtered solution and an assay yield was measured
against commercially available 2-fluorobiphenyl (literature reference: Watson DA, et al.
Science 2009; 325: 1661-1664).

Assay Yicld
Ligand Pd catalyst
(%)’
OMe [(allyhPdCl}, 78 (4)
O
MeQ P :’
O

/ ’
immamyDPACT 73 (3)
“ [(cimamyYPdCl], €)

¢ Assay yields were determined by weight percent analyses versus
commercially available material. Values in parentheses are the measured assay yields

of bipheny! formed via reduction of starting triflate.

[0297] Example 25. Palladium-catalyzed arylation of a secondary amine.

1 mol% Pd,dba, o
H 2.2 mol% ligand (\
Cl g
JIONNG N\)
Mc o NaOt-Bu, dioxane /@/
100°C, 14 b Me
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[0298] 4-Tolylmorpholine. In a nitrogen-atmosphere glovebox, a microwave vial
equipped with & magnetic stir bar was charged with sodium ferr-butoxide (56.9 mg, 0.592
mmol, 1.5 equivalents), tris(dibenzylidencacetone)dipalladivm(0) (Pd,dbas) (3.62 mg,
0.00395 mmol, 0.01 equivalents), phosphine ligand (0.00869 mmol, 0.022 equivalents) and
dioxane (0.79 mL). To the slurry was added 4-chlorotoluene (47 pl, 0.395 mmol, 1
equivalents) and morpholine (42 uL, 0.474 mmol, 1.2 equivalents). The vial was sealed with
a crimp top and stirred at 100 °C, After 14 hours, the vial was removed from the heating
block, cooled to toom temperature and brought out of the glovebox., To assay the crude
reaction, an aliquot (7 uL) was taken and diluted in acetonitrile (1.5 mL), then injected onto
an HPLC‘instrument. For isolation purposes, the reaction solution was worked up by diluting
with CH,Cl, (2 mL) and filtering into a round-bottom flask. The vial was rinsed with CH,Cl,
(5 mL), followed by washing of the filter cake with CH,Cl; (2 mL). The volatiles were
removed on a rotary evaporator and the crude concentrate was purified by silica gel column
chromatography (25 g silica gel, 85:15 heptane:ethyl acetate). The purified product was
isolated as a beige solid. "H NMR (400 MHz, CDCl;) & ppm 7.10 (d,./ = 8.2 Hz, 1H), 6.88 —
6.81 (m, 2H), 3.87 (dd, J = 5.7, 3.9 Hz, 4H), 3.15 - 3.09 (m, 4H), 2.29 (s, 3H).

Conversion )
Ligand Area%
(%)
9
O WO
P\ >99 §7.8 (93%)°
_ o/\)
DA

. >99 74.3
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>99 75.1
CCT
O/>
DAGE:
P >99 81.9 (83%)°
MeO ! OMe
O/>
Y
p >99 77.6

MesN ! OMc

? Reaction conversion determined by reverse phase HPLC versus isolated,

characterized product. The conversion is a ratio of ({desired)/(starling material +

desired)). ® Area% of desired product in the crude reaction solution measured at 210

nm by HPLC. ° Isolated yield of product following column chromatography.

[0299] Example 26. Palladium-catalyzed coupling of bromobenzene with a

thiol.

o

[0300] Diphenylsulfide.

I mol1% Pd,dbas
2.4 mol% ligand

NaQOr-Bu,dioxane
110°C, 191

o0

In a nitrogen-atmosphere glovebox, a microwave vial

equipped with a magnetic stir bar was charged with sodium fers-butoxide (33.7 mg, 0.350

mmol, 1.1 equivalents), tris(dibenzylideneacetone)dipalladium(0) (Pdydbas) (2.9 mg, 0.00318

mmol, 0.01 equivalents), 7,7,9,9-tetramethyl-8-(2',4",6"-triisopropylbiphenyl-2-y1)-1,4-dioxa-
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8-phosphaspiro[4.5]decane (3.8 mg, 0.00764 mmol, 0.024 equivalents) and dioxane (0.48
mL). The shurry was stirred at room temperature for 1 hour before adding bromobenzene (34
ul, 0.318 mmol, 1 equivalent) and benzenethiol (33 pL, 0.318 mmol, 1 equivalent). The vial
was sealed with a crimp top and stirred at 110 °C. Afler 19 hours, the vial wag removed from
the heating block, cooled to room temperature and brought out of the glovebox. The reaction
solution was diluted with tetrahydrofuran (2 mL) and filtered into a lared 1253-mL Erlenmeyer
flask. The vial was rinsed with tetrahydrofuran (5%1 mL), followed by washing of the filter
cake with tetrahydrofuran (5 mL). A wt% analysis was performed on the filtered solution and

an assay yield of 88% was measured against commercially available diphenylsulfide.

Assay Yield
(%)’

! &3

? Assay vield was determined by weight percent analysis versus

cominercially available material.

[8301] Examplc 27. Palladium-catalyzed Suzuki-Mivaura coupling.
1 mol% szdbﬁ:;
Cl 2.2 mol% ligand

B(OH), O
©/ Cs,CO;3, toluene

0 100 °C, 14h

[0302] 4-Acetyibiphenyl. In a nitrogen-atmosphere glovebox, a microwave vial
equipped with a magnetic stir bar was charged with phenylboronic acid (59 mg, 0.485 mmol,

1.5  equivalenis), cesium carbonate (316 mg, 0.970 mmol, 3 equivalents),
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tris(ciibenzyiid.eneacetone)dipailad.ium((l) {Pdydba;) (3.0 mg, 0.00323 mmol, 0.01
equivalents), phosphine ligand (0.00712 mmol, 0.022 equivalents) and toluene (0.65 mlL).
The slurry was stirred al room temperature for 1 hour before adding 4'-chloroacetophenone
(42 UL, 0.323 mmol, | equivalents). The vial was sealed with a crimyp top and stirred at 100
°C. After 14 hours, the vial was removed from the heating block, cooled to room temperature
and brought out of the glovebox. The reaction solution was diluted with tetrahydrofuran (2
mL) and filtered into a lared 125-mL Erlenmeyer flask. The vial was rinsed with
tetrahydrofuran (3%x2 mL), followed by washing of the filter cake with tetrahydrofuran (5
mL). A wt% analysis was performed on the filtered solution and an assay yield was measured
versus commercially available 4-acetylbiphenyl. A modified solvent gradient was utilized in
the HPLC method for the weight% analyses. On an Ascentis® Express C8 (2.7 um, 4.6
mmx* 150 mm) column at 40 °C with a flow rate of 1.5 mL/minute, the following gradient was
used: starting at 60% A (0.1% HCIO, in water) and 40% B (acetonitrile), ramped up to 5% A
and 95% B over & minutes, followed by a 2 minute hold, and ramp down to 60% A and 40%

B over 1 minute.

Assay Yield
Ligand
(%)
O’>
O
P 80
MGQN = 1
NN
0/>
AN
s ©
P 85
O/>
DAG:
P 87
CCT 7

PCT/US2011/644282
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“ Assay yields were determined by weight percent analyses versus

commercially available material,

[6303] Example 28. Palladium-catalyzed cyanation of an aryl bromide,

2 mol% Pd,dba,
4.8 mol% ligand

Br CN
" e o
0O-N Zn dust, DMF O,N

- 100°C,20h -

[0304] 4-Nitrobenzonitrile. In a nitrogen-atmosphere glovebox, a microwave vial
equipped with a magnetic stir bar was charged with I-bromo-4-nitrobenzene (5¢ mg, 0.248
mmol, [ equivalent), zinc cyanide (16.0 mg, 0.136 mmol, 0.55 equivalents), zinc dust (1.6
mg, 0.025 mmol, 0.1 equivalenis), tris(dibenzylidencacetone)dipalladium(0) (Pdodbas) (4.5
mg, 0.00495 mmol, 0.02 equivalents), phosphine ligand (0.012 mmol, 0.048 equivalents) and
dimethylformamide (0.55 mL). The vial was scaled with a crimp top and stirred at 100 °C,
After 20 hours, the vial was removed from the heating block, cooled to room temperature and
brought out of the glovebox. The reaction solution was diluted with tetrahydrofuran (2 mL)
and filtered into a tared 50-mL Erlenmeyer flask. The vial was rinsed with tetrahydrofuran
(51 mL), followed by washing of the filter cake with tetrahydrofuran (5 mL). A wt%
analysis was performed on the fillered solution and an assay vield was measured versus

commercially available 4-nitrobenzonitrile.

Assay Assay
Ligand Yield Ligand Yield
(%) (%)

O N Ko O OZ !
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@ 7y
P O 0
81 P 77

O Me,N O NMe

78 74

96 e

¢ Assay yields were determined by weight percent analyses versus

commercially available material.

[0305] Example 29. Palladium-catalyzed coupling of diethylphosphite with

bromobenzene.
2 mol% Pd(OAc),
o 2.4 mol% ligand O
Br I lPl
P \"OEt
@ HT O EN, E1OH ©/ OFEt
80°C,24h

[0306] Diethyl phenylphosphonate. In a nitrogen-atmosphere glovebox, a
microwave vial equipped with a magnetic stir bar was charged with palladium(IT) acetate (1.4
mg, 0.00637 mmol, 0.02 equivalents), §-(1,1-binaphthyl-2-y1)-7,7,9,9-tetramethyl-1,4-dioxa~
8-phosphaspiro[4.5]decane (3.6 mg, 0.00764 mmol, 0.024 equivalents) and ethanol (0.64
mL). To the slury were added triethylamine (67 ul, 0.478 mmol, 1.5 equivalenis),
bromobenzene (34 pL, 0.318 mmol, 1 equivalent) and diethylphosphite (49 uL, 0.382 mmol,
1.2 equivalents). The vial was sealed with a crimp top and stirred at 80 °C. Afier 24 hours,
the vial was removed from the heating block, cooled to room temperature and brought out of
the glovebox. The reaction solution was diluled with teirahydrofuran (2 mL) and filtered into
a tared 125-mL Erlenmeyer flask. The vial was rinsed with tetrabydrofuran (5x1 mlL),
followed by washing of the filter cake with tetrahvdrofuran (5 mL). A wi% analysis was
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performed on the filtrate and an assay yield of 59% was measured versus commercially

available diethyl phenyiphosphonate.

Assay Yield
Ligand
(%)
O’>
SO\Gx
P 59

* Assay yield was determined by weight percent analysis versus

commercially available material.

6307} It is understood that the foregoing detailed description and
accompanying examples are merely illustrative and are not to be taken as limitations
upon the scope of the invention, which is defined solely by the appended claims and
their equivalents. Various changes and modifications to the disclosed embodiments
will be apparent to those skilled in the art. Such changes and modifications, including
without limitation those relating to the chemical structures, substituents, derivatives,
intermediates, syntheses, formulations, or methods, or any combination of such
changes and modifications of use of the invention, may be made without departing

from the spirit and scope thereof.
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CLAIMS

1. A compound having a structure corresponding to formala (T},

R1—Ar-X
R2—Ar?
M

or a salf thereof,
wherein

Ar’ and Ar® are each independently arvl or heteroarvl, and wherein Ar' and
Ar* are each independently optionally substituted with one or more R’ and R,

respectively;

R' and R* are independently selected at each oceurrence from the group
consisting of hydrogen; amino: hydroxyl; cvano; halo; alkyl; alkenyl; alkynyt;
halaa}kﬁ; haloalkoxy; oxoalkyl: alkoxy; sryloxy: heteroaryloxy; arylamino;
heteroarylamino; alkylamino; dialkyviamino; cycloalkyl optionally substituted with
alkyl, alkenyl, allkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; eyveloalkyloxy
optionally substituted with alkyl, alkenyl, alkynyl, allkkoxy, cyano, hale, haloalkyl or
haloalkoxy; 5- or 6-membered heteroaryl optionally substituted with alkyl, alkenyl,
alkynvl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; phenyl optionally substituted
with alkyl, alkenyl, alkyavl, alkexy, cvano, halo, haloatkvl or haloalkoxy;
hydroxyalkyl: hydroxyalkoxy; alkoxyalkyl aminoalleyl;, N-alkylaminoalkyi;

N A-diatkylaminoalkyl; NV N-triallcylammoniomalkyl; Lecoror’ L
POY-(OR" s, or L-8(0)-OR ", wherein L' is a bond or alkkylene, and RY is selected
from the group consisting of hydrogen, alkyl and hydroxyalkvl LDWC»WC{ O)-R*,
wherein L* is 2 bond or &Ekylﬁm,.ané R is alkyl or hydroxyalkyl; L '?{:0'}*7?*‘?_4‘51371314’,
wherein L” is a bond or alkyiene, and RY and RY are each in dependently selected
from the group consisting of hydrogen, alkyl, and hydroxyalieyl; LANRY-C(0)-RE,
wherein L is a bond or alkylene, R® is hydrogen or alkyl, and RY is atkyl or
hydroxyalkyl; sulfamoyvt; N-(allkyhsulfamoyt; NN-(dialkvlsulfamoyl; sulfonamide;
sulfate: alkylthio; thioalkyl: and a ring containing an alkylene or ~O—~{CHg)u—O
formed by the joining together of any two R' or any two R or an R’ and an R,

wheremmis 1,2, 3 or4;



X is a 6-membered cyclic phosphine of formula (1a):

RIU RH

\/
1)
RIZ/ {

R13

(ia)
wherein ring A4 includes three carbon ring atoms in addition to the

phosphorus and 2 carbon ring atoms of formula (1a);

wherein the ring atoms of ring 4 are each independently optionally substituted
with one or more substituents selected from the group consisting of alkenyl; alkoxy;.
alkoxyalkyl; alkyly alkylamino; alkylthio; alkynyl; aminoalkyl; N-atkylaminoalkyt;
N, N-dialkylaminoalkyl; N, N N-trialkylammoniumalkyl; arylalkyl optionally
substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy;\
c_*,'/cloalkyl optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyanb, halo,
haloalky! or haloalkoxy; dialkylamino; halo; haloalkyl; fluoroalkyl; heteroaryl
optionally substituted with alkyl, alkenyl, alkynyl, atkoxy, cyano, halo, haloalkyl or
haloalkoxy; heterocycloalky! optionally substituted with alkyl, alkenyl, alkynyl,
alkoxy, cyano, halo, haloalky! or haloalkoxy; hydroxy: hydroxyalkyl: oxo; an
exocyclic double bond optionally substituted with alkyl, alkenyl, alkynyl, aryl,
eycloalkyl, heterocyelyl, or heteroaryl; a 3- to 7-membered spiro ring containing zero,
one, or two hetercatoms; phenyl optionally substituted with alkyl, alkenyl, allymyl,
alkoxy, cyano, halo, haloalkyl or haloalkoxy; L'-C(O-ORY, LI~P(O)~(ORI’)3, or L'~
S(0),~OR", wherein L' is a bond or alkylene, and R is selected from the group
consisting of hydrogen, alky! or hydroxyalkyi; L ~0-C(O)-R?, wherein L” is a bond
or alkylene, and R* is alkyl or hydroxyalkyl, L*~C(O-NR*R*, wherein L is 2 bond
or atkylene, and R* and R are each independently selected from the group consisting
of hydrogen, atkyl, and hydroxyalikyl; LANR® ;C{O}wRé’, wherein L* is a bond or
alkylene, R® is hydrogen or alkyl, and R is alkyl or hydroxyalkyl; and L'-NR¥—
§(0),-R”, wherein L’ is a bond or alkylene, RY is hydrogen or alkyl, and R” is alleyl
or hydfoxyalkyl;
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asto R, R", R™, and R",
i. R or R"! together with R'? or R"® form a ring; or

i R and R together with the carbon atom to which they are attached
form a spirocyclic ring and/or R and R'® together with the carbon atom to which

they are attached form a spirocyclic ring; or

" i 13 N . .
i, one or more of R, R, R' and R*® form a ring together with a ring

substituent of ring A; or

iv. R} R RY™ and RY do not form a ring,wherein R RV R¥™ and RP
are each independently selected from the group consisting of alkyl; alkenyl; haloalkyi,
alkynyl; oxoalkyl; cycloalkyl optionally substituted with alkyl, alkenyl, atkynyl,
alkoxy, cyano, halo, haloalkyl or haloalkoxy; heterocyclyl optionally substituted with
alkyl, alkenyl, alkyayl, alkoxy, cvano, halo, haloalkyl or haloalkoxy; heteroaryl
optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or
haloalkoxy; pheny! optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano,
‘halo, haloalkyl or haloalkoxy; hydroxyalkyl; alkoxyalkyl; aminoalkyl;
N-alkylaminoalkyl; N, N-dialkylaminoalkyl; NN N-trialkylammoniumalkyl; thioalkyl; |
LE-C(O)-0OR", LE-P(O)- (OR'),, or LP-$(0)~OR™, wherein L' is a bond or
. alkylene, and R ig selected from the group consisting of hydrogen, alkyl and
hydroxyalkyl; L>~0~C(0}-R'®, wherein L" is alkylene and R'% is alkyl or
hydroxyalkyl; L”—C(O)*NRWRW, wherein L' is a bond or alkkylene, and R'¥ and
R' are each independently selected from the group consisting of hydrogen, alkyl, and
hydroxyalkyl ; and L¥-NR* ~C(O}-R*, wherein L% is alkylene, R?! is hydrogen or
alkyl, and R* is alkyl or hydroxyalkyl.

2. The compound according to claim I, said compound having a
structure corresponding to a structure of a formula selected from the group

consisting of formulae (I-1) - (J-42), or a salt thereof’
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(1-12) (1-13) (1-14) (1-15)
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{I-31) (1-32) (I-33) (1-34)

C(1-35) (1-36) (1-37)

(1-39) (1-40) (1-41), and (1-42)
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wherein
V!, V%V and V* are each independently CR' or N;
v, Vé, Viviand v ? are each independently CR? or N;

W', W*, an W are each independently selected from the group consisting of
CR',NR', N and O;

W*is CorN:
W?is Cor N;

W, W', W¥ and W’ are each independently selected from the group consisting
of CR?, NR?, N and O; and

ring C, at each occurrence, is a fused-aryl or fused-heteroary! and is optionally

substituted with R' and R>.

3. The compound according to claim 1, wherein X is attached to an

atom of Ar' adjacent to the atom bonded to Arz_.

4. . The compound according to claim 1 or claim 2, wherein X is a

phosphine of formula (Id}, or a salt thereof:

wherein

one or more of R, R R'®, and R" aptionally form a ring with RY® RM RY

or R L or

R'7 together with R'® optionally form a carbonyl; an exocyclic double bond
optionally substituted with allcyl, alkenyl, alliynyl, aryl, eycloalkyl, heterocycelyl, or
heteroaryl; or a 3- to 7-membered spiro ring containing zero, one, or two heteroatoms,
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optionally substituted with alkyl, alkenyl, alkynyl, aryl, cycloalkyl, heterocyelyl, or

heterocaryl; or

R' and RY are each independently selected from the group consisting of

hiydrogen, halo, alkyl, haloalkyl, fluoroalkyl, alkenyl, and alkoxy; or

R'" and R'® are each independently selected from the group consisting of
hydrogen,; halo; fluoro; alkyl; alkenyl; alkynyl; haloalkyl; fluoroalkyl; alkyloxy;
N-alkylamino; N, N-dialkylamino; cycloalkyl optionally substituted with alkyl,
alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; heterocycloalkyl
optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or
haloalkoxy; heteroaryl optionally substituted with alkyl, alkenyl, alkynyl, alkoxy,
cyano, halo, haloalkyl or haloalkoxy, phenyl optionally substituted with alkyl,
alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; arylalkyl optionally
substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy;
hydroxyalkyl; alkoxyalkyl; aminoalkyl; N-alkylaminoalkyl; N, N-dialkylaminoalkyl;
NN, N-trialkylammoniumalkyl; L'-C(O)}-OR?, L'-P(O}~(OR™),, or L'-S(O)~OR",
wherein L' is a‘bond or alkylene, and R" is selected from the group consisting of

“hydrogen, alkyl and hydroxyalkyl L2-O—C(O)—R2§, wherein L* is a bond or allylene,
and R” is alkyl or hydroxyalkyl; LS—-C{O)——NRyRé’, wherein L is a bond or alkylene, ‘
R* and R* are each independently selected from the group consisting of hydrogen,
alkyl, and hydroxyalkyl; L*“NR¥-C(0)}-R®, wherein L* is 2 bond or alkylene, and
R® is hydro gen or alkyl, RY is alkyl or hydroxyalkyl; and alkylthio; and

at least one of bonds ¢ and & in formula (Id) is a single bond and one of bonds

a or b is optionally a double bond.

5. The compound according to claim 4, wherein R and RY are
hydrogen.
6. The compound according to claim 4, wherein R'” and R'® together

with the carbon atom to which they are attached form a 3-, 4-, 5-, 6-, or 7-membered

spirocyclic ring containing 0, 1, or 2 ring heteroatoms.

T The compound according to claim 4, wherein X is a phosphine

having a siructure corresponding to a formula selected from the group consisting of:
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1-60 1-61 1-62 1-63 1-64

1-65 1-66 . 1-67 1-68 1-69,

and

1-70

or a salt thereof, wherein R" is selected from the group consisting of oxygen,
NR*, and CR*);

R* is hydrogen, alkyl, arvl, heteroaryl, arylalkyl or heteroarylalkyl, wherein
the arvl, heteroaryl, aryl of arylalky! and heteroaryl of heteroarylalky! are optionally
substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy,

and
nisQ, 1, or 2.
8. The compound of claim 1, wherein Ar' and Ar® are each aryl.

9. The compound of claim 1, wherein Ar' is substituted with two R’

and A+’ is substituted with three R”.

16.  The compound of claim 1, wherein R’ is alkyloxy and wherein R” is
atkyl.

11.  The compound of claim 1, wherein R? is isopropyl.

12.  The compound of claim 1, wherein X is a phosphine of formula (Id):
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(1d)

wherein each of R'0, R, RY, RPis alkyl;

R'7 and R™® are each independently selected from the group consisting of
hydrogen, or rRY together with R' optionally form a carbonyl or a 3- to 7-membered

spiro ring containing zero, one, or two heteroatoms;
each of R and R" is hydrogen; and
each of bonds a and b is a single bond.

13.  The compound of claim 12, wherein R'7 together with R'® form a 5-

membered spiro ring containing two heteroatoms.

14.  The compound of claim 13, wherein the two heteroatoms are each

oxygen.

15. The compound of claim 1, wherein R RM R!? and R are each

methyl,

16.  The compound of claim 2, said compound having the structure

corresponding to formula (I-1)




wherein

V! and V* are each CR', wherein R’ at each occurrence is alkoxy;

V? and V? are each CR', wherein R’ at each occurrence is hydrogen;

V°, V7 and V? are each CR?, %herein R? at each occurrence is alkyi;

V¢ and V® are each CR?, wherein R? at each occurrence is hydrogen; and

X is a phosphine having a structure corresponding to a formula selected from

the group consisting of formulae 1-1, 1-3 and 1-5.

i-1. 1-3 1-5

17. The compound of claim 2, said compound having a structure

corresponding to formula (I-1),

or a salt thereof,
wherein

V' and V* are CR’, wherein R' is independently, at each oceurrence, hydrogen

or alkoxy;



V? and V° are CR', wherein R' is independently, at each occurrence, hydrogen

or alkoxy;

V* and V® are CR?, wherein R? is independently, at each occurrence, selected

from the group consisting of hydrogen, alkoxy, alkyl, and dialkylamino;

V¢ and V® are CR?, wherein Ris independently, at each occurrence, hydrogen

or alkoxy;
V7 is CR?, wherein R” is hydrogen or alkyl; and

X. is selected from the group consisting of phoshines of formulae 1-1, 1-2, 1-3,

1-4, 1-5, and 1-64.
| |
3R 0 é—bFORza é»i/l_}(o]
l O
1 1

1- i 2 1-3
| o) h 0
1-4 1-5 1-64

18.  The compound of claim 17, wherein the compound is selected from

the group consisting of:
2,2.6,6-tetramethyl-1-(2',4',6'-tritsopropyibiphenyl-2-ylphosphinane;
2,2.6,6-tetramethyl-1-(2',4', 6 -wriisopropylbiphenyl-2-vl)phosphinan-4-one;,
2.2,6,6-tetramethyl-1-(2",4',6'-trilsopropylbiphenyl-2-yhphosphinan-4-ol;

7,1,8 9-tetramethyl-8-(2' 4,6 triisopropylbiphenyl-2-yl)-1,4-dioxa-8-
phosphaspiro[4.5]decane;

8,8,10,10-tetramethyl-9-(2' 4", 6" triisopropylbiphenyl-2-yi)-1,5-dioxa-9-
phosphaspiro]5.5Jundecane;

3,3,8.,8,10,10-hexamethyi-9-(2',4",6 -tritsopropylbiphenyl-2-yl)}-1,5-dioxa-9-
phosphaspiro{5.5]undecane;



1-(2'-(dimethylamino)-6-methoxybiphenyl-2-y1)-2,2,6,6-
tetramethylphosphinan-4-one;

1-(2',6"bis(dimethylamino)biphenyl-2-y1)-2,2,6,6-tetramethyiphosphinan-4-

one;
1+(2,6'-dimethoxybiphenyl-2-y1)-2,2,6,6-tetramethylphosphinan-4-one;
1-(2',6"-diisopropoxybiphenyl-2-yi}-2,2,6,6-tetramethylphosphinan-4-one;
1-(2-(dimethylamino)biphenyl-2-y1)-2,2,6,6-tetramethyiphosphinan-4-one;
1~(biphenyl-2-y1)-2,2,6,6-tetramethylphosphinan-4-one;
1-(3,6-dimethox ybiphcny1~2~yi}»2,2,6,6~t@trémcthy1§hosp}ﬁnanu«@“one;

1-(3,6-dimethoxy-2'.4',6'-trimethylbiphenyl-2-y1)-2,2,6,6-
tetramethylphosphinan-4-one;

2,2,6.6-tetramethyl-1 ~(2',4',6‘-triisopropyi~3 ,6-dimethoxybiphenyl-2-
ylyphosphinan-4-one;

2,2,6,6-tetramethyl-1 —(2‘,4',6’~triis0propy1 -4,5-dimethoxybiphenyl-2-
yl)phosphinan-4-one;

1-(3',5"dimethoxybiphenyl-2-y1)-2,2,6,6-tetramethylphosphinan-4-one;
1-(4'-tert-butylbiphenyl-2-y1}-2,2,6,6-tetramethylphosphinan-4-one;
6-methoxy-N,N-dimethyl-2'-(7,7,9,9-tetramethyl-1 4-diox a-8~
phosphaspirof4.5]decan-8-y)biphenyl-2-amine;
N W NO NE ~tetramethyl-2'-(7,7,9,9-tetramethyl~1 4-dioxa-8-
phosphaspiro[4.5]decan-8-yDbiphenyi-2,6-diamine;
8-(2',6'-dimethoxybiphenyl-2-y1}-7,7,9,9-tetramethyl-1,4-dioxa-8~
phosphaspiro[4.5]decane;
8-(2',6'-diisopropoxybiphenyl-2-y1)-7,7,9,9-tetramethyl-1,4-dioxa-8-
pﬁosphaspiro[f{».ﬁjdecane;
N,N-dimethyl-2'-(7,7,9,9-tetramethyl-1.4-dioxa-8-phosphaspiro{4.5]decan-8-~
yhbiphenyl-2-amine;

8-(biphenyl-2-y1)-7,7,9,9-tetramethyl-1,4-dioxa-8~phosphaspiro[4.5]decane;
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8-(3,6-dimethoxybiphenyl-2-v1)-7,7,9 9-tetramethyl-1,4-dioxa-&-
phosphaspiro[4.5]decane;

8-(3,6-dimethoxy-2',4',6'“trimethylbiphenyl-2-y1)-7,7.9,9-tetramethyl-1,4-
dioxa-8-phosphaspiro[4.5]decane;

7,7,9,9-tetramethyl-8-(2',4',6'-triisopropyl-3,6-dimethox ybiphenyl-2-y1)-1.4~
dioxa-8-phosphaspiro{4.5]decane;

7,7,9,9-tetramethyl-8-(2',4',6'-iriisopropyl-4,5-dimethoxybiphenyl-2-y1)-1,4-
dioxa-8-phosphaspiro[4.5]decane;

8-(3",5"-dimethoxybiphenyl-2-y1}-7,7,9,9-tetramethyl-1,4-dioxa-8-
phosphaspiro[4.5decane;

8-(4'-tert-butylbiphenyl-2-y1)-7,7,9,9-tetramethyl-1,4-dioxa-8-
phosphaspiro[4.5]decane; and

2,2,6,6-tetramethyl-1-(2',4'.6'-tritsopropyl-3 ,6-dimethdxybiphenyl»2~
yhphosphinane.

19. The compound of claim 2, said compound having a structure

corresponding to formula (1-8),

or a salt thereof,
wherein

2 . .
V! and V* are each CR', wherein R' is, at each occurrence, hydrogen:
> S y & dl
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V7 and V?® are each CR?, wherein R” is, at each occurrence, hydro gen;
Vv’ is CR?, wherein R? is hydrogen;
ring C at each occurrence is an unsubstituted fused-phenyl; and

X is a phosphine having a structure corresponding to a formula selected from

the group consisting of formulae 1-1, 1-3 and 1-5.

1-1 1-3

-3 1-5

20.  The compound of claim 19, wherein said compound is selected from
the group consisting oft
2,2,6,6-tetramethyl-1-(2-(naphthalen-1-yl)phenyl)phosphinan-4-one;
and
7,7,9,9-tetramethyl-8-(4-methyl-2-(naphthalen-1-yl)phenyl)-1,4-dioxa-
8-phosphaspiro[4.5]decane.
21. The compound of claim 2, said compound having a structure

corresponding to formula (I-10},

or a salt thereof,

wherein
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V! and V* are each CR', wherein R’ is, at each occurrence, hydrogen;
V7 and V? are each CR?, wherein R? is, at each occurrence, hydrogen;
V? is CR?, wherein R? is hydrogen or alkoxy;

ring C at each occurrence is an unsubstituted fused-phenyl; and

X is a phosphine having a structure corresponding to a formula selected from

the group consisting of formulae 1-1, 1-3, and 1-5.

-1 1-3 1-5

22.  The compound of claim 21, wherein said compound is selected from

the group consisting of’
1-(1,1-binaphthyl-2-y1}-2,2,6,6-tetramethylphosphinan-4-one;
1-(2'-methoxy-1,1"-binaphthyl-2-y1)-2,2.6,6-tetramethyiphosphinan-4-one;
8-(1,1"-binaphthyl-2-y1}-7,7,9,9-tetramethyl-1,4~dioxa-8-
phosphaspiro[4.5]decane; and
8-(2'-methoxy-1,1"-binaphthyl-2-y1)-7,7,9,9-tetramethyl-1,4-dioxa-8-
phosphaspiro[4.5]decane.

23.  The compound of claim 2, said compound having a structure

corresponding to formula (I-9),




(I-9)
or a salt thereof,
wherein
vi V2 V2, and V* are each CR', wherein R}, at each occurrence, 15 hydrogen;
v*, Vg and V° are each CR?, wherein Rz, at each occurrence, is hvdrogen;
ring C is an unsubstituted fused-phenyl; and

X is a phosphine having a structure corresponding to a formula selected from

the group consisting of formulae 1-1, 1-3, and 1-5.

! é

_ O,
4-p o) R z $-p
O/
1-1 1-3 1-5
24. The compound of claim 23, wherein said compound is selected from

the group consisting of:
i,2,6,6-tetramethy1~1 ~(2~-{(naphthalen-2-yl)phenyl)phosphinan-4-one; and

7,7,9,9ntctramethyl—8~(2‘(naphthalcn—2-yl)phenyi)41‘,4«dioxa~8-

phosphaspire{4.5]decane,

25.  The compound of claim 2, said compound having a structure

corresponding to formula (I-2},

W2

-

+
:

1
WS ‘_’Q‘_’f
~ X

or a salt thereof,
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wherein
W' and W? are each CR’, wherein R', at each occurrence, is hydrogen;
W? and W* are each N;

v v v V8, and V* are each CR?, wherein Rz, at each occurrence, 1S

hydrogen; and

X is a phosphine having a structure corresponding to a formula selected from

the group consisting of formulae 1-1, 1-3 and 1-3.

; \/3—\
. . o}
SO S R
i i
- 1-3 1-5

26.  The compound of claim 25, wherein said compound is selected from

the group consisting of:
2,2,6 6-tetraméthyl-1-(1-phenyl-1H-pyrazol-5-ylphosphinan-4-one; and
1-phenyl-5-(7,7.9,9-tetramethyl- 1 4-dioxa-8-phosphaspiro[4.5]decan-8-y1)-
1 H-pyrazole. | ' '

7. The compound of claim 2; said compound having a structure

corresponding to formula (I-3},

or a salt thereof,
wherein
4 3 N .
V!, V2, V? and V* are each CR', wherein R' |, at each ocourrence, is hydrogen;
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W W’ W® and W° are each CR?, wherein R2, at each oceurrence, 18

hydrogen;
W3 is N; and
X is a phosphine having a structure corresponding to a formula selected from

the group consisting of formulae 1-1, 1-3 and 1-5.

|

1-1 -3 I-5

28,  The compound of claim 27, wherein said compound is selected from

the group consisting of:
1-(2-(1 H-pyrrol-1-yljphenyl)-2,2,6,6-tetramethylphosphinan-4-one;

1-(2-(7,7,9 9-tetramethyl- 1 4-dioxa-8-phosphaspiro[4.5]decan-8-yl)phenyl)-
1H-pyrrole; and A

1-(2-(2,2,6,6-tetramethylphosphinan-1-ylphenyl}- 1 H-pyrrole.

29.  The compound of claim 2, said compound having a structure

corresponding to formula (I-4),

w4

W5
Wwe “}wﬁ

\
WT.__,
(3-4)
or a salt thereof, wherein

W' and W? are each CR', wherein R', at each occurrence, is hydrogen;

W* and W* are each N;
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W is C;

W and W’ are each CR?, wherein Rz, at each occurrence, is substituted or
unsubstituted phenyl;

W is N;

WE is NR?, wherein R?, at each occurrence, is pheny! optionally substituted

with alkyl, alkenvl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy, and

X is a phosphine having a structure corresponding to a formula selected from

the group consisting of formulae 1-1, 1-3 and 1-5.

3.  The compound of claim 29, wherein said compound is selected from

the group consisting of:

2.2.,6,6-Tetramethyl-1-(1",3",5-triphenyl-1'H-1,4-bipyrazol-5-yl)phosphinan-

4-one;

1'1",3", 5% Triphenyl-5-(7,7,9.9-tetramethyl-1,4-dioxa-8-
phosphaspiro[4.5}decan-8-y1)-1'H-1 4'-bipyrazole; and

17,375 Triphenyl-5-(2,2,6,6-tetramethylphosphinan-1-y1)-1'H-1,4"-bipyrazole.

31. A compound having a structure corresponding to formula (I-1),




or a salt thereof,
wherein
V! V2 V2 and V* are each CRI, wherein RI 1s, at each occurrence, hydrogen,

V¥ and V® are CR?, wherein R” is independently, at each occurrence, hydrogen
or alkyl;

V¢ and V® are CR?, wherein R, at each occurrence, is hydrogen;
V7 15 CR?, wherein R? is hydrogen or alkyi; and
X is a phosphine of formula 1-37.

1-37
- 32, The compound of claim 31, wherein the compound is selected from
the group consisting of:
1 ,3 .5, T-tetramethyl-8-(2',4',6"-triisopropylbiphenyl-2-y1}-2,4,6-trioxa-8-
phosphatricyclo[3.3.1.1>7}decane; and
8-(biphenyl-2-y1)-1,3,5,7-tetramethyl-2,4,6-trioxa-8-
phosphatricycio]3.3.1.1%"]decane.

33. A compound having a structure corresponding to formula (1),
RI—A-X
sz,‘j\rz
@
wheréin

Ar' and Ar” are each independently aryl or heteroaryl, and wherein Ar' and
Ar® are cach independently optionally substituted with one or more R' and R?,

respectively;
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R} and R? are independently selected at each occurrence from the group
consisting of hydrogen; amino; hydroxyl; cyano; halo; alkyl; alkenyl; alkynyl;
halbalkyl; haloalkoxy; oxoalkyl; alkoxy, aryvioxy; heteroaryloxy; arylamino;
heteroarylamino; alkylamino; dialkylamino; cycloalkyl optionally substituted with
alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; cycloalkyloxy
optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or
haloalkoxy; 5- or 6-membered heteroaryl optionally substituted with alkyl, alkenyl,
alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; pheny! optionally substituted
with alkyl, allenyl, alkynyl, alkoxy, cyano, halo, haloalky! or haloalkoxy;
hydroxyalkyl; hydroxyalkoxy; alkoxyalkyl; aminoalkyl; N-alkylaminoalkyl;
N,N-dialkylaminoalkyl; NN N-trialkylammoniuwmalkyl; L'-C(0)-OR", L~
P(O)’{ORI))Q, or L]-S(O)szRi‘, wherein L' is a bond or atkylene, and RY is selected
from the group consisting of hydrogen, aikﬂzl and hydroxyalkyl; L*~0-C(Q)}-R?,
wherein L is a bond or alkylene, and R? is alkyl or hydroxyalkyl; ~C(O}R-NR*RY,
wherein L? is a bond or alkylene, and R* and R* are each independently selected
from the group consisting of hydrogen, alkyl, and hydroxyalkyl; L-NR*-C(O»-R",
wherein L* is a bond or alkylene, R” is hydrogen or alkyl, and R is alkyl or
hydroxyalkyl; sulfamoyl; N-(alkylsulfamoyl; N N-(dialkyl)sulfamoyl; sulfonamide;
sulfate; alkylthio; thioalkyl; and a ring containing an alkylene or ~O—(CHy)py—O-
formed by the joining together of any two R'or any two R*oranR'and an R?,

whereinm is 1, 2,3 or 4;

"X is & phosphine of formula (1e), or a salt thereof,

Ry
e
3 \

—R Qs (ie)
E /
Q

Riz Qg/ ‘

Ria

wherein

Q' is selected from the group consisting of a bond; ~O— , ~S—, ~N(R*")-,
=CR¥)-, and -CR¥YR™~;
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Q* is selected from the group consisting of a bond, ~O— , =S~ , -N(R*)~,
=CR™)-, and ~CR™)R™)-;

Q° is selected from the group consisting of a bond, ~O— , -8~ , ~“N(R*)-,
=C(R*")~, and ~CR®)R™)-; |

Q" is selected from the group consisting of a bond, ~O— , —S— , ~-N(R¥)~
=C(R™)~, and -CR™)R*)-;

Q5 is selected from the group consisting of a bond, ~O—, -8, “NER-,
=CR¥®)-, and ~CR¥)R™)- ; and at least one of Q', Q% Q°, Q*, and Q® isnot a

bond; or

two of Q', Q%, @7, Q°, or @ together form a carbonyl; an exocyclic double
bond optionally substituted with alkyl, alkenyl, aryl, cycloalkyl, heterocyelyl, or
heteroaryl; or a 3-8-membered spiro ring containing zero, one, or two hetero ring
atoms, optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo,
haloalkyl or haloalkoxy;

as to R R R™, and RY,
; 10 i L) 13 4 o
i R™ or R" together with R™ or R™ form a ring; or

ii. R and RY together with the carbon atom to which they are attached
form a spiroeyclic ring and/or R' and R'? together with the carbon atom to which

they are aftached form a spirocyelic ning; or

1il. one or more of R'", R'", R" and R"® form 4 ring together with a ring

substituent of ring 4; or

iv. Rm, R”, Rm, and R" do not form a ring, wherein R.m, R R* and R
are each independently selected from the group consisting of alkyl; alkenyl; halealkyl;
allcynyls oxoallcyl; cyeloalkyl optionally substituted with alicyl, alkenyl, alikynyl,
alkoxy, cyano, halo, haloalkyl or haloalkoxy; heterocyelyl optionally substituted with
alkyl, alkenyl, alkvnyl, alkoxy, eyano, halo, haloalky! or haloalkoxy; heteroaryl
optionally substitated with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, halealkyl or
haloalkoxy; pheny! optionally substituted with alkyl, alkenyl, alkkynyl, alkoxy, cyano,
halo, haloalkyl or haloalkoxy; hiydroxyallkyl; alkoxyalkyl; aminoalkyl;
N-alkylaminoalkyl; N N-dialkylaminoalkyl; NNV N-trialkylammoninmalkyl; thioalkyl;
LPC(O)-OR™, LP-P(O)- (OR**),, or L-S(0)~OR™, wherein L' is a bond or
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alkylene, and R is selected from the group consisting of hydrogen, alkyl and
hydroxyalkyl; LP~0-C(O)-R'’, wherein L' is alkylene and R'® is alkyl or
hydroxyalkyl; L' ~C(O)-NR®R"', wherein L' is a bond or alkylene, and R'® and
R" are cach independently selected from the group consisting of hydrogen, alkyl, and
hydroxyalkyl ; and L**-NR*' —C(O)-R* , wherein L% is alkylene, R is hydrogen or
alkyl, and R™ is alkyl or hydroxyalkyl; and

R* -R*¥ are, at each occurrence, independently selected from the group
consisting of hydrogen, halo, fluoro, alkyl, haloalkyl, fluorcalkyl, alkenyl, alkynyl,
alkyloxy, N-alkkylamino, N N-dialkylamino, NN N-trialk ylammoniumalkyl;
substituted or unsubstituted cycloalkyl, substituted or unsubstituted heterocycloalkyl,
substituted or unsubstituted heteroaryl, substituted or unsubstituted phenyl,
hydroxyalkyl; alkoxyalkyl; aminoalkyl; N-alkylaminoalkyl; N, N-dialkylaminoalkyl;
NN N-trialkylammoniumalkyl; L'-C(O}-OR!, LI-P(O)-(OR '), or L'-S(0)-OR"
where R! is hydrogen, alkyl or hydroxyalkyl and L' is a bond or alkylene; L*~O-
C(O)-R* where R? is alkyl or hydroxyalkyl and L* is a bond or alkylene; L*~C(O)~
NRYRY where R¥ and R are independently selected from H, alkyl, and hydroxyalkyl
and wherein L* is a bond or alkylene; L4~»NRSX-C(O)—-R6’ wherein R® is selected from
H and alkyl, R® is selected from alkyl and hydroxyalkyl, and L* is a bond or alkylene;
and alkylthio; or additionally one or more of R R form a ring with another of R*,

RH’ RiZ, RI3’ and RZZ-R4O.

34.  The compound according to claim 33, wherein X comprises a

4-membered ring.

35, The compound according to claim 33, wherein X comprises a

S-membered ring.

36.  The compound according to claim 33, wherein X comprises a

7-membered ring or an 8-membered ring.

37. The compound according to claim 33, wherein R.w, R“, Rm, and R
are selected from the group consisting of alkyl, phenyl, and heteroaryl, or wherein

R or R'! together with R™ or R form a ring.

38 The compound according to claim 33, wherein X is a phosphine

having a structure corresponding to a formula selected from the group consisting of

175



2-1 2-2 2-3 2-4 2-5 2-6
i | F: P
Eealih el s
t
2-7 2-8 2-9 2-10 2-11 2-12 2-13

2-14 2-15 2-16 and  2-18.

39. A compound having a structure corresponding to formula (I-1),

or a salt thereof,
wherein
vV 2 v?® and V* are each CR!, wherein R is, at each occurrence, hydrogen;

V° and V? are CR?, wherein R? is independently, at each occurrence, hydrogen
or alkyl;

V® and V* are CR?, wherein R”, at each occurrence, is hydrogen;
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V7 is CR?, wherein R” is hydrogen or alkyl; and

X is a phosphine having a structure corresponding to a formula selected from
the group consisting of formulae 2-3, 2-4, 2-18, and 2-19

\ \ o
égj i@ ;%joadﬁ,@

2-3 2-4 2-18 2-19.

40.  The compound of claim 39, wherein the compound is selected from
the group consisting of:

1-(biphenyl-2-y}-2,2,7,7-tetramethylphosphepan-4-one;
1-(biphenyl-2-y1)-2,2,7,7-tetramethylphosphepane;

2,27, 7-tetramethyl-1-(2', 4", 6'-triisopropylbiphenyl-2-yl)phosphepan-4-
one;

2.2.7, 7T-tetramethyl-1-(2',4', 6 -iriisopropylibiphenyl-2-ylphosphepane;

" 2,2.8 8-tetramethyl-1-(2',4",6"-tritsopropylbiphenyl-2-yl )phosphocan-4-
one; and

2,2,8,8~tetramethyl»1--(2',4',6‘—triisopropylbiphenyI-Z-yi)pﬁosphooane.
41. A compound having a structure comresponding to formula (I),
R'—Ar"-X
Raﬁgﬂ
®
or a salt thereof,
wherein

Ar' and Ar® are each independently aryl or heteroaryl, and wherein Ar' and
Ay” are each independently optionally substituted with one or more R'and R?,

respectively;

R'! and R? are independently selected at each occurrence from the group
consisting of hydrogen; amino; hydroxyl; cyano; halo; alkyl; alkenyl; alkynyl;
haloalkyl; haloalkoxy, oxoalkyl; alkoxy; aryloxy; heteroaryloxy; arylamino;
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heteroarylamino; alkylamino; dialkylamino; cycloalkyl optionally substituted with
alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; cycloalkyloxy
optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, halealkyl or
haloalkoxy; 5- or 6~-membered heteroaryl optionally substituted with alkyl, alkenyl,
alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy; phenyl optionally substituted
with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or haloalkoxy;
hydroxyalkyl; hydroxyalkoxy; alkoxyalkyl; aminoalkyl; N-alkylaminoalkyl;

N, N-dialkylaminoalkyl, NN N-trialkylaramonivmalkyi; L’«C(O)»»—GR] -
P(O)-(OR" )y, or L'-S(O),~OR", wherein L' is a bond or alkylene, and R' is selected
from the group consisting of hydrogen; alkyl and hydroxyalkyl; L*-O-C(O)-R?,
wherein L7 is a bond or alkylene, and R? is alkyl or hydroxyalkyl; L3~C{O)WNR3 RY,
wherein L* is a bond or alkylene, and R> and R are cach independently selected
from the group consisting of hydrogen, atkyl, and hydroxyalkyl; L"“‘—RRS?—C(O)«R&,
wherein L* is a bond or alkylene, R is hydrogen or alkyl, and R® is alky! or
Iiydwxyaikyl; sulfamoyl; N-(alkylsulfamoyl; NN-{dialkyl)suifamoyl; sulforamide;
sulfate; alkylthio; thioalkyl; and a ring containing an alkviene or ~0(CHp)p O~

" formed by the joining together of any two R’ or any two R? or an R' and an R?,

whereinm is 1, 2, 3 or 4,
X is a phesphine of formula (Ia):

RZG R”

(a)

wherein ring 4 includes 0 to 9 ring atoms in addition to the phosphorus and 2
carbon ring atoms of formula (Ia), wherein said ring atoms ave each independently
selected from the group consisting of carbon, oxygen, nitrogen, phosphorus and
sulfur; and

wherein the ring atoms of ring 4 are each independently optionally substituted

with one or more substituents selected from the group consisting of alkenyl; atkoxy,
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alkoxyalkyl; alkyl; alkylamino; alkylthio; alkynyl; aminoalkyl; N-alkylaminoalkyl;
N, N-dialkylaminoalkyl; NN, N-trialkylammoniumalkyl; arylalkyl optionally
substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalky! or haloalkoxy;
cycloalkyl optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo,
haloalkyl or haloalkoxy; dialkylamino; halo; haloalkyl; fluoroalkyl; heteroaryl
optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or
haloalkoxy; heterocycloalkyl optionally substituted with alkyl, alkenyl, alkynyl,
alkoxy, cyana, halo, haloalky! or haloalkoxy; hydroxy; hydroxyalkyl; oxo; an
exocyclic double bond optionally substituted with alkyl, alkenyl, alkymyl, aryl,
cycloalicyl, heterocyelyl, or heteroaryl; a 3- to 7-membered spiro ring containing zero,
one, or two heteroatoms; phenyl optionally substituted with alkyl, alkenyl, alkynyl,
alkoxy, cyano, halo, haloalkyl or haloalkoxy; L'-C(0)-OR", L'-P(0)-(OR' )y, or L'
$(0),-OR", wherein L is a bond or alkylene, and R is selected from the group
consisting of hydrogen, alkyl or hydroxyalkyl; L*~O-C(0O)-R?, wherein L? is a bond
or alkylmc,l and R? is alkyl or hydroxyalkyl; L*~C(O)-NR>R*’, wherein L is 2 bond
or alkylene, and R* and R are each independently selected from the group consisting
of hydrogen, alkyl, and hydroxyalkyl L4-NR5’—C(O)-R6$, wherein L* is a bond or
alkylene, R is hydrogen or alkyl, and RS is alkyl or hydroxyaliyl; and L'-NRY-
S(0),-R?, wherein L7 is a bond or alkylene, R® is hydrogen or alkyl, and R? is alkyl
or hydroxyalkyl; and

as to RY, RM R and RY,
i R or R'! together with R'? or R* form a ring; or

i, R and R" together with the carbon atom to which they are attached
form a spirocyclic ring and/or R* and R® together with the carbon atom to which

they are attached form a spirooyclic ring;

wherein, any of substiuents Rw, R“, Rm, and R" that do not form the Ting set
forth in (i) or (ii) are each independently selected from the group consisting of
hydrogen; alkyl; allkenyl; haloalkyl; atkynyl; oxoalkyl; cycloalkyl optionally
substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo, haloalkyl or
haloalkoxy; heterocyelyl optionally substituted with alkyl, alkenyl, alkynyl,
alkoxy, cyano, halo, haloalkyl or haloalkoxy; heteroaryl optionally substituted
with alkyl, alkenyl, alkynyl, alkoxy, cvano, halo, haloalky! or haloalkoxy;
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phenyl optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano, halo,
haioé.lkyl or haloalkoxy; hydroxvalkyl; alkoxyalkyl; aminoalkyl,
N-alkylaminoalkyl; N,N-dialkylaminoalkyl; NN N-trialkylammoniomalkyl;
thioalkyl; L*~-C(0)-OR™, LP-P(0)- (OR™),, or L¥-$(0),~OR™, wherein
L" is a bond or alkvlene, and R is selected from the group consisting of
hydrogen, alkyl and hydroxyalkyl; L'*~0~C(0)-R'®, wherein L' is alkylene
and R' is alkyl or hydroxyalkyl; L'~C(O)-NR ¥R, wherein L' is a bond
or alkylene, and R'® and R are each independently selected from the group
consisting of hydrogen, alkvl, and hydroxyalkyl ; and Lm—»NRZl’—C(O‘)—Rn’,
wherein L? is alkylene, R is hydrogen or alkyl, and R* is alkyl or
hydroxyalkyl.

42.  The compound according to claim 41, said compound having a
structure corres'pondiﬁg to a structure of a formula selected from the group

consisting of formulae (1-1) - (1-42), or a salt thereof:




(I-5 {1-6) (73




(-16) (1-17) (1-18) 1-19)

(1-20) (1-21) (1-22) (1-23)

we \w“
N )
\V;f;:;\é



(1-24) (1-25) (1-26)

(1-27) (1-28) (129) - (1-30)

(1-31) (1-32) (1-33) (1-34)
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(1-35) (1-36) {(I-37) (-
38)

(1-39) (1-40) (1-41), and (-

42)

wherein
V!, V2, V3, and V* are each independently CR' or N;
V%, V8, V7, V® and V° are each independently CR® or N;

W', W2 an W* are each independently selected from the group consisting of
CR',NR', N and O;

Wis Cor N;
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W is CorN;

W W7, W* and W are each independently selected from the group consisting
of CR?, NR?, N and O; and

ring €, at each ocourrence, is a fused-aryl or fused-heteroary! and is optionally
substituted with R’ and R?,

43.  The compound according to any one of claims 41-42, wherein ring 4

is & 4-, 5-, 6-, 7-, or 8-membered ring, and wherein each of the ring atoms in

addition to the phosphorus and 2 carbon ring atoms of formula (Ia) are carbon.

44.  The compound according to claim 41, wherein ring 4 of formula (Ia)

is bicyclic.

48, The compound according to claim 41, wherein ring 4 of formula (Ia)

is tricyclie,

46.  The compound according to claim 41, wherein X is a phosphine

having a structure corresponding to a formula selected from the group consisting of:

RZO

0 oH ~R20 OR?‘O

L L

‘ ~
R s P

1-24 1-25 1-26 1-27
) RZO

§

e WL
o 6] ]

-29 1-30 1-31

N\gzo
QL/ " e B

1-33 1-34 1-35 1-36
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CF,

o%\o //\\ -0 0
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i-37 1-3 -3 1-40 1-41
()
ég} o+ 47
: \
= o)
1-45 1-46 1-47 1-48, and 1-49

or a salt thereof, wherein R% is hydrogen, alkyl, aryl, heteroaryl, arylalkyl or
heteroarylalkyi, wherein fhe aryl, heteroaryl, aryl of arylalkyl and heteroaryl of
heteroarylalkyl are optionally substituted with alkyl, alkenyl, alkynyl, alkoxy, cyano,
halo, haloalkyl or haloalkoxy. o

47, 7.7,9,9-tetramethyl-8-(2',4',6'-triisopropyl-3,6-dimethoxybiphenyl-2-
y1)-1,4-dioxa-8-phosphaspiro{4.5]decane.

48. A catakyst composition comprising & transition metal catalyst

precursor and a compound according to any one of claims 1-47.

49, The catalyst composition according to claim 48, wherein the
trangition metal catalyst precursor is selected from the group consisting of

palladium, rhedium, ruthenium, platinum, gold, cobalt, iridium, copper and nickel.

6.  The catalyst composition according to claim 49, wherein the

transition metal catalyst precursor contains palladium.

51, A catalyst composition comprising & palladium catalyst precursor

and a compound according to claim 7.

52. A catalyst composition comprising a palladium catalyst precursor
and 7,7,9,9-tetramethyl-8~(2',4",6"-triisopropyi-3,6-dimethoxybiphenyl-2-yl}-1,4-

dioxa-8-phosphaspiro[4.5]decane.
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3. A heterogeneous catalyst composition comprising a compound

according to any one of claims 1-47 covalently bonded to a solid catalyst support.

54, A method for synthesizing a secondary organic sulfonamide,
comprising reacting an aryl nonaflate with a primary sulfonamide in the presence of
a palladium catalyst precursor and at least one compound selected from the

compounds of any one of claims 1-47.

5, A method of performing a bond-forming reaction comprising
catalyzing said reaction with a compound of any one of claims 1-47, wherein the
bond-forming reaction is selected from the group consisting of carbon-nitrogen,
carbon-oxygen, carbon-carbon, carbon-sulfur, carbon-phosphorus, carbon-boron,

carbon-fluorine and carbon-hydrogen.

56. A method of forming a bond in a chemical reaction comprising
catalyzing said reaction with a comapound of any one of claims 1-47, wherein the
bond is selected from the group consisting of a carbon-nitrogen bond, a carbon-
oxygen bond, a carbon-carbon bond, a carbon-sulfur bond, a carbon-phosphorus

bond, a carbon-boron bond, a carbon-fluorine bond and a carbon-hydrogen bond.

517. A method of preparing phosphacycles of any one of claims 1-47

comprising:
metalation of a biaryl halide to form a biaryl lithtum species;

reacting a chlorophosphate with said biaryl lithium species to form a biaryl

phosphonate;
reduction of second product to form primary phosphine; and

reacting primary phosphine with a divinyiketone.

~
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