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ABSTRACT

Process for the preparation of N-protected boryl compounds.
The compounds are intermediates to functionalized com-
pounds, both natural and synthetic which are cytotoxic, anti-
cancer and antiviral agents.



US 2008/0146814 Al

PROCESS FOR PRODUCING N-PROTECTED
BORYL COMPOUNDS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims benefit to U.S. Provisional
Application Ser. No. 60/843,589, filed Sep. 11,2006, which is
incorporated herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This work was supported by a grant from the
National Institute of Health (NIH)— Grant No. GM063188.
The U.S. government has certain rights to this invention.

BACKGROUND OF THE INVENTION

[0003] (1) Field of the Invention

[0004] The present invention relates to the preparation of
boryl compounds with an N-protected nitrogen, using iridium
complexes. The present invention also relates to novel com-

pounds.
[0005] (2) Description of the Related Art
[0006] Compounds with a nitrogen substituent are impor-

tant as cytotoxic, anticancer and antiviral agents. Compounds
with N—H bonds are pervasive, occurring in peptides and
other compounds with biological activity. In the synthesis of
complex molecules containing heteroatom-hydrogen bonds,
it is often critical to be able to selectively protect and depro-
tect these reactive entities to devise high yielding syntheses.“
Typically, protection involves replacing reactive hydrogens
with more robust groups, while deprotection involves cleav-
ing the robust group, replacing it with hydrogen.

[0007] Protecting groups for N—H bonds are numerous.
Of these protecting groups, alkoxycarbonyl groups have pre-
ferred status. These groups are utilized in amino acid synthe-
sis, where high-yielding protection/deprotection sequences
are absolutely critical for obtaining useful quantities of mate-
rial. Alkoxycarbonyl groups are also frequently employed for
the protection of N—H groups where the nitrogen is part of a
cyclic structure. Thus, compatibility with nitrogen protecting
groups, due to their ubiquity in pharmaceutical synthetic
strategies, is a key criterion in assessing the scope of a chemi-
cal process

[0008] U.S. Patent Application No. 2005/0148775 pul
Miyaura et al. describes the preparation of heterocyclic boryl
compounds. The use of an easily removable N-protecting
group is not described.

OBIJECTS

[0009] It is an object of the present invention to provide a
process for the preparation of boryl substituted compounds
bearing protected nitrogen groups as intermediates to com-
pounds with cytotoxic, anticancer, and antiviral activities.
[0010] These and other objects will become increasingly
apparent by reference to the following description and draw-
ings.

SUMMARY OF THE INVENTION

[0011] The present invention provides a process for pro-
ducing N-substituted boryl compounds (I-III) where the
nitrogen containing species is selected from the group con-
sisting of an indole, azaindole, phenyl alanine, aryl amino
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acids, tryptophan, thiophene amino acids, heteroatom aro-
matic amino acids, pyrrole, and azole, wherein R, is selected
from the group consisting of tert-butoxycarbonyl, (benzy-
loxy)carbonyl, N,N-dimethylaminosulfonyl, N,N-dimethyl-
carboxamide, para-toluenesulfonyl, 9H-Fluoren-9-ylmethy-
loxycarbonyl, and other common nitrogen protecting groups,
wherein R, is selected from the group consisting of H, alkyl,
aryl, carbonyl, and other carboxylic acid protecting groups,
wherein R is selected from the group consisting of H, alkyl,
aryl, carbonyl, and N—, O—, and S-containing groups,
wherein E is selected from the group consisting of CH, N,
C-alkyl, C-aryl, C-heteroaryl, C-ester, C-halide, C-cyano,
and N, O, and S containing groups, wherein R, is selected
from the group containing hydrogen, boryl, halo, cyano,
alkyl, alkoxy, thioalkyl, amino alkyl, acyl, alkyl aminoacyl,
trifluoro alkyl, aryl, alkyl silyl, and containing 1 to 8 carbon
atoms except for the halo group and boryl group, wherein E is
selected from the group consisting of CH, N, C-alkyl, C-aryl,
C-heteroaryl, C-ester, C-halide, C-cyano, N—, O—, and
S-containing groups, and C-boryl and the boryl group is
derived from HBPin or B,Pin, wherein Ar is selected from the
group consisting of aryl or heteroaryl, wherein n is equal to
zero to two,

11
NE)nR1)2a

R,0,HC Ar
C C \ BY
\C(Rﬁ\é(l{s)z

which comprises: reacting N-protected compounds (IV-VI)
where the nitrogen containing species is selected from the
group consisting of indole, azaindole, phenyl alanine, aryl
amino acids, tryptophan, thiophene amino acids, heteroatom
aromatic amino acids, pyrrole, and azole, wherein R, is
selected from the group consisting of tert-butoxycarbonyl,
(benzyloxy)carbonyl, N,N-dimethylaminosulfonyl, N,N-
dimethylcarboxamide, para-toluenesulfonyl, 9H-Fluoren-9-
ylmethyloxycarbonyl, and other common nitrogen protecting
groups, wherein R, is selected from the group consisting of H,
alkyl, aryl, carbonyl, and other carboxylic acid protecting
groups, wherein R, is selected from the group consisting of H,
alkyl, aryl, carbonyl, and N, O, and S containing groups,
wherein R, is selected from the group containing hydrogen,
boryl, halo, cyano, alkyl, alkoxy, thioalkyl, amino alkyl, acyl,
alkyl aminoacyl, trifluoro alkyl, aryl, alkyl silyl, and contain-
ing 1 to 8 carbon atoms except for the halo group and boryl
group and the boryl group is derived from HBPin or B,Pin,
wherein E is selected from the group consisting of CH, N,
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C-alkyl, C-aryl, C-heteroaryl, C-ester, C-halide, C-cyano,
N—, O—, and S-containing groups, and C-boryl and the
boryl group is derived from HBPin or B,Pin, wherein Ar is
selected from the group consisting of aryl or heteroaryl with
at least one C—H bond, wherein n is equal to zero to two,

v
Ry
|
N Ry
E/
[
E
\%
Ry
|
1[34]5 | N | Ry
E ]/j
\E
VI

NHQW((R )20

R,O,HC Ar
C C
\<\(R3)2 (RQ/

in a reaction mixture with a non-reactive solvent selected
from, but not limited to, aliphatic hydrocarbons and ethers at
temperatures between about 0 and 150° C. with an HB or
B—B organic compound, in the presence of a catalytically
effective amount of an iridium complex catalytic composition
comprising an iridium complex of the formula: (BY) —Ir-
(ligand),, where n is equal to one to five and m is equal to one
to three, excluding hydrogen, bonded to the iridium BY is a
boron moiety and the ligand is selected from the group con-
sisting of a phosphorus organic ligand, an organic amine, an
imine, a nitrogen heterocycle, and an ether wherein the ligand
is at least in part bonded to the iridium, to form the com-
pounds (I-IIT) in the reaction mixture; and evaporating the
solvent and portions of the reaction mixture which are volatile
from the reaction mixture to produce the compound (I-III).
[0012] The present invention provides an N-substituted
boryl compound (I-11I) selected from the group consisting of
indole, azaindole, phenyl alanine, aryl amino acids, tryp-
tophan, thiophene amino acids, heteroatom aromatic amino
acids, pyrrole, and azole wherein R, is selected from the
group consisting of tert-butoxycarbonyl, (benzyloxy)carbo-
nyl, N,N-dimethylaminosulfonyl, N,N-dimethylcarboxam-
ide, para-toluenesulfonyl, 9H-Fluoren-9-ylmethyloxycarbo-
nyl, and other common nitrogen protecting groups, wherein
R, is selected from the group consisting of H, alkyl, aryl,
carbonyl, and other carboxylic acid protecting groups,
wherein R, is selected from the group consisting of H, alkyl,
aryl, carbonyl, and N—, O—, and S-containing groups,
wherein R, is selected from the group containing hydrogen,
boryl, halo, cyano, alkyl, alkoxy, thioalkyl, amino alkyl, acyl,
alkyl aminoacyl, trifluoro alkyl, aryl, alkyl silyl, and contain-
ing 1 to 8 carbon atoms except for the halo group and boryl
group, wherein E is selected from the group consisting of CH,
N, C-alkyl, C-aryl, C-heteroaryl, C-ester, C-halide, C-cyano,
N—, O—, and S-containing groups, and C-boryl and the
boryl group is derived from HBPin or B,Pin, wherein Ar is
selected from the group consisting of aryl or heteroaryl,
wherein n is equal to zero to two.

Jun. 19, 2008

[0013] The present invention provides a process for pro-
ducing a N-tert-butoxycarbonyl substituted protected boryl
compound (I-1IT), wherein R, is selected from the group con-
sisting of H, alkyl, aryl, carbonyl, and other carboxylic acid
protecting groups, wherein R, is selected from the group
consisting of H, alkyl, aryl, carbonyl, and N—, O—, and
S-containing groups, wherein R, is selected from the group
containing hydrogen, boryl, halo, cyano, alkyl, alkoxy, thio-
alkyl, amino alkyl, acyl, alkyl aminoacyl, trifluoro alkyl, aryl,
alkyl silyl, and containing 1 to 8 carbon atoms except for the
halo group and boryl group, wherein E is selected from the
group consisting of CH, N, C-alkyl, C-aryl, C-heteroaryl,
C-ester, C-halide, C-cyano, N—, O—, and S-containing
groups, and C-boryl and the boryl group is derived from
HBPin or B,Pin, wherein Ar is selected from the group con-
sisting of aryl or heteroaryl, wherein n is equal to zero to two,
which comprises: reacting an N-tert-butoxycarbonyl pro-
tected compounds (IV-VI) where the nitrogen containing spe-
cies is selected from the group consisting of indole, azain-
dole, phenyl alanine, aryl amino acids, tryptophan, thiophene
amino acids, heteroatom aromatic amino acids, pyrrole, and
azole wherein R, is selected from the group consisting of H,
alkyl, aryl, carbonyl, and other carboxylic acid protecting
groups, wherein R is selected from the group consisting of H,
alkyl, aryl, carbonyl, and N—, O—, and S-containing groups,
wherein R, is selected from the group containing hydrogen,
boryl, halo, cyano, alkyl, alkoxy, thioalkyl, amino alkyl, acyl,
alkyl aminoacyl, trifluoro alkyl, aryl, alkyl silyl, and contain-
ing 1 to 8 carbon atoms except for the halo group and boryl
group, wherein E is selected from the group consisting of CH,
N, C-alkyl, C-aryl, C-heteroaryl, C-ester, C-halide, C-cyano,
N—, O—, and S-containing groups, and C-boryl and the
boryl group is derived from HBPin or B,Pin, wherein Ar is
selected from the group consisting of aryl or heteroaryl with
atleast one C—H bond, whereinn is equal to zero to two, with
an HB or B—B organic compound in a reaction mixture with
a non-reactive first solvent selected from, but not limited to,
aliphatic hydrocarbons and ethers at elevated temperatures
between about 0 and 150° C. in the presence of a catalytically
effective amount of an iridium complex catalytic composition
comprising an iridium complex of the formula: (BY) —Ir-
(ligand),,, where n is equal to one to five and m is equal to one
to three, excluding hydrogen, bonded to the iridium, wherein
BY is a boron moiety and the ligand is selected from the group
consisting of a phosphorus organic ligand, an organic amine,
an imine, a nitrogen heterocycle, and an ether wherein the
ligand is at least in part bonded to the iridium, in a molar ratio
of complex to ligand between 1 to 3 and 1 to 1, wherein the
ligand is at least in part bonded to the iridium, to form com-
pounds (I-I1I); evaporating the first solvent and portions of the
reaction mixture which are volatile from the reaction mixture;
dissolving the compound (I-III) in a second solvent; and
isolating the compound (I-1IT) from the second solvent.

[0014] Thepresent invention provides an N-tert-butoxycar-
bonyl substituted boryl compound (I-1II) selected from the
group consisting of indole, azaindole, phenyl alanine, aryl
amino acids, tryptophan, thiophene amino acids, heteroatom
aromatic amino acids, pyrrole, and azole wherein R, is
selected from the group consisting of H, alkyl, aryl, carbonyl,
and other carboxylic acid protecting groups, wherein R, is
selected from the group consisting of H, alkyl, aryl, carbonyl,
and N—, O—, and S-containing groups, wherein R, is
selected from the group containing hydrogen, boryl, halo,
cyano, alkyl, alkoxy, thioalkyl, amino alkyl, acyl, alkyl ami-
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noacyl, trifluoro alkyl, aryl, alkyl silyl, and containing 1 to 8
carbon atoms except for the halo group and boryl group,
wherein E is selected from the group consisting of CH, N,
C-alkyl, C-aryl, C-heteroaryl, C-ester, C-halide, C-cyano,
N—, O—, and S-containing groups, and C-boryl and the
boryl group is derived from HBPin or B,Pin, wherein Ar is
selected from the group consisting of aryl or heteroaryl,
wherein n is equal to zero to two.

[0015] The present invention provides a process for pro-
ducing a N-tert-butoxycarbonyl substituted protected boryl
compound (I-1IT), wherein R, is selected from the group con-
sisting of H, alkyl, aryl, carbonyl, and other carboxylic acid
protecting groups, wherein R; is selected from the group
consisting of H, alkyl, aryl, carbonyl, and N—, O—, and
S-containing groups, wherein R, is selected from the group
containing hydrogen, boryl, halo, cyano, alkyl, alkoxy, thio-
alkyl, amino alkyl, acyl, alkyl aminoacyl, trifluoro alkyl, aryl,
alkyl silyl, and containing 1 to 8 carbon atoms except for the
halo group and boryl group, wherein E is selected from the
group consisting of CH, N, C-alkyl, C-aryl, C-heteroaryl,
C-ester, C-halide, C-cyano, N—, O—, and S-containing
groups, and C-boryl and the boryl group is derived from
HBPin or B,Pin, wherein Ar is selected from the group con-
sisting of aryl or heteroaryl, wherein n is equal to zero to two,
which comprises: reacting an N-tert-butoxycarbonyl pro-
tected compounds (IV-VI) where the nitrogen containing spe-
cies is selected from the group consisting of indole, azain-
dole, phenyl alanine, aryl amino acids, tryptophan, thiophene
amino acids, heteroatom aromatic amino acids, pyrrole, and
azole wherein R, is selected from the group consisting of H,
alkyl, aryl, carbonyl, and other carboxylic acid protecting
groups, wherein R, is selected from the group consisting of H,
alkyl, aryl, carbonyl, and N—, O—, and S-containing groups,
wherein R, is selected from the group containing hydrogen,
boryl, halo, cyano, alkyl, alkoxy, thioalkyl, amino alkyl, acyl,
alkyl aminoacyl, trifluoro alkyl, aryl, alkyl silyl, and contain-
ing 1 to 8 carbon atoms except for the halo group and boryl
group, wherein E is selected from the group consisting of CH,
N, C-alkyl, C-aryl, C-heteroaryl, C-ester, C-halide, C-cyano,
N—, O—, and S-containing groups, and C-boryl and the
boryl group is derived from HBPin or B,Pin, wherein Ar is
selected from the group consisting of aryl or heteroaryl with
atleast one C—H bond, wherein n is equal to zero to two, with
an HB or B—B organic compound in a reaction mixture with
a non-reactive first solvent selected from, but not limited to,
aliphatic hydrocarbons and ethers at elevated temperatures
between about 0 and 150° C. in the presence of a catalytically
effective amount of an iridium complex catalytic composition
comprising an iridium complex of the formula: (BY) —Ir-
(ligand),, where n is equal to one to five and m is equal to one
to three, excluding hydrogen, bonded to the iridium, wherein
BY is a boron moiety and the ligand is selected from the group
consisting of a phosphorus organic ligand, an organic amine,
an imine, a nitrogen heterocycle, and an ether wherein the
ligand is at least in part bonded to the iridium, in a molar ratio
of complex to ligand between 1 to 3 and 1 to 1, wherein the
ligand is at least in part bonded to the iridium, to form com-
pounds (I-11T); and evaporating the solvent and portions of the
reaction mixture which are volatile from the reaction mixture
to produce the compound (I-I1I).

[0016] The present invention provides a process for pro-
ducing boryl compounds (VII-IX) where the nitrogen con-
taining species is selected from the group consisting of an
indole, azaindole, phenyl alanine, aryl amino acids, tryp-
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tophan, thiophene amino acids, heteroatom aromatic amino
acids, pyrrole, and azole, wherein R, is selected from the
group consisting of H, alkyl, aryl, carbonyl, and other car-
boxylic acid protecting groups, wherein R, is selected from
the group consisting of H, alkyl, aryl, carbonyl, and N—,
O—, and S-containing groups, wherein E is selected from the
group consisting of CH, N, C-alkyl, C-aryl, C-heteroaryl,
C-ester, C-halide, C-cyano, and N, O, and S containing
groups, wherein R, is selected from the group containing
hydrogen, boryl, halo, cyano, alkyl, alkoxy, thioalkyl, amino
alkyl, acyl, alkyl aminoacyl, trifluoro alkyl, aryl, alkyl silyl,
and containing 1 to 8 carbon atoms except for the halo group
and boryl group, wherein E is selected from the group con-
sisting of CH, N, C-alkyl, C-aryl, C-heteroaryl, C-ester, C-ha-
lide, C-cyano, N—, O—, and S-containing groups, and C-bo-
ryl and the boryl group is derived from HBPin or B,Pin,
wherein Ar is selected from the group consisting of aryl or
heteroaryl, wherein n is equal to zero to two,

VII
N
)
E
BY
VIII
. N R,
]la% |
Ex
\E BY
X

NH,
R,0,HC Ar\
C C BY
(R3)a Rs)
n n

which comprises heating at temperatures between 180 and
200° C. in air an N-tert-butoxycarbonyl substituted com-
pound (I-III) where the nitrogen containing species is
selected from the group consisting of an indole, azaindole,
phenyl alanine, aryl amino acids, tryptophan, thiophene
amino acids, heteroatom aromatic amino acids, pyrrole, and
azole, wherein R, is selected from the group consisting of H,
alkyl, aryl, carbonyl, and other carboxylic acid protecting
groups, wherein R, is selected from the group consisting of H,
alkyl, aryl, carbonyl, and N—, O—, and S-containing groups,
wherein E is selected from the group consisting of CH, N,
C-alkyl, C-aryl, C-heteroaryl, C-ester, C-halide, C-cyano,
and N—, O—, and S-containing groups, wherein R, is
selected from the group containing hydrogen, boryl, halo,
cyano, alkyl, alkoxy, thioalkyl, amino alkyl, acyl, alkyl ami-
noacyl, triftuoro alkyl, aryl, alkyl silyl, and containing 1 to 8
carbon atoms except for the halo group and boryl group,
wherein E is selected from the group consisting of CH, N,
C-alkyl, C-aryl, C-heteroaryl, C-ester, C-halide, C-cyano,
N—, O—, and S-containing groups, and C-boryl and the
boryl group is derived from HBPin or B,Pin, wherein Ar is
selected from the group consisting of aryl or heteroaryl,
wherein n is equal to zero to two.

[0017] A process for producing N-substituted compounds
(X-XII) where the nitrogen containing species is selected
from the group consisting of an indole, azaindole, phenyl
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alanine, aryl amino acids, tryptophan, thiophene amino acids,
heteroatom aromatic amino acids, pyrrole, and azole, wherein
R, is selected from the group consisting of tert-butoxycarbo-
nyl, (benzyloxy)carbonyl, N,N-dimethylaminosulfonyl,
N,N-dimethylcarboxamide, para-toluenesulfonyl, 9H-Fluo-
ren-9-ylmethyloxycarbonyl, and other common nitrogen pro-
tecting groups, wherein R, is selected from the group con-
sisting of H, alkyl, aryl, carbonyl, and other carboxylic acid
protecting groups, wherein R; is selected from the group
consisting of H, alkyl, aryl, carbonyl, and N—, O—, and
S-containing groups, wherein E is selected from the group
consisting of CH, N, C-alkyl, C-aryl, C-heteroaryl, C-ester,
C-halide, C-cyano, and N, O, and S containing groups,
wherein R, is selected from the group containing hydrogen,
boryl, halo, cyano, alkyl, alkoxy, thioalkyl, amino alkyl, acyl,
alkyl aminoacyl, trifluoro alkyl, aryl, alkyl silyl, and contain-
ing 1 to 8 carbon atoms except for the halo group and boryl
group, wherein E is selected from the group consisting of CH,
N, C-alkyl, C-aryl, C-heteroaryl, C-ester, C-halide, C-cyano,
N—, O—, and S-containing groups, and C-boryl and the
boryl group is derived from HBPin or B,Pin, wherein Ar is
selected from the group consisting of aryl or heteroaryl,
wherein n is equal to zero to two, wherein R is each selected
from the group consisting of alkyl, aryl, heteroaryl,
cycloalkyl, and N—, S—, and O-containing groups,

X
Ry
Y
i
E
Rs
XI
Ry
e N R
il ||
Exn
g Rs
XII

NHW(R )20

R,0,HC Ar\
C C Rs
\C(Rs)z (R3)

which comprises: reacting N-protected compounds (IV-VI)
where the nitrogen containing species is selected from the
group consisting of indole, azaindole, phenyl alanine, aryl
amino acids, tryptophan, thiophene amino acids, heteroatom
aromatic amino acids, pyrrole, and azole, wherein R, is
selected from the group consisting of tert-butoxycarbonyl,
(benzyloxy)carbonyl, N,N-dimethylaminosulfonyl, N,N-
dimethylcarboxamide, para-toluenesulfonyl, 9H-Fluoren-9-
ylmethyloxycarbonyl, and other common nitrogen protecting
groups, wherein R, is selected from the group consisting of H,
alkyl, aryl, carbonyl, and other carboxylic acid protecting
groups, wherein R, is selected from the group consisting of H,
alkyl, aryl, carbonyl, and N, O, and S containing groups,
wherein R, is selected from the group containing hydrogen,
boryl, halo, cyano, alkyl, alkoxy, thioalkyl, amino alkyl, acyl,
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alkyl aminoacyl, trifluoro alkyl, aryl, alkyl silyl, and contain-
ing 1 to 8 carbon atoms except for the halo group and boryl
group and the boryl group is derived from HBPin or B,Pin,
wherein E is selected from the group consisting of CH, N,
C-alkyl, C-aryl, C-heteroaryl, C-ester, C-halide, C-cyano,
N—, O—, and S-containing groups, and C-boryl and the
boryl group is derived from HBPin or B,Pin, wherein Ar is
selected from the group consisting of aryl or heteroaryl with
at least one C—H bond, wherein n is equal to zero to two,

v
Ry
|
N Ry
E/
I
E
\%
Ry
|
]féE | N | R,
E ]/j
\E
VI

NE)nR1)2a

R,0,HC Ar
C C
\<\(R3)2 (RQ/

in a reaction mixture with a non-reactive solvent selected
from, but not limited to, aliphatic hydrocarbons and ethers at
temperatures between about 0 and 150° C. with an HB or
B—B organic compound, in the presence of a catalytically
effective amount of an iridium complex catalytic composition
comprising an iridium complex of the formula: (BY) —Ir-
(ligand),,, where n is equal to one to five and m is equal to one
to three, excluding hydrogen, bonded to the iridium BY is a
boron moiety and the ligand is selected from the group con-
sisting of a phosphorus organic ligand, an organic amine, an
imine, a nitrogen heterocycle, and an ether wherein the ligand
is at least in part bonded to the iridium, to form the com-
pounds (I-111) in the reaction mixture; evaporating the solvent
and portions of the reaction mixture which are volatile from
the reaction mixture to produce the compound (I-III); react-
ing in the same reaction vessel without purification the N-sub-
stituted boryl compound (I-111) with an alkyl, aryl, heteroaryl,
or cycloalkyl halide or triflate, an amine, thiol, or alcohol in
the presence of suitable bases and palladium or copper cata-
lysts known to promote substitutions of boryl groups; and
evaporating the solvent and portions of the reaction mixture
which are volatile from the reaction mixture to produce the
compound (X-XII). In further embodiments, R, is tert-bu-
toxycarbonyl. In still further embodiments, the complex is an
iridium complex of [Ir(OMe)(COD)],, [Ir(C1)(COD)],, or
(COD) (n’-indenyD)Ir, where COD is 1,5-cyclooctadine,
complexed with a ligand selected from the group consisting
of:
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R R N
; jY
R4§/j\§—G, i />—G,
—N N
y 23
R

R

R Y N Y
RIN/>—G and . N/>—G
R
K

wherein R are each selected from the group consisting of
hydrogen, linear alkyl containing 1 to 8 carbon atoms,
branched alkyl containing 1 to 8 carbons, and a carbon in a
cyclic structure, Y is a carbon, oxygen, nitrogen, or sulfur
containing moiety, and G is a heteroatom containing group,
multiple atom chain, or multiple atom ring. In further still
embodiments, the complex is an iridium complex of [Ir
(OMe)(COD)],, [Ir(C1)(COD)],, or (COD) (1’-indenyl)Ir,
where COD is 1,5-cyclooctadine, complexed with a ligand
selected from the group consisting of:

wherein R are each selected from the group consisting of
hydrogen, linear alkyl containing 1 to 8 carbon atoms,
branched alkyl containing 1 to 8 carbons, and a carbon in a
cyclic structure. In still further embodiments, the complex is
an iridium complex of [Ir(OMe)(COD)],, [Ir(C1)(COD)].,, or
(COD) (m’-indenyDIr, where COD is 1,5-cyclooctadine,
complexed with a ligand selected from the group consisting
of:

R R

2 Y, Y- R

R /j \i R
N N

R R
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N -continued N
Y, Y-
g N,
N N
; Y, Y- I;,
R:EN/>_<\NIR
Y, Y-
L

R p

R R
Y Y
R R d
R /> <\ R
N N
R R
R
R R
Y, Y
zZ
R R
A PN
N N
R R
R R

wherein R are each selected from the group consisting of
hydrogen, linear alkyl containing 1 to 8 carbon atoms,
branched alkyl containing 1 to 8 carbons, and a carbon in a
cyclic structure, Y is a carbon, oxygen, nitrogen, or sulfur
containing moiety, and Z is a carbon, oxygen, nitrogen, sulfur,
or boron containing moiety or a multiple atom chain contain-
ing a carbon, oxygen, nitrogen, sulfur, or boron containing
moiety. In still further embodiments, the complex is an iri-
dium complex of [Ir(OMe)(COD)],, [Ir(CH{COD)],, or
(COD) (m’-indenyl)Ir, where COD is 1,5-cyclooctadine,
complexed with a ligand selected from the group consisting
of:

z
P rR,

wherein R are each selected from the group consisting of
hydrogen, aryl, linear alkyl containing 1 to 8 carbon atoms,
branched alkyl containing 1 to 8 carbons, alkoxy, or a carbon
in a cyclic structure and Z is a carbon, oxygen, or nitrogen
containing moiety or a multiple atom chain containing a
carbon, oxygen, or nitrogen containing moiety. In further still
embodiments, the HB or B—B organic compound is HBPin
or B,Pin,. In still further embodiments, the complex is an
iridium complex of [Ir(OMe)(COD)],, [Ir(C1)(COD)],, or
(COD) (m’-indenyl)Ir, where COD is 1,5-cyclooctadine,
complexed with 4,4-di-t-butyl-2,2'bipyridine (dtbpy). In still
further embodiments, the complex is an iridium complex of
[Ir(OMe)(COD)],, [Ir(C1)(COD)],, or (COD) (n*-indenyl)Ir,
where COD is 1,5-cyclooctadine, complexed with 1,2-bis
(dimethylphospino)ethane.
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DETAILED DESCRIPTION OF THE INVENTION

[0018]

cations, government regulations, and literature references

All patents, patent applications, government publi-

cited in this specification are hereby incorporated herein by
reference in their entirety. In case of conflict, the present

description, including definitions, will control.
[0019]

as a method for functionalizing aromatic and heteroaromatic

Ir-catalyzed borylation of C—H bonds is emerging

hydrocarbons.? For aromatic substrates, steric effects dictate
the regioselectivity, giving access to regiochemistry that is
difficult to obtain using traditional synthetic methods. While
for heterocyclic substrates, the origins of regioselectivity are
less apparent, it has been shown that (i) borylation of C—H
bonds flanked by an sp>-hybridized nitrogen like that in pyri-
dine are difficult,¥” and (ii) borylation in pyrroles, indoles,
furans, and thiophenes occurs adjacent to the heteroatom
(Scheme 1).%f-i,1,p

Scheme 1. Borylation regioselectives for (a) unprotected pyrrole, indole,
and (b) pyridine.

(@)
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-continued
(b)

N N
\ / \_/
BPin
3-BPin:4-BPin ~ 2:1

BPin

[0020] Wehave previously shown that the borylation regio-
chemistry in pyrrole can be altered when the nitrogen group is
protected with a trialkyl silane.© Trimethylsilyl protection
was impractical as the N—Si bond in N-trimethylsilyl pyrrole
is prone to hydrolysis. Hence, the more hindered (and more
expensive) triisopropysilyl (TIPS) group was required to
obtain reasonable yields of isolated product.

[0021] tert-butoxycarbonyl-protected N-heterocycles. Of
the many available nitrogen protecting groups, the tert-bu-
toxycarbonyl (Boc) group is widely used to protect N—H
bonds. Given that Ir-catalyzed borylation tolerates amide
functionality, we questioned whether N-Boc protected sub-
strates would be compatible with borylations, providing a
more economical and versatile means for altering the bory-
lation regioselectivity of pyrroles and related substrates.®
Also, Boc compatibility could facilitate functionalizations of
natural and unnatural aromatic amino acids.

[0022] Table 1 shows the results for borylations of Boc-
protected nitrogen heterocycles. For example, N-Boc pyrrole
reacts smoothly with effectively complete regioselectivity for
the 3-position (Table 1, entry 1) in excellent yield at an Ir
catalystloading of0.5 mol %. The yields are reproducible and
scalable with the largest scale to date utilizing 100 g of the
pyrrole and 1.25 equiv of pinacolborane (HBPin).

TABLE 1

Borylation of N-Boc protected heterocycles.?

HBPin equiv.
Solvent. Time.
Reaction Temp.

Entry Substrate Ir Loading Product % Yield®
1 Boc 1.3 equiv THF. Boc 90
| 13h.55°C. |
N, 0.5 mol % Q
BPin
2 Boc 1.5 equiv. Boce 82
| THF. 5h. 60° C. |
BPin
3 Boc 1.2 equiv. Boc 75
n-hexane. 5 h.
MeOZC N. room temp.. MeOZC

\@ 3 mol %

=
Z_
.

BPin
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TABLE 1-continued
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Borylation of N-Boc protected heterocycles.?

HBPin equiv.
Solvent. Time.
Reaction Temp.

Entry Substrate Ir Loading Product % Yield®
4 Boc 2 equiv. Boc 65
| n-hexane. 5 h. |
N, 60° C. 3 mol % N,

BPin
5 Boc 1.1 equiv. Boc 56
| n-hexane. 5 h. |
N. room temp..
/N \ / 3 mol % /N \ /
e ey
BPin
6° Boc 3.5t equiv. Boc 54
| n-hexane. 96 h. |
N. room temp.. N
/N \ / 6 mol % /N \ /
iy ey
BPin
BPin
7¢ Boc 1.3 equiv THF. Boc 14
| 20 h.55° C. |
N 6 mol % N.
v\ v\
e —
BPin
ge-d ]|300 — ]|300 0
( (
NJ N /
BPin

2See supporting information for specific reaction conditions.
PIsolated yield based upon an average of two runs.

“dppe was used in borylation step.

4Small amounts of aminated biphenyls were detected.

[0023] N-Boc compatibility is reasonably general as indi-
cated the other entries in Table 1. In addition to substituted
pyrrole entries 2 and 3, N-Boc-indole (entry 4) and N-Boc
7-azaindole (entry 5) afford acceptable yields of 3-borylated
products. The outcome for N-Boc-7-azaindole reflects a pref-
erence for the 3-position of a 5-membered nitrogen hetero-
cycle over sterically accessible sites in the 6-memebered
N-heterocyclic moiety. Consistent with the regiochemical
preferences in Scheme 1, a second borylation of N-Boc-7-
azaindole proceeds selectively at the 5-position, presumably
because C5 is less hindered than C4.

[0024] The yield for N-Boc-6-azaindole is disappointingly
low. The reason for this is unclear; however, the 6-N likely
inhibits catalysis by coordinating to Ir. Gas evolution was

evident when HBPin was added to N-Boc-imidazole. In this
case N-3 may be sufficiently nucleophilic to coordinated to
the borane, yielding an activated hydride that effects depro-
tection. This problem can be overcome by employing more
robust protecting groups like N, N-dimethylaminosulfonyl.

[0025] Boc-protected amino acids. N-Boc amino acids
were a second important class of Boc-protected compounds
for consideration. The demonstrated compatibility of primary
amides with borylation conditions augured favorably for suc-
cess onthis front. As indicated in Table 2, N-Boc aromatic and
heteroaromatic amino acids are suitable substrates. The regi-
oselectivities are substrate dependent largely following the
patterns established for arenes and heterocycles. For
example, N-Boc phenylalanine yields a 71:29 mixture of
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meta and para borylated products when borylation is carried
to 40% conversion (Table 2, entry 1). Higher conversions to
monoborylated materials could not be achieved as diboryla-
tion depleted the meta isomer. The reaction with 2 equiv of
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B,Pin, affords the 3,5-diborylated product as a single isomer,
albeit in low yield. Reactivity was generally lower for the
Boc-protected amines and B,Pin, was used as the borylating
agent to improve efficiency.

TABLE 2

Borylation of N-Boc protected amino acids.”

borylating agent
(equiv). solvent.
time. temp.
entry substrate catalyst loading product % yield
1 MeO,C 1.0 equiv B,Pin,. MeO,C 26°
CyH. 30 min. (m:p -
NHBoc 120° C. NHBoc 71:29)
3mol % Ir
—7 B
2 MeO,C 1.0 equiv B,Pin,.  MeO,C 18
CyH.1h.
NHBoc 120° C. NHBoc
3mol % Ir
BPin
BPin
3 MeO,C 1.2 equiv B,Pin,.  MeO,C 80
CyH. 10 min.
NHBoc 120° C. NHBoc
3mol % Ir
BPin
Cl Cl
4 MeO,C 1.1 B,Pin,. MeO,C 79
THF. 5 h. 60° C.
NHBoc 3mol % Ir NHBoc
S / S /
BPin
5 MeO,C 0.2 equiv HBPin. MeO,C 43 (63)°
1.0 equiv B,Pin,.
NHBoc MTBE. 1t.
45 min

Ly

NHBoc
BPin
NH
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Borylation of N-Boc protected amino acids.?

borylating agent
(equiv). solvent.
time. temp.
entry substrate catalyst loading product % yield
6 MeO,C 0.3 equiv HBPin. MeO,C 54
2.0 equiv B,Pin,.
NHBoc  MTBE.1t. 19h NHBoc
BPin
NH NH
BPin

“Reactions were typically carried out with 3 mol % Ir loadings relative to the number of C—H
bonds to be borylated. The active catalyst was generated in situ by adding HBPin to [Ir(OMe)
(COD)],, followed by addition of dtbpy. The catalyst solution was added to a solution of
B,Pin, and the substrate. See supporting information for specific reaction conditions.

®40% conversion of the protected amino acid.

[0026] When the aromatic or heteroaromatic substituent
has a predilection for regioselective borylation, conversion
and isolated yields improve dramatically as illustrated for
protected 3-chlorophenylalanine and 2-thiophenylalanine
(entries 3 and 4). The final two entries in Table 2 show the
indole nucleus of protected tryptophan can be mono or dibo-
rylated. The conversions for the tryptophan substrate were not
as good as for the other amino acids in Table 2. The reasons
for this are not obvious. Indoles are excellent substrates for
aromatic borylation, and the amino acid protecting groups
behave perfectly well for the borylations in entries 3 and 4.
Preparation of the monoborylated compound (entry 5) was
complicated by competing diborylation. Nevertheless, the
monoborylated compound could be separated from the dibo-
rylated product and unreacted tryptophan substrate. By com-
parison, preparation of the diborylated compound was
straightforward as long as triborylation was avoided. Both d
and 1 isomers of N-Boc tryptophan methyl ester were dibo-
rylated separately to test for racemization of the chiral center.
In each case, chiral HPLC analysis showed none of the enan-
tiomer. These preliminary results are encouraging for appli-
cations of Ir-catalyzed borylations in peptide functionaliza-
tion.

[0027] One-pot borylation/C—C cross coupling. We, and
others, have developed one-pot processes where Ir-catalyzed
borylations are followed by one or more chemical transfor-
mations. For the present purposes, the discussion will be
restricted to one-pot borylation/C—C cross-coupling of
N-Boc pyrrole/

[0028] For the Pd-catalyzed cross-coupling, we employed
the catalyst and conditions recently disclosed by Buchwald
and Billingsley.# In addition, we chose 3-chlorothiophene as
the coupling partner, because its coupling with boronate 1
was one of the plethora they reported. The reaction was car-
ried out with the borylation conditions in Scheme 2. The Pd
catalyzed coupling was initially carried out as part of a one-
pot sequence, where the crude borylation reaction mixture

was subjected cross-coupled with the chlorothiophene under
the conditions described by Buchwald and Billingsley. Com-
pared to other one-pot reactions that we’ve performed, the
21% yield of biheterocycle 2 (Table 3, entry 1) was disap-
pointingly low considering that a 51% yield was reported for
the Pd-catalyzed coupling of 3-chlorothiophene and 1. To
determine whether the Ir catalyst residue might be interfering,
we attempted cross-coupling with isolated 1 (entry 2). Sur-
prisingly, we obtained the coupled product in 85% isolated
yield, a significant increase over the reported yield.

Scheme 2. One-pot borylation/C-C cross-coupling of N-Boc pyrrole with
3-chlorothiophene.

Boce

Boce N.
1 equiv 3-chlorothiophene, 1
N mol% Pdydbas. 4 mol% 3, 2.0 \ /
equiv K3POy, t-AmOH, 80° C.
\_/ —

S
BPin ==
1 2
1. 1.5 equiv HBPin, 1.5 mol%
[Ir(OMe)(COD)],, 3 mol%
dtbpy, n-hexane, 60° C. 30 h
2. Solvent removal in vacuo PCy>
Boc i-Pr i-Pr

i-Pr
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TABLE 3

Comparisons between routes to 2.%

Cross-coupling

Entry Starting Material conditions Isolated Yield of 2

21%°
85%
76%

1 N-Boc-pyrrole
2 1
3 N-Boc-pyrrole

Scheme 2,12 h
Scheme 2,12 h
Scheme 2, 30 h

2See supporting information for specific reaction conditions.
®IH NMR analysis of the reaction mixture revealed that 1 was the major pyr-
role species.

[0029] Clearly, something in the catalytic milieu interferes
with the one-pot reaction. We consider it likely that the Ir
catalyst competes with Pd for phosphine 3, thereby reducing
the concentration of the active Pd catalyst. Consistent with
this notion, we find that the one-pot yield improves with

10
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prolonged reaction times, nearly approaching that obtained
when the pristine boronate was used. When pyrrole is used as
the common starting point, the 76% yield for the one-pot,
borylation/C—C coupling route is superior to the 15% yield
obtained when the boronate is prepared using conventional
methods. The generality for other heterocyclic substrates will
be established in future work.

[0030] N-Boc deprotection. While it will usually be desir-
ableto remove the Boc group after the boronate ester has been
utilized in a cross-coupling or oxidation, there may be advan-
tages to removing the Boc group leaving the C—B bond
intact. Numerous methods for Boc deprotection are known to
the literature.” We have examined a limited number of these
and have found that thermal deprotection gives the best yields
of deprotected products for most of the compounds in Table
4. Tt is noteworthy that the deprotection is reproducible only
when performed in air.

TABLE 4

Thermal deprotection of N-Boc boronates.®

entry substrate Conditions product % yield
1 Boc 180° C. 35 min g 80
) \ /Z
BPin
BPin
2 Boc 180° C. 20 min H 76
| MeO,C N
BPin
BPin
3 Boc 140°C. 16 h o 72
| Me N
Me N \Q
BPin
BPin
4 Boc 180° C. 45 min % 64
' < S /Z
BPin
BPin

*N-Boc protected substrates were placed in a flask and heated in air until the Boc group was

cleaved.
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[0031] The yields of the deprotected substrates were rea-
sonably good with entry 3 being the most sensitive, ultimately
requiring prolonged reaction times at lower temperatures to
afford a reasonable yield of the deprotected indole. Signifi-
cantly, the deprotected products in Table 4 are regioisomers of
the products that are obtained by borylating the unprotected
heterocycles.

[0032] Scheme 3 illustrates how Boc deprotection of bor-
onate esters can be synthetically advantageous. The 3-bory-
lated pyrrole 4 that results when the Boc is removed from the
borylation product of N-Boc pyrrole yields the 2,4-dibory-
lated isomer when it is subjected to a second Ir-catalyzed
borylation. This complements the chemistry for diborylation
of pyrrole, which provides the 2,5-diborylated isomer.

Scheme 3. Regioselective synthesis of 2,4-diborylated pyrrole using Boc
protection/deprotection.

Boc
N 1. Borylation
‘\ /7 2. Deprotection
—_—
H H
N PinB N
\ / Borylation \ /
—_—
BPin BPin
4 5
H
B PinB N
Borylation \Q Diborylation
\ /] - \ / —
H
PinB\G/BPin
6

General Methods:

[0033] Pinacolborane (HBPin) was generously supplied by
BASF. Bis(m*-1,5-cyclooctadiene)-di-p-methoxy-diiridium
(D) [Ir(OMe)(COD)], was prepared per the literature proce-
dure? 4,4'-Di-t-butyl-2,2'-bipyridine (dbpy) was purchased
from Aldrich. N-Boc pyrrole, N-Boc indole and Boc-L-phe-
nylalanine methyl ester were purchased from Aldrich.
Methyl-2-pyrrolecarboxylate and 7-azaindole were pur-
chased from Aldrich and Boc-protected per literature proce-
dure * 2-methylpyrrole and 6-azaindole’ were prepared per
literature procedure and Boc protected. L-tryptophan was
purchased from Chem-Impex International and protected per
literature procedure.” All substrates were purified by column
chromatography or passing through a plug of alumina. Pina-
colborane (HBPin) was distilled before use. n-Hexane was
refluxed over sodium, distilled, and degassed. Tetrahydrofu-
ran was obtained from a dry still packed with activated alu-
mina and degassed before use. Silica gel was purchased from
EMD™ (230-400 Mesh).

[0034] All reactions were monitored by GC-FID (Varian
CP-3800; column type: WCOT Fused silica 30 mx0.25 mm
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ID coating CP-SIL 8 CB). GC-FID method: 70° C., 2 min.;
20° C./min, 9 min.; 250° C., 10 or 20 min.; All reported yields
are for isolated materials.

[0035] 'Hand *C NMR spectra were recorded on a Varian
Inova-300 (300.11 and 75.47 MHz respectively), Varian
VXR-500 or Varian Unity-500-Plus spectrometer (499.74
and 125.67 MHz respectively) and referenced to residual
solvent signals (7.24 ppm and 77.0 ppm for CDCl;, respec-
tively). ''B spectra were recorded on a Varian VXR-300
operating at 96.29 MHz and were referenced to neat BF;-
Et,O as the external standard. All coupling constants are
apparent J values measured at the indicated field strengths.
All 2-dimensional experiments were run using z-axis pulse
field gradients. Elemental analyses were performed at Michi-
gan State University using a Perkin Elmer Series I 2400
CHNS/O Analyzer. GC-MS data were obtained using a
Varian Saturn 2200 GC/MS (column type: WCOT Fused
silica 30 mx0.25 mm ID coating CP-SIL. 8 CB). Melting
points were measured on a MEL-TEMP® capillary melting
apparatus and are uncorrected. Optical rotations were
recorded on a Perkin Elmer Polarimeter 341 at the sodium D
line. A Biotage Initiator microwave was used for the boryla-
tion of Boc-L-phenylalanine (Absorption level: Normal; Stir
rate: 600 rpm).

General Procedure

[0036]
this general procedure. The Ir-catalyst was generated by a

Unless otherwise specified, all reactions followed

modified literature protocol,” where in a glove box, a Schlenk
flask, equipped with a magnetic stirring bar, was charged with
the corresponding substrate (1 mmol, 1 equiv). Two separate
test tubes were charged with [Ir(OMe)(COD)], (10 mg, 0.015
mmol, 3 mol % Ir) and d’bpy (8 mg, 0.03 mmol, 3 mol %).
Excess HBPin (1.1 to 2 equiv) was added to the [Ir(OMe)
(COD)], containing test tube. n-Hexane or THF (1 mL) was
added to the dbpy containing test tube in order to dissolve the
d’bpy. The d’bpy solution was then mixed with the [Ir(OMe)
(COD)], and HBPin mixture. After mixing for one minute,
the resulting solution was transferred to the Schlenk flask.
Additional n-hexane or THF (2x1 mL.) was used to wash the
test tubes and the washings were transferred to the Schlenk
flask. The flask was stoppered, brought out of the glove box,
and attached to a Schlenk line in a fume hood. The Schlenk
flask was placed under N, and the reaction was carried out at
the specified temperature. The reaction was monitored by GC
FID/MS. After completion of the reaction, the volatile mate-
rials were removed on a rotary evaporator. The crude material
was purified by column chromatography or dissolved in
CH,Cl; and passed through a plug of silica. Small amounts of
impurities, if present, were removed by crystallization.
Regiochemistry of the borylated products was assigned by
NMR spectroscopy (1H, *C, gCOSY, NOE).

[0037] Experimental Details and Spectroscopic Data:
Table 1, Entry 1: Borylation of N-Boc pyrrole.
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[0038] The general procedure was applied to N-Boc pyr-
role (1003 mg, 6.00 mmol, 1 equiv) and HBPin (1088 L,
960 mg, 7.50 mmol, 1.25 equiv) at 55° C. for 13 h. The
product was isolated as a white solid (1587 mg, 90% yield,
mp 83-85° C.). 'H NMR (CDCl;, 500 MHz): § 7.62-7.61 (t,
J=1.7 Hz, 1H, H,), 7.24-7.23 (dd, J=3.2, 2.1 Hz, 1H, H)),
6.45-6.44 (dd, J=3.2, 1.5 Hz, 1H, H,), 1.56 (br s, 9H, CH, of
“Bu), 1.30 (br s, 12H, CH, of BPin); >*C NMR {'H} (CDCl,,
125 MHz): § 148.6 (C—0), 128.8 (CH), 120.7 (CH), 116.2
(CH), 83.8 (C), 83.3 (C), 28.0 (3 CH, of “Bu), 24.8 (4 CH, of
BPin); ''B NMR (CDCl,, 96 MHz): d 30.2; FT-IR (neat)
Ve 3150, 2980, 2934, 1748, 1563, 1491, 1372, 1329, 1292,
1217, 1183, 1144, 1067, 976, 936, 857, 775, 691 cm™"; GC-
MS (ED) m/z (% relative intensity ): M*293 (13),237(55),194
(39), 193 (35), 178 (76), 107 (100), 57 (14); Anal. Calcd for
C,sH,,BNO,:C,61.45;H, 8.25; N, 4.78.Found: C,61.68; H,
8.53; N, 4.70.

[0039] Table 1, Entry 2: Borylation of N-Boc-2-methylpyr-
role.

[0040] The general procedure was applied to N-Boc-2-me-
thylpyrrole (181 mg, 1.00 mmol, 1 equiv) and HBPin (218
0L, 192 mg, 1.50 mmol, 1.50 equiv) at 60° C. for 6 h. The
product was isolated as a white solid (253 mg, 82% yield, mp
68-70° C.). '"HNMR (CDCl,, 500 MHz): 8 7.57 (d, J=2.0 Hz,
1H, H,), 6.15-6.14 (m, 1H, H,), 2.39 (d, 1.2 Hz, 3H, CH,),
1.55(brs, 9H, CH, of ‘Bu), 1.29 (br s, 12H, CH, of BPin); '*C
NMR {'H} (CDCl,, 125 MHz): § 149.4 (C=0), 132.5 (C),
129.6 (CH), 115.9 (CH), 83.5 (C), 83.2 (C), 28.0 (3 CH; of
“Bu), 24.7 (4 CH; of BPin), 15.1 (CH,); *'BNMR (CDCl,, 96
MHz): 8 30.2; FT-IR (neat) v,,,.: 2980, 2930, 1748, 1586,
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1532,1399,1372,1318,1296,1271,1256,1221,1190, 1165,
1144,1105,1078,970, 855,774,708, 691 cm™'; GC-MS (EI)
m/z (% relative intensity): M*307 (23), 251 (100), 207 (48),
192 (37), 121 (49), 57 (13); Anal. Calced for C, H,,BNO,: C,
62.56; H, 8.53; N, 4.56. Found: C, 62.58; H, 8.46; N, 4.46.
[0041] Table 1, Entry 3: Borylation of N-Boc-methyl-2-
pyrrolecarboxylate.

[0042] The general procedure was applied to N-Boc-me-
thyl-2-pyrrole carboxylate (450 mg, 2.00 mmol, 1 equiv) and
HBPin (348 L, 307 mg, 2.40 mmol, 1.20 equiv) at room
temperature for 5 h. The product was isolated as a white solid
(524 mg, 75% yield, mp 109-110° C.). 'H NMR (CDCl,, 500
MHz): § 7.65 (d, J=1.7 Hz, 1H, H,), 7.08 (d, J=1.7 Hz, 1H,
H,),3.79 (s, 3H, CH,), 1.54 (brs, 9H, CH, of ‘Bu), 1.27 (brs,
12H, CH, of BPin); '*C NMR {'H} (CDCl,, 125 MHz): &
161.1 (C=0), 148.0 (C—0), 134.7 (CH), 126.0 (C), 125.6
(CH), 84.9 (C), 83.5 (C), 51.8 (CH,), 27.6 (3 CH; of ‘Bu),
24.7 (4 CH, of BPin); ''B NMR (CDCl,, 96 MHz): 8 29.9;
FT-IR (neat)v,,,.: 2980, 1755,1730, 1570, 1483, 1435, 1391,
1373,1314,1283,1252,1213,1142,106, 970, 957,851,775,
760, 706, 689 cm™', GC-MS (EI) m/z (% relative intensity):
(M-100)*251 (100), 236 (49), 208 (45), 165 (52), 152 (40),
151 (42),120(35), 94 (13); Anal. Caled for C, ,H, BNOy: C,
58.14; H, 7.46; N, 3.99. Found: C, 57.84; H, 7.68; N, 3.98.
[0043] Table 1, Entry 4: Borylation of N-Boc indole.

t

O

Ta
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[0044] The general procedure was applied to N-Boc indole
(1085 mg, 5.00 mmol, 1 equiv) and HBPin (1451 (L, 1280
mg, 10.00 mmol, 2.00 equiv) at 60° C. for 8 h. The product
was isolated as a white solid (1113 mg, 65% yield, mp 100-
102° C.). "H NMR (CDCl;, 500 MHz): § 8.16-8.14 (d, J=8.1
Hz, 1H, H,), 8.00 (s, 1H, H,), 7.98-7.96 (m, 1H, H,), 7.31-
7.23 (m, 2H, H_, H,), 1.65 (br s, 9H, CH; of “Bu), 1.36 (br s,
12H, CH, of BPin); >C NMR {'H} (CDCl,, 125 MHz): §
149.4 (C=0),136.1 (C), 135.2(CH), 133.5 (C), 124.2 (CH),
122.9(CH), 122.6 (CH), 114.9 (CH), 83.8 (C), 83.3 (C), 28.2
(3 CH, of "Bu), 24.9 (4 CH, of BPin); ''B NMR (CDCl,, 96
MHz): 8 30.4; FT-IR (neat) v,,.: 3054, 2978, 2934, 1740,
1555, 1478, 1453, 1402, 1372,1339, 1318, 1246, 1208, 1140,
1111, 1061, 986, 857, 766, 748 cm™'; GC-MS (BI) m/z (%
relative intensity): (M-100)"243 (100), 228 (28), 157 (14),
143 (17); Anal. Caled for C, H,BNO,: C, 66.49; H, 7.64; N,
4.08. Found: C, 66.70; H, 7.64; N, 3.95.

[0045] Table 1, Entry 5: Borylation of N-Boc-7-azaindole.

T

O,

[0046] The general procedure was applied to N-Boc-7-aza-
indole (218 mg, 1.00 mmol, 1 equiv) and HBPin (160 L,
141 mg, 1.10 mmol, 1.10 equiv) at room temperature for 5 h.
The product was isolated as a white solid (193 mg, 56% yield,
mp 115-117° C.). '"H NMR (CDCl,, 500 MHz): § 8.46-8.45
(dd, J=4.9, 1.7 Hz, 1H, H ), 8.22-8.20 (dd, J=7.8, 1.7 Hz, 1H,
H,),8.01 (brs, 1H,H,),7.18-7.16 (dd J=7.8,4.6 Hz, 1H,H ),
1.62 (brs, 9H, CH, of ‘Bu), 1.33 (br s, 12H, CH, of BPin); !*C
NMR {'H} (CDCl,, 125 MHz): § 149.3 (C=0), 147.6 (C),
145.1 (CH), 135.4 (CH), 130.9 (CH), 126.1 (C), 118.8 (CH),
84.3(C),83.5(C), 28.1 (3 CH, of “Bu), 24.8 (4 CH, of BPin);
"B NMR (CDCl,, 96 MHz): $30.2; FT-IR (neat) v, ,.: 2980,
2934,1763,1736,1599,1547,1477, 1418, 1372,1316, 1285,
1267, 1248, 1211, 1142, 1107, 1069, 984, 858, 775, 681
cm™; GC-MS (EI) m/z (% relative intensity): (M-100)*244
(100), 229 (38), 187 (35), 158 (37), 144 (46) 117 (11); Anal.
Calcd for C,3H,sBN,O,: C, 62.81; H, 7.32; N, 8.14. Found:
C, 63.18; H, 7.59; N, 8.09.
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[0047]
dole.

Table 1, Entry 6: Diborylation of N-Boc-7-azain-

[0048] The general procedure was applied to N-Boc-7-aza-
indole (218 mg, 1.00 mmol, 1 equiv) and HBPin (508 L,
448 mg, 3.50 mmol, 3.50 equiv) at room temperature for 96 h.
The product was isolated as a pale yellow solid (253 mg, 54%
yield, mp 176-178° C.). 'H NMR (CDCl,, 500 MHz): & 8.82
(d,J=1.7Hz,1H,H,), 8.54 (d,J=1.5Hz, 1H, H,), 8.01 (s, 1H,
H,), 1.63 (brs, 9H, CH, of ‘Bu), 1.35-1.34 (d, 24H, CH, of
BPin); '*C NMR {'H} (CDCl;, 125 MHz): 8 151.5 (CH),
151.1(C), 147.5(C),137.4 (CH), 135.7(CH), 125.2(C),84.3
(C), 83.4 (C), 83.6 (C), 28.1 (3 CH, of Bu), 24.85 (4 CH, of
BPin), 24.84 (4 CH, of BPin); !B NMR (CDCl,, 96 MHz):
8 30.9; FT-IR (neat) v,,,.: 2980, 2934, 1765, 1738, 1543,
1476, 1418, 1372, 1341, 1306, 1246, 1142, 853, 698 cm™;
GC-MS (EI) nv/z (% relative intensity): (M-100)*370 (100),
355(13),313 (10), 285 (45), 271 (14), 171 (10); Anal. Caled
for C,,H;,B,N,Oq: C, 61.31; H, 7.72; N, 5.96. Found: C,
61.55; H, 7.90; N, 6.03.

[0049] Table 1, Entry 7: Borylation of N-Boc-6-azaindole.

T

H, O

e}

[0050] The general procedure was applied to N-Boc-6-aza-
indole (218 mg, 1.00 mmol, 1 equiv) and HBPin (218 L,
192 mg, 1.50 mmol, 1.50 equiv) at 55° C. for 20 h (80%
conversion). The product was isolated as a white solid (48 mg,
14% yield, mp 114-124° C.). "H NMR (CDCl,, 500 MHz): 3
9.37 (brs, 1H, H,), 8.40-8.39 (d, J=5.4 Hz, 1H, H,), 8.09 (br
s, 1H, H,), 7.85-7.84 (dd, J=5.4, 0.7 Hz, 1H, H,), 1.66 (br s,
9H, CH, of ‘Bu), 1.34 (br s, 12H, CH; of BPin); '*C NMR
{'H} (CDCl,, 125 MHz): § 148.6 (C=0), 142.3 (CH), 139.3
(C),137.9(CH), 137.2 (CH), 133.1 (C), 117.1 (CH), 85.1 (C),
83.6(C),28.1 (3 CH; of Bu), 24.9 (4 CH, of BPin); 'B NMR
(CDCl;, 96 MHz):  30.0; FT-IR (neat) v,,,.: 3137, 2980,
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2934,1746,1599, 1568, 1545, 1464, 1439, 1400, 1372, 1327,
1310, 1252, 1213, 1138, 1069, 1038, 857, 831, 735 cm™;
GC-MS (EI) n/z (% relative intensity): (M-100)"244 (100),
229(60),207 (11), 158 (28), 144 (62), 118 (17), 91 (10); Anal.
Caled for C,H,,BN,O,: C, 62.81; H, 7.32; N, 8.14. Found:
C, 63.13; H,7.72; N, 8.06.

Preparation of N-methyl-N-(5-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-1H-imidazol-1-ylthioper-
oxy)-methanamine

[0051]
TOZNMeZ
(N
\_/
B—O
/
0.
[0052] General procedure A was applied to N,N-dimethyl

imidazole-1-sulfonamide (175 mg, 1.0 mmol, 1.0 equiv) and
B, Bpin, (254 mg, 1.0 mmol (2.0 mmol B), 1.0 equiv) in ether
at room temperature for 65 h. The crude reaction mixture was
washed with pentane (3.0 mL portions until the pentane wash
is completely colorless) inside the glovebox. The washed
product was dried to afford N-methyl-N-(5-(4,4,5,5-tetram-
ethyl-1,3,2-dioxaborolan-2-yl)-1H-imidazol-1-ylthioper-
oxy)-methanamine (249 mg, 82%) as an off-white solid, 118-
122° C. (sublim). 'H, *C NMR, gHMQC and gHMBC
spectroscopy were used to assign the diborylated product as
N-methyl-N-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
y1)-1H-imidazol-1-ylthioperoxy)-methanamine ‘H NMR
(CDCl;, 500 MHz): 6 7.97 (s, 1H, H,), 7.66 (s, 1H, H,), 2.83
(s, 6H, N(CH,),), 1.32 (br s, 12H, CH, of pinacolate); *C
NMR {'H} (CDCl,, 75 MHz): § 137.9, 127.0, 84.2, 38.2,
24.8; ''B NMR (CDCl,, 96 MHz): 8 29.0; m/e 301 (68), 300
M*(24), 286(28), 202(20), 193 (100), 192(28), 149(22), 135
(52), 109(30), 108(42),5(19), 43(25); Anal. Caled for
C,,H,0OBN,O.,S: C, 43.87; H, 6.69; N, 13.95. Found: C,
4332; H, 6.23; N, 13.73.

[0053] Table 2, Entry 1: Borylatibn of Boc-L-phenylala-
nine methyl ester.
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-continued

[0054] The general procedure was applied to Boc-L-phe-
nylalanine methyl ester (140 mg, 0.50 mmol, 1 equiv) and
B Pin, (127 mg, 0.50 mmol, 1.00 equiv) at 120° C. in a
microwave for 0.5 h. There was 37.5% conversion by GC-FID
and the ratio of S.M. to meta isomer to para isomer to dibo-
rylated product was 62.5:27.0:5.6:4.9 by GC-FID of the
crude reaction mixture. Column chromatography (hexanes/
diethyl ether 75:25) furnished a mixture of the meta and para
isomers as a thick liquid (53 mg, 26% yield) and unreacted
starting material (47 mg). The ratio of the two isomers in the
isolated product by "H NMR was 71:29. gcosy NMR spec-
troscopy was used to assign the major isomer as meta. "H
NMR (CDCl;, 500 MHz): & (major/meta isomer) 7.66-7.64
(d,J=73Hz,1H,H,),7.54 (s, 1H,H,), 7.28-7.25(t, J=7.5 Hz,
1H,H,), 7.20-7.18 (d, I=7.6 Hz, 1H, H ), 4.98-4.96 (d, I=7.8
Hz, 1H, NH), 4.57-4.51 (m, 1H, CH), 3.68 (s, 3H, CH, of
Me), 3.13-2.98 (m, 2H, CH,), 1.38 (br s, 9H, CH; of ‘Bu),
1.30(brs, 12H, CH,; of BPin), (minor/para isomer) 7.71-7.70
(d, J=8.1 Hz, 2H, H), 7.10-7.08 (d, J=7.7 Hz, 2H, H), 4.96-
4.95 (d, J=6.6 Hz, 1H, NH), 4.57-4.51 (m, 1H, CH), 3.66 (s,
3H, CH, of Me), 3.13-2.98 (m, 2H, CH,,), 1.38 (brs, 9H, CH,
of ‘Bu), 1.30 (br s, 12H, CH; of BPin); *C NMR {'H}
(CDCl;, 125 MHz): 6 (major/meta isomer) 172.3 (C—0),
155.0 (C=0),135.8 (CH), 135.3 (C), 133.4 (CH), 132 (CH),
127.9 (CH), 83.7 (C), 79.8 (C), 54.5 (CH), 52.1 (CH,), 38.2
(CH,), 28.2 (3 CH; of Bu), 24.8 (4 CH; of BPin), (minor/para
isomer) 172.2 (C—0), 155.0 (C—=0), 139.2 (C), 135.0 (CH),
128.6 (CH), 83.7 (C), 79.9 (C), 54.3 (CH), 52.1 (CH,), 38.4
(CH,), 28.2 (3 CH, of ‘Bu), 24.9 (4 CH, of BPin); ''B NMR
(CDCl,, 96 MHz): d 31.2; FT-IR (neat) v,,,.: 3447, 3366,
2979,2934,1748,1717,1503, 1435,1362, 1167, 1146, 1080,
857,712 cm™".

[0055] Table 2, Entry 2: Diborylation of Boc-L-phenylala-

nine methyl ester.
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[0056] The general procedure was applied to Boc-L-phe-
nylalanine methyl ester (140 mg, 0.50 mmol, 1 equiv) and
B Pin, (254 mg, 1.00 mmol, 2.00 equiv) at 120° C. in a
microwave for 1.0h. There was 88.5% conversion by GC-FID
and the ratio of S.M. to meta isomer to para isomer to dibo-
rylated product was 11.5:29.9:19.1:39.5 by GC-FID of the
crude reaction mixture. Column chromatography (hexanes/
diethyl ether 75:25) furnished the desired diborylated product
as a white solid (48 mg, 18% yield, mp 69-79° C.). "H NMR
(CDCl;, 500 MHz): 8 8.13 (s, 1H, H,), 7.63 (s, 2H, H,,, H,),
4.94-4.92 (d, J=7.7 Hz, 1H,NH), 4.53-4.50 (q, J=6.5 Hz, 1H,
CH), 3.69 (s, 3H, CH; of Me), 3.14-2.97 (m, 2H, CH,,), 1.40
(br s, 9H, CH, of ‘Bu), 1.31 (br s, 24H, CH, of BPin); *C
NMR {'H} (CDCl,, 125 MHz): § 172.4 (C=0), 155.0
(C=0), 139.9 (CH), 138.5 (CH), 134.6 (C), 83.7 (C), 79.8
(©), 54.7 (CH), 52.1 (CH3;), 38.1 (CH,), 28.3 (3 CH, of ‘Bu),
24.9 (8 CH, of BPin); ''B NMR (CDCl,, 96 MHz): 3 31.4;
FT-IR (neat)v,,,.: 3447,3366,2979,2934, 1746, 1719, 1599,
1503, 1453, 1393, 1327, 1167, 1144, 968, 847, 720 cm™;
[a]2op +34.5(c 0.4, CH,Cl,); Anal. Caled for C,,H,;B,NOg:
C, 61.04;H, 8.16; N, 2.64. Found: C, 60.99; H, 8.22; N, 2.50.
[0057] Table 2, Entry 3: Borylation of Boc-3-chloro-L.-
phenylalanine methyl ester.

O/
HN o)
0

[0058] The general procedure was applied to Boc-3-chloro-
L-phenylalanine methyl ester (314 mg, 1.00 mmol, 1 equiv)
and B,Pin, (305 mg, 1.20 mmol, 1.20 equiv) at 120° C. for 20
mins. Passing the crude material through a silica plug (meth-
ylenechloride/diethyl ether 95:5) furnished the product as a
pale yellow solid (376 mg, 85% yield, mp 86-89° C.). 'H
NMR (CDCl;, 500 MHz): 87.63 (s, 1H, H,),7.41 (s, 1H,H,),
7.17 (s, 1H, H,), 4.98-4.96 (d, J=7.6 Hz, 1H, NH), 4.54-4.50
(ddd, 1=5.8, 6.2, 8.2 Hz, 1H, CH), 3.70 (s, 3H, CH, of Me),
3.12-2.95 (m, 2H, CH,), 1.41 (br s, 9H, CH; of ‘Bu), 1.31 (br
s, 12H, CH, of BPin); '*C NMR {'H} (CDCl,, 125 MHz) §
172.0 (C=0), 154.9 (C—=0), 137.5 (C), 133.9 (CH), 133.7
(CH), 133.1 (CH), 131.9 (CH), 84.1 (C), 79.9 (C), 54.3 (CH),
52.2 (CH,), 37.7 (CH,), 28.2 (3 CH; of ‘Bu), 24.8 (4 CH; of
BPin); ''B NMR (CDCl,, 96 MHz): d 30.5; FT-IR (neat)
Vo 3366, 2980, 1748, 1719, 1503, 1358, 1167, 1146, 860,
708 ecm™; [a]*°, +47.0(c 0.3, CH,Cl,); Anal. Calcd for
C,,H;,BCINOg: C, 57.36; H,7.11; N, 3.19. Found: C, 57.20;
H, 7.50; N, 3.58.
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[0059]
tophan:

Table 2, Entry 5: Monoborylation of Protected Tryp-

[0060] In glove box, the starting indole substrate (159 mg,
0.5 mmol, 1 equiv) was weighed in a 20 mL vial and dissolved
in 10 mL of methyl tert-butyl ether. Two separate test tubes
were charged with [Ir(OMe)(COD)], (10 mg, 0.015 mmol, 6
mol % Ir) and dtbpy (8 mg, 0.03 mmol, 6 mol %). HBPin (15
uL, 0.2 equiv) was added to the [Ir(OMe)(COD)], test tube.
Methyl tert-butyl ether (1 mL) was added to the dtbpy con-
taining test tube in order to dissolve the dtbpy. The dtbpy
solution was then mixed with the [Ir(OMe)(COD)], and
HBPin mixture. After mixing for one minute, the resulting
solution was transferred to the 20 mL reaction vial containing
the indole substrate. Additional methy] tert-butyl ether (2x1
ml.) was used to wash the test tubes and the washings were
transferred to the reaction vial. B,Pin, (127 mg, 0.5 mmol, 1
equiv) was weighed in a test tube and was transferred to the
reaction vial by dissolving in methyl tert-butyl ether (5 mL).
The reaction vial was stirred at room temperature inside the
glove box. The reaction was monitored by TLC. The reaction
was stopped after 45 minutes. Volatile materials were
removed on a rotary evaporator. The ratio of starting indole
substrate to monoborylated product to diborylated product
was 0.42:1.0:0.05 by *H NMR of the crude reaction mixture.
The crude material was dissolved in CH,Cl, (2 mL) and
placed on a silica column. Column chromatography (silica
gel, hexanes/ethyl acetate 3:1, R, 0.3) gave three fractions.
The first fraction (13 mg) was 1:1 mixture of mono and
diborylated products. The second fraction (95 mg, 43% yield
based on starting indole used) was pure monoborylated prod-
uct. The third fraction was recovered unreacted starting
indole substrate (50 mg). The monoborylated product in the
second fraction was obtained as a white solid (95 mg, 63%
yield based on recovered starting indole, mp 183-185° C.).
The monoborylated product exists as 80:20 mixture of two
amide rotamers at room temperature by 'H NMR. Different
'H NMR peaks for the two amide rotamers coalesce together
at 70° C. in C4D4. Regiochemistry of the monoborylated
product was assigned by NMR spectroscopy. "H NMR
(CDCls, 300 MHz): 9 8.48 (brs, 1H, N—H), 7.66 (d, J=8.1
Hz, 1H), 7.32 (d, J=8.1 Hz, 1H), 7.19-7.24 (dt,J=7.5, 1.0 Hz,
1H), 7.07-7.12 (dt, J=7.5, 1.0 Hz, 1H), 5.94 (d, J=7.1 Hz, 1H,
N—H), 4.32-4.38 (m, 1H), 3.71 (s, 3H), 3.27-3.45 (m, 2H),
1.39 (brs, 6H, 2 CH; of BPin), 1.37 (br s, 6H, 2 CH; of BPin),
1.18-1.34 (br, 9H, CH, of Boc); '*C NMR {'H} (CDCl,, 75
MHz): § 173.4 (C=0), 155.6 (C=0), 138.3 (CH), 128.0
(C), 124.0 (CH), 123.3 (C), 119.7 (CH), 119.5 (C), 111.4
(CH), 84.5 (2 C), 79.2 (C), 55.2 (CH), 51.9 (OCH,), 28.3
(CH, of Boc), 27.6 (CH,), 25.0 (2 CH; of BPin), 24.7 (2 CH,
of BPin); ''B NMR (CDCl,, 96 MHz): 3 29.4; FT-IR (neat)
Ve 3379, 2978, 1718, 1550, 1516, 1390, 1325, 1267, 1169,
1112, 856, 744 cm™; GC-MS (EI) m/z (% relative intensity):
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M*444 (0.97), 370 (0.52), 344 (0.40), 327 (0.73), 285 (1.3),
256 (100), 155 (35.2); Anal. Caled for C,,H,,BN,Oy: C,
62.17, H, 7.49; N, 6.30. Found: C, 62.84; H, 7.88; N, 6.11;
HRMS (ED): m/z 444.2433 [(M™; Calcd for C,3H;3BN,Og:
444.2432].

[0061]
tophan:

Table 2, Entry 6: Diborylation of Protected Tryp-

[0062] Inaglovebox, the starting indole substrate (159 mg,
0.5 mmol, 1 equiv) and B,Pin, (254 mg, 1.0 mmol, 2 equiv)
was weighed in a 20 mL vial. Two separate test tubes were
charged with [Ir(OMe)(COD)], (10 mg, 0.015 mmol, 6 mol
% Ir) and dtbpy (8 mg, 0.03 mmol, 6 mol %). HBPin (20 (L,
18 mg, 0.14 mmol, 0.28 equiv) along with 1 mL of methyl
tert-butyl ether was added to the [Ir(OMe)(COD)], test tube.
Methyl tert-butyl ether (1 mL) was added to the dtbpy test
tube in order to dissolve the dtbpy. The dtbpy solution was
then mixed with the [Ir(OMe)(COD)], and HBPin mixture.
After mixing for one minute, the resulting solution was trans-
ferred to the 20 mL reaction vial containing indole substrate
and B,Pin,. Additional methyl tert-butyl ether (1 mL) was
used to wash the test tubes and the washings were transferred
to the reaction vial. The reaction vial was stirred at room
temperature inside the glove box for 19 hrs. At this point the
volatile materials were removed and the crude material was
purified via a gradient column (10% ethyl acetate/hexanes to
30% ethyl acetate/hexanes) on silica gel. The product was
isolated as a white solid (153 mg, 54% yield, mp 88-94° C.).
The diborylated product exists as 80:20 mixture of two amide
rotamers at room temperature by "H NMR. Different 'H
NMR peaks for the two amide rotamers coalesce at 70° C. in
C¢Dg. Regiochemistry of the diborylated product was
assigned by NMR spectroscopy. "H NMR (CDCl,, 500
MHz): § 9.21 (br s, 1H, H,), 7.78-7.76 (d, J=7.9 Hz, 1H,
H,/H,), 7.70-7.69 (d, J=6.8 Hz, 1H, H,/H,), 7.13-7.10 (t,
J=7.8 Hz, 1H, H_), 5.99-5.97 (d, J=6.7 Hz, 1H, NH), 4.34-4.
30 (m, 1H, CH), 3.70 (s, 3H, CH, of Me), 3.43-3.30 (m, 2H,
CH,), 1.41 (br s, 6H, 2 CH, of BPin), 1.39 (brs, 18H, 6 CH,
ofBPin), 1.34 (brs, 9H, CH; of ‘Bu); "> C NMR {'H} (CDCl,,
125 MHz): 8 173.5 (C—=0), 155.6 (C—=0), 142.9 (C), 131.7
(CH), 126.8(C), 123.0(CH), 122.9(C), 119.2(CH), 84.3 (C),
83.8 (C), 79.2 (C), 55.3 (CH), 52.1 (CH,), 28.3 (3 CH; of
‘Bu), 27.2 (CH,), 25.0 (4 CH, of BPin), 24.9 (2 CH, of BPin),
24.6 (2 CH, of BPin); ''B NMR (CDCl,, 96 MHz): 8 30.2;
FT-IR (neat)v,,,.: 3453,3391,3056, 2980, 2934, 1754, 1719,
1551,1514,1497, 1441, 1416,1391, 1368, 1337, 1294, 1207,
1167, 1136, 1101, 853, 683 cm™; [a]**D+15.2(c 0.4,
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CH,Cl,); Anal. Caled for C,oH,,B,N,Oq: C, 61.08; H, 7.78;
N, 4.91. Found: C, 61.02; H, 8.15; N, 4.98.

[0063] Table 3, Entry 2: Pd-catalyzed Suzuki-Miyaura
Coupling of N-Boc-3-(4,4,5,5-tetramethyl-1,3,2-dioxaboryl)
pyrrole.

[0064] In a glove box, a Schlenk flask, equipped with a
magnetic stirring bar, was charged with N-Boc-3-(4,4,5,5-
tetramethyl-1,3,2-dioxaboryl)pyrrole (293 mg, 1.00 mmol,
1.0 equiv), Pd, dba; (9.2 mg, 0.01 mmol), XPhos (19.1 mg,
0.04 mmol) and powdered, anhydrous K,PO, (425 mg, 2.00
mmol, 2.0 equiv). The Schlenk tube was sealed and brought
out of the glove box. The Schlenk tube was opened under
argon and was capped with a rubber septum. The Schlenk
tube was then evacuated and backfilled with argon (this
sequence was carried out two times). t-Amyl alcohol (2.00
ml) and 3-chlorothiophene (93 (L, 119 mg, 1.00 mmol, 1.0
equiv) were added via syringe through the septum. The sep-
tum was then replaced with a Teflon screwcap and flushed
with argon twice as mentioned previously. The Schlenk tube
was then sealed and heated at 80° C. for 12 hrs. At this point
the reaction mixture was allowed to cool to room temperature.
The reaction solution was then filtered through a thin pad of
silica gel (eluting with ethyl acetate) and the eluent was
concentrated under reduced pressure. The crude material so
obtained was purified via flash chromatography on silica gel
(5% EtOAc/hexanes) to provide the Suzuki product as a pale
yellow solid (212 mg, 85% yield, mp 49-51° C.). 'H NMR
(CDCl,, 300 MHz): 8 7.40-7.39 (t,J=1.7 Hz, 1H, H,), 7.32-
7.30 (dd, J=4.9, 2.9 Hz, 1H, Hy), 7.27-7.23 (m, 3H, H_, H,,
H,),6.45-6.43 (dd,J=3.2,1.7Hz,1H,H,), 1.60 (brs, 9H, CH,
of Bu); >*C NMR {'H} (CDCl,, 125 MHz): 5 148.8 (C=0),
135.6 (C), 125.9 (2xCH), 123.2 (C), 120.8 (CH), 118.6 (CH),
115.6 (CH), 110.8 (CH), 83.8 (C), 28.0 (3 CH; of ‘Bu); FT-IR
(neat)v,,,.:3144,3108,2980,2934,1742, 1489, 1412, 1372,
1345,1327,1314,1271, 1258, 1227, 1161, 1146, 1078, 974,
851, 770 cm™~'; GC-MS (EI) m/z (% relative intensity):
M*249 (3), 193 (100), 149 (68), 148 (26), 121 (20), 57 (33);
Anal. Caled for C;3H,sNO,S: C, 62.62; H, 6.06; N, 5.62.
Found: C, 62.53; H, 5.99; N, 5.52.
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[0065] Table 3, Entry 3: One-pot borylation/Suzuki cou-
pling of N-Boc pyrrole.

[0066] The general borylation procedure was applied to
N-Boc pyrrole (167 plL, 167 mg, 1.00 mmol, 1 equiv) and
HBPin (217 pL., 192 mg, 1.50 mmol, 1.50 equiv) at 60° C. for
30 h. The GC-FID showed 100% consumption of the starting
indole. The reaction mixture was pumped down under high
vacuum for 2 h to remove the volatile materials. The Schlenk
flask was brought into the glove box, where Pd, dba; (9.2 mg,
0.01 mmol), XPhos (19.1 mg, 0.04 mmol) and powdered,
anhydrous K PO, (425 mg, 2.00 mmol, 2.0 equiv) were
added. The Schlenk tube was sealed and brought out of the
glove box. The Schlenk tube was opened under argon and was
capped with a rubber septum. The Schlenk tube was then
evacuated and backfilled with argon (this sequence was car-
ried out two times). t-Amyl alcohol (2.00 mL) and 3-chlo-
rothiophene (93 pl, 119 mg, 1.00 mmol, 1.0 equiv) were
added via syringe through the septum. The septum was then
replaced with a Teflon screwcap and flushed with argon twice
as mentioned previously. The Schlenk tube was then sealed
and heated at 80° C. for 48 hrs. At this point the reaction
mixture was allowed to cool to room temperature. The reac-
tion solution was then filtered through a thin pad of silica gel
(eluting with ethyl acetate) and the eluent was concentrated
under reduced pressure. The crude material so obtained was
purified via flash chromatography on silica gel (5% EtOAc/
Hexanes) to provide the Suzuki product as a pale yellow solid
(189 mg, 76% yield, mp 49-51° C.).

General Procedure for Deprotection

[0067] Unless otherwise specified, all reactions followed
this general procedure. A Schlenk flask, equipped with a
magnetic stirring bar, was charged with the corresponding
substrate and heated in air at 180° C. until bubbling ceases.
(Note: The substrate decomposed when heated under nitro-
gen) The crude material was dissolved in CH,Cl, and passed
through a plug of silica. Regiochemistry of the borylated
products was assigned by NMR spectroscopy (1H, *>C,
gCOSY).
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[0068] Table 4, Entry 1: Deprotection of N-Boc-3-(4,4,5,
S-tetramethyl-1,3,2-dioxaboryl)pyrrole.

H'd
|
Hy_ s N2 _He
A4
H, /B—O
@)

[0069] The general procedure for deprotection was applied
to N-Boc-3-(4,4,5,5-tetramethyl-1,3,2-dioxaboryl)pyrrole at
180° C. for 35 mins. The product was isolated as a white solid
(1548 mg, 80% yield, mp 102-104° C.). '"H NMR (CDCl,,
500 MHz): 8 8.61 (brs, 1H, H,), 7.24-7.22 (ddd, I=1.5, 1.7,
2.7Hz, 1H, H,), 6.83-6.81 (ddd, J=1.7, 2.5, 2.5 Hz, 1H, H),
6.55-6.54 (ddd, 1.5,2.5,2.6 Hz, 1H, H,), 1.31 (brs, 12H, CH,
of BPin); '*C NMR {'H} (CDCl,, 125 MHz): 8 127.0 (CH),
118.6 (CH), 113.8 (CH), 82.9 (C), 24.8 (4 CH, of BPin); ''B
NMR (CDCl,, 96 MHz): § 30.6; FT-IR (neat) v,,,.: 3372,
3121,2980,2930, 1549, 1495, 1429, 1418, 1383, 1371, 1318,
1291, 1165, 1140, 1107, 966, 930, 860, 737, 691, 592 cm™";
GC-MS (EI) m/z (% relative intensity): M*193 (100), 178
(20), 150 (9), 107 (21); Anal. Calcd for C,,H,,BNO,: C,
62.22; H, 8.35; N, 7.26. Found: C, 62.46; H, 8.35; N, 7.35.
[0070] Table 4, Entry 2: Deprotection of N-Boc-2-methyl-
4-(4,4,5,5-tetramethyl-1,3,2-dioxaboryl)pyrrole  carboxy-
late.

[0071] The general procedure for deprotection was applied
to N-Boc-2-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaboryl)
pyrrolecarboxylate (150 mg, 0.43 mmol) at 180° C. for 18
mins. The product was isolated as a white solid (82 mg, 76%
yield, mp 133-135° C.). '"H NMR (CDCl,, 500 MHz): § 9.42
(brs, 1H, H,), 7.32-7.31 (dd, J=2.9, 1.5 Hz, 1H, H,), 7.22-7.
21(dd, J=2.4,1.5Hz, 1H, H,), 3.82 (s, 3H, CH;), 1.29 (brs,
12H, CH, of BPin); *C NMR {'H} (CDCl,, 125 MHz): &
161.8 (C=0), 131.2 (CH), 124.2 (C), 121.5 (CH), 83.5 (O),
51.8 (CH,), 25.1 (4 CH, of BPin); !B NMR (CDCl,, 96
MHz): 8 30.2; FT-IR (neat) v,,,.: 3308, 2978, 1707, 1564,
1499, 1443, 1363, 1284, 1271, 1211, 1144, 1078, 968, 857,
772,743, 691 cm™'; GC-MS (EI) m/z (% relative intensity):
M*251 (100), 236 (25), 208 (29), 176 (18), 165 (27), 152 (7),
150 (8), 120 (9); Anal. Calcd for C,,H,BNO,: C, 57.40; H,
7.23; N, 5.58. Found: C, 57.19; H, 7.37; N, 5.51.
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[0072] Table 4, Entry 3: Deprotection of N-Boc-2-methyl-
4-(4,4,5,5-tetramethyl-1,3,2-dioxaboryl)pyrrole.

[0073] The general procedure for deprotection was applied
to N-Boc-2-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaboryl)
pyrrole (100 mg, 0.33 mmol) at 140° C. for 16 hrs. The
product was isolated as a white solid (49 mg, 72% yield, mp
102-108° C.). "H NMR (CDCl,, 500 MHz): 8 8.11 (br s, 1H,
H,),7.10-7.08 (dd,J=2.4,1.7Hz, 1H,H_), 6.18-6.17 (m, 1H,
H,), 2.25 (d, J=0.7 Hz, 3H, CH,), 1.29 (br s, 12H, CH, of
BPin); *CNMR {'H} (CDCl,, 125 MHz): § 128.6 (C), 125.9
(CH), 111.2 (CH), 82.7 (C), 24.8 (4 CH; of BPin), 12.6
(CH,); " BNMR (CDCl,, 96 MHz): § 30.6; FT-IR (neat) v,
3362,2977,2926,1582,1522,1458, 1391, 1374,1291, 1212,
1148, 1130, 970, 943, 858, 816, 708, 691 cm™"; GC-MS (EI)
m/z (% relative intensity): M*207 (100), 192 (16), 121 (19),
106(13); Anal. Caled for C,,H,{BNO,: C, 63.80; H, 8.76; N,
6.76. Found: C, 63.80; H, 9.03; N, 6.59.

[0074] Table 4, Entry 4: Deprotection of N-Boc-3-(4,4,5,
S-tetramethyl-1,3,2-dioxaboryl)indole.

[0075] The general procedure for deprotection was applied
to N-Boc-3-(4,4,5,5-tetramethyl-1,3,2-dioxaboryl)indole at
180° C. for 45 mins. The product was isolated as a white solid
(453 mg, 64% yield, mp 163-165° C.). 'H NMR (CDCl,, 500
MHz): 6 8.49 (br s, 1H, H,), 8.08-8.06 (m, 1H, H/H,) 7.61-
7.60 (d, I=2.5 Hz, 1H, H,)), 7.36-7.34 (m, 1H, HC/HJ), 7.21-
7.16 (m,2H, H,, H,),1.37 (brs, 12H, CH, of BPin); 1*C NMR
{TH} (CDCl,, 125 MHz): 8 136.7 (C), 133.9 (CH), 131.6 (C),
122.5 (CH), 122.2 (CH), 120.5 (CH), 110.9 (CH), 82.9 (O),
24.9 (4 CH, of BPin); ''B NMR (CDCl,, 96 MHz): 8 30.5;
FT-IR (neat)v,,,.: 3413,2980,2932, 1484, 1458, 1439, 1335,
1138, 1032, 851, 768, 743, 671 cm™'; GC-MS (BI) m/z (%
relative intensity): M*243 (100), 228 (49), 157 (24), 143 (48),
117 (16); Anal. Caled for C, ,H,;BNO,: C, 69.17; H, 7.46; N,
5.76.Found: C, 69.4; H, 7.51; N, 5.73.
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[0089] The compounds of the present invention are inter-
mediates to natural cytotoxic compounds which have cyto-
toxic, anticancer and antiviral activity. The compounds are
also intermediates to synthetic anticancer and antiviral agents
based upon the N-protected compounds as intermediates.

[0090] While the present invention is described herein with
reference to illustrated embodiments, it should be understood
that the invention is not limited hereto. Those having ordinary
skill in the art and access to the teachings herein will recog-
nize additional modifications and embodiments within the
scope thereof. Therefore, the present invention is limited only
by the Claims attached herein.

We claim:

1. A process for producing N-substituted boryl compounds
(I-I1I) where the nitrogen containing species is selected from
the group consisting of an indole, azaindole, phenyl alanine,
aryl amino acids, tryptophan, thiophene amino acids, het-
eroatom aromatic amino acids, pyrrole, and azole, wherein R
is selected from the group consisting of tert-butoxycarbonyl,
(benzyloxy)carbonyl, N,N-dimethylaminosulfonyl, N,N-
dimethylcarboxamide, para-toluenesulfonyl, 9H-Fluoren-9-
ylmethyloxycarbonyl, and other common nitrogen protecting
groups, wherein R, is selected from the group consisting of H,
alkyl, aryl, carbonyl, and other carboxylic acid protecting
groups, wherein R, is selected from the group consisting of H,
alkyl, aryl, carbonyl, and N—, O—, and S-containing groups,
wherein E is selected from the group consisting of CH, N,
C-alkyl, C-aryl, C-heteroaryl, C-ester, C-halide, C-cyano,
and N, O, and S containing groups, wherein R, is selected
from the group containing hydrogen, boryl, halo, cyano,
alkyl, alkoxy, thioalkyl, amino alkyl, acyl, alkyl aminoacyl,
trifluoro alkyl, aryl, alkyl silyl, and containing 1 to 8 carbon
atoms except for the halo group and boryl group, wherein E is
selected from the group consisting of CH, N, C-alkyl, C-aryl,
C-heteroaryl, C-ester, C-halide, C— cyano, N—, O—, and
S-containing groups, and C-boryl and the boryl group is
derived from HBPin or B,Pin, wherein Ar is selected from the
group consisting of aryl or heteroaryl, wherein n is equal to
zero to two,
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-continued
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NE)nR1)2a
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which comprises:

(a) reacting N-protected compounds (IV-VI) where the
nitrogen containing species is selected from the group
consisting of indole, azaindole, phenyl alanine, aryl
amino acids, tryptophan, thiophene amino acids, het-
eroatom aromatic amino acids, pyrrole, and azole,
wherein R, is selected from the group consisting of
tert-butoxycarbonyl, (benzyloxy)carbonyl, N,N-dim-
ethylaminosulfonyl, N,N-dimethylcarboxamide, para-
toluenesulfonyl, 9H-Fluoren-9-ylmethyloxycarbonyl,

and other common nitrogen protecting groups, wherein
R, is selected from the group consisting of H, alkyl, aryl,
carbonyl, and other carboxylic acid protecting groups,
wherein R; is selected from the group consisting of H,
alkyl, aryl, carbonyl, and N, O, and S containing groups,
wherein R, is selected from the group containing hydro-
gen, boryl, halo, cyano, alkyl, alkoxy, thioalkyl, amino
alkyl, acyl, alkyl aminoacyl, trifluoro alkyl, aryl, alkyl
silyl, and containing 1 to 8 carbon atoms except for the
halo group and boryl group and the boryl group is
derived from HBPin or B,Pin, wherein E is selected
from the group consisting of CH, N, C-alkyl, C-aryl,
C-heteroaryl, C-ester, C-halide, C-cyano, N—, O—,
and S-containing groups, and C-boryl and the boryl
group is derived from HBPin or B,Pin, wherein Ar is
selected from the group consisting of aryl or heteroaryl
with at least one C—H bond, wherein n is equal to zero
to two,
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-continued
VI
NE)nR1)2a

RzozHC Ar
C C
\C(Rs)z (RQ/

in a reaction mixture with a non-reactive solvent selected
from, but not limited to, aliphatic hydrocarbons and ethers at
temperatures between about 0 and 150° C. with an HB or
B—B organic compound, in the presence of a catalytically
effective amount of an iridium complex catalytic composition
comprising an iridium complex of the formula: (BY) —Ir-
(ligand),, where n is equal to one to five and m is equal to one
to three, excluding hydrogen, bonded to the iridium BY is a
boron moiety and the ligand is selected from the group con-
sisting of a phosphorus organic ligand, an organic amine, an
imine, a nitrogen heterocycle, and an ether wherein the ligand
is at least in part bonded to the iridium, to form the com-
pounds (I-I1I) in the reaction mixture; and

(b) evaporating the solvent and portions of the reaction
mixture which are volatile from the reaction mixture to
produce the compound (I-11I).

2. An N-substituted boryl compound (I-11I) selected from
the group consisting of indole, azaindole, phenyl alanine, aryl
amino acids, tryptophan, thiophene amino acids, heteroatom
aromatic amino acids, pyrrole, and azole wherein R, is
selected from the group consisting of tert-butoxycarbonyl,
(benzyloxy)carbonyl, N,N-dimethylaminosulfonyl, N,N-
dimethylcarboxamide, para-toluenesulfonyl, 9H-Fluoren-9-
ylmethyloxycarbonyl, and other common nitrogen protecting
groups, wherein R, is selected from the group consisting of H,
alkyl, aryl, carbonyl, and other carboxylic acid protecting
groups, wherein R, is selected from the group consisting of H,
alkyl, aryl, carbonyl, and N—, O—, and S-containing groups,
wherein R, is selected from the group containing hydrogen,
boryl, halo, cyano, alkyl, alkoxy, thioalkyl, amino alkyl, acyl,
alkyl aminoacyl, trifluoro alkyl, aryl, alkyl silyl, and contain-
ing 1 to 8 carbon atoms except for the halo group and boryl
group, wherein E is selected from the group consisting of CH,
N, C-alkyl, C-aryl, C-heteroaryl, C-ester, C-halide, C-cyano,
N—, O—, and S-containing groups, and C-boryl and the
boryl group is derived from HBPin or B,Pin, wherein Ar is
selected from the group consisting of aryl or heteroaryl,
wherein n is equal to zero to two.

3. A process for producing a N-tert-butoxycarbonyl substi-
tuted protected boryl compound (I-I11), wherein R, is selected
from the group consisting of H, alkyl, aryl, carbonyl, and
other carboxylic acid protecting groups, wherein R; is
selected from the group consisting of H, alkyl, aryl, carbonyl,
and N—, O—, and S-containing groups, wherein R, is
selected from the group containing hydrogen, boryl, halo,
cyano, alkyl, alkoxy, thioalkyl, amino alkyl, acyl, alkyl ami-
noacyl, trifluoro alkyl, aryl, alkyl silyl, and containing 1 to 8
carbon atoms except for the halo group and boryl group,
wherein E is selected from the group consisting of CH, N,
C-alkyl, C-aryl, C-heteroaryl, C-ester, C-halide, C-cyano,
N—, O—, and S-containing groups, and C-boryl and the
boryl group is derived from HBPin or B,Pin, wherein Ar is
selected from the group consisting of aryl or heteroaryl,
wherein n is equal to zero to two, which comprises:
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(a) reacting an N-tert-butoxycarbonyl protected com-
pounds (IV-VI) where the nitrogen containing species is
selected from the group consisting of indole, azaindole,
phenyl alanine, aryl amino acids, tryptophan, thiophene
amino acids, heteroatom aromatic amino acids, pyrrole,
and azole wherein R, is selected from the group consist-
ing of H, alkyl, aryl, carbonyl, and other carboxylic acid
protecting groups, wherein R; is selected from the group
consisting of H, alkyl, aryl, carbonyl, and N—, O—, and
S-containing groups, wherein R, is selected from the
group containing hydrogen, boryl, halo, cyano, alkyl,
alkoxy, thioalkyl, amino alkyl, acyl, alkyl aminoacyl,
trifluoro alkyl, aryl, alkyl silyl, and containing 1 to 8
carbon atoms except for the halo group and boryl group,
wherein E is selected from the group consisting of CH,
N, C-alkyl, C-aryl, C-heteroaryl, C-ester, C-halide,
C-cyano, N—, O—, and S-containing groups, and C-bo-
ryl and the boryl group is derived from HBPin or B,Pin,
wherein Ar is selected from the group consisting of aryl
or heteroaryl with at least one C—H bond, wherein n is
equal to zero to two, with an HB or B—B organic com-
pound in a reaction mixture with a non-reactive first
solvent selected from, but not limited to, aliphatic hydro-
carbons and ecthers at elevated temperatures between
about 0 and 150° C. in the presence of a catalytically
effective amount of an iridium complex catalytic com-
position comprising an iridium complex of the formula:
(BY),—Ir-(ligand) m where n is equal to one to five and
m is equal to one to three, excluding hydrogen, bonded
to the iridium, wherein BY is a boron moiety and the
ligand is selected from the group consisting of a phos-
phorus organic ligand, an organic amine, an imine, a
nitrogen heterocycle, and an ether wherein the ligand is
at least in part bonded to the iridium, in a molar ratio of
complex to ligand between 1 to 3 and 1 to 1, wherein the
ligand is at least in part bonded to the iridium, to form
compounds (I-I1I);

(b) evaporating the first solvent and portions of the reaction
mixture which are volatile from the reaction mixture;

(c) dissolving the compound (I-I1) in a second solvent; and

(d) isolating the compound (I-IIT) from the second solvent.

4. An N-tert-butoxycarbonyl substituted boryl compound
(I-I1I) selected from the group consisting of indole, azaindole,
phenyl alanine, aryl amino acids, tryptophan, thiophene
amino acids, heteroatom aromatic amino acids, pyrrole, and
azole wherein R, is selected from the group consisting of H,
alkyl, aryl, carbonyl, and other carboxylic acid protecting
groups, wherein R is selected from the group consisting of H,
alkyl, aryl, carbonyl, and N—, O—, and S-containing groups,
wherein R, is selected from the group containing hydrogen,
boryl, halo, cyano, alkyl, alkoxy, thioalkyl, amino alkyl, acyl,
alkyl aminoacyl, trifluoro alkyl, aryl, alkyl silyl, and contain-
ing 1 to 8 carbon atoms except for the halo group and boryl
group, wherein E is selected from the group consisting of CH,
N, C-alkyl, C-aryl, C-heteroaryl, C-ester, C-halide, C-cyano,
N—, O—, and S-containing groups, and C-boryl and the
boryl group is derived from HBPin or B,Pin, wherein Ar is
selected from the group consisting of aryl or heteroaryl,
wherein n is equal to zero to two.

5. A process for producing a N-tert-butoxycarbonyl substi-
tuted protected boryl compound (I-II1), wherein R, is selected
from the group consisting of H, alkyl, aryl, carbonyl, and
other carboxylic acid protecting groups, wherein R; is
selected from the group consisting of H, alkyl, aryl, carbonyl,



US 2008/0146814 Al

and N—, O—, and S-containing groups, wherein R, is
selected from the group containing hydrogen, boryl, halo,
cyano, alkyl, alkoxy, thioalkyl, amino alkyl, acyl, alkyl ami-
noacyl, trifluoro alkyl, aryl, alkyl silyl, and containing 1 to 8
carbon atoms except for the halo group and boryl group,
wherein E is selected from the group consisting of CH, N,
C-alkyl, C-aryl, C-heteroaryl, C-ester, C-halide, C-cyano,
N—, O—, and S-containing groups, and C-boryl and the
boryl group is derived from HBPin or B,Pin, wherein Ar is
selected from the group consisting of aryl or heteroaryl,
wherein n is equal to zero to two, which comprises:

(a) reacting an N-tert-butoxycarbonyl protected com-
pounds (IV-VI) where the nitrogen containing species is
selected from the group consisting of indole, azaindole,
phenyl alanine, aryl amino acids, tryptophan, thiophene
amino acids, heteroatom aromatic amino acids, pyrrole,
and azole wherein R, is selected from the group consist-
ing of H, alkyl, aryl, carbonyl, and other carboxylic acid
protecting groups, wherein R is selected from the group
consisting of H, alkyl, aryl, carbonyl, and N—, O—, and
S-containing groups, wherein R, is selected from the
group containing hydrogen, boryl, halo, cyano, alkyl,
alkoxy, thioalkyl, amino alkyl, acyl, alkyl aminoacyl,
trifluoro alkyl, aryl, alkyl silyl, and containing 1 to 8
carbon atoms except for the halo group and boryl group,
wherein E is selected from the group consisting of CH,
N, C-alkyl, C-aryl, C-heteroaryl, C-ester, C-halide,
C-cyano, N—, O—, and S-containing groups, and C-bo-
ryl and the boryl group is derived from HBPin or B,Pin,
wherein Ar is selected from the group consisting of aryl
or heteroaryl with at least one C—H bond, wherein n is
equal to zero to two, with an HB or B—B organic com-
pound in a reaction mixture with a non-reactive first
solvent selected from, but not limited to, aliphatic hydro-
carbons and ethers at elevated temperatures between
about 0 and 150° C. in the presence of a catalytically
effective amount of an iridium complex catalytic com-
position comprising an iridium complex of the formula:
(BY),—Ir-(ligand),, where n is equal to one to five and
m is equal to one to three, excluding hydrogen, bonded
to the iridium, wherein BY is a boron moiety and the
ligand is selected from the group consisting of a phos-
phorus organic ligand, an organic amine, an imine, a
nitrogen heterocycle, and an ether wherein the ligand is
at least in part bonded to the iridium, in a molar ratio of
complex to ligand between 1 to 3 and 1 to 1, wherein the
ligand is at least in part bonded to the iridium, to form
compounds (I-I1I); and

(b) evaporating the solvent and portions of the reaction
mixture which are volatile from the reaction mixture to
produce the compound (I-11I).

6. A process for producing boryl compounds (VII-IX)
where the nitrogen containing species is selected from the
group consisting of an indole, azaindole, phenyl alanine, aryl
amino acids, tryptophan, thiophene amino acids, heteroatom
aromatic amino acids, pyrrole, and azole, wherein R, is
selected from the group consisting of H, alkyl, aryl, carbonyl,
and other carboxylic acid protecting groups, wherein R, is
selected from the group consisting of H, alkyl, aryl, carbonyl,
and N—, O—, and S-containing groups, wherein E is selected
from the group consisting of CH, N, C-alkyl, C-aryl, C-het-
eroaryl, C-ester, C-halide, C-cyano, and N, O, and S contain-
ing groups, wherein R, is selected from the group containing
hydrogen, boryl, halo, cyano, alkyl, alkoxy, thioalkyl, amino
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alkyl, acyl, alkyl aminoacyl, trifluoro alkyl, aryl, alkyl silyl,
and containing 1 to 8 carbon atoms except for the halo group
and boryl group, wherein E is selected from the group con-
sisting of CH, N, C-alkyl, C-aryl, C-heteroaryl, C-ester, C-ha-
lide, C-cyano, N—, O—, and S-containing groups, and C-bo-
ryl and the boryl group is derived from HBPin or B,Pin,
wherein Ar is selected from the group consisting of aryl or
heteroaryl, wherein n is equal to zero to two,
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which comprises heating at temperatures between 180 and
200° C. in air an N-tert-butoxycarbonyl substituted com-
pound (I-III) where the nitrogen containing species is
selected from the group consisting of an indole, azaindole,
phenyl alanine, aryl amino acids, tryptophan, thiophene
amino acids, heteroatom aromatic amino acids, pyrrole, and
azole, wherein R, is selected from the group consisting of H,
alkyl, aryl, carbonyl, and other carboxylic acid protecting
groups, wherein R, is selected from the group consisting of H,
alkyl, aryl, carbonyl, and N—, O—, and S-containing groups,
wherein E is selected from the group consisting of CH, N,
C-alkyl, C-aryl, C-heteroaryl, C-ester, C-halide, C-cyano,
and N—, O—, and S-containing groups, wherein R, is
selected from the group containing hydrogen, boryl, halo,
cyano, alkyl, alkoxy, thioalkyl, amino alkyl, acyl, alkyl ami-
noacyl, triftuoro alkyl, aryl, alkyl silyl, and containing 1 to 8
carbon atoms except for the halo group and boryl group,
wherein E is selected from the group consisting of CH, N,
C-alkyl, C-aryl, C-heteroaryl, C-ester, C-halide, C-cyano,
N—, O—, and S-containing groups, and C-boryl and the
boryl group is derived from HBPin or B,Pin, wherein Ar is
selected from the group consisting of aryl or heteroaryl,
wherein n is equal to zero to two.

7. A process for producing N-substituted compounds
(X-XII) where the nitrogen containing species is selected
from the group consisting of an indole, azaindole, phenyl
alanine, aryl amino acids, tryptophan, thiophene amino acids,
heteroatom aromatic amino acids, pyrrole, and azole, wherein
R, is selected from the group consisting of tert-butoxycarbo-
nyl, (benzyloxy)carbonyl, N,N-dimethylaminosulfonyl,
N,N-dimethylcarboxamide, para-toluenesulfonyl, 9H-Fluo-
ren-9-ylmethyloxycarbonyl, and other common nitrogen pro-
tecting groups, wherein R, is selected from the group con-
sisting of H, alkyl, aryl, carbonyl, and other carboxylic acid
protecting groups, wherein R; is selected from the group
consisting of H, alkyl, aryl, carbonyl, and N—, O—, and
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S-containing groups, wherein E is selected from the group
consisting of CH, N, C-alkyl, C-aryl, C-heteroaryl, C-ester,
C-halide, C-cyano, and N, O, and S containing groups,
wherein R, is selected from the group containing hydrogen,
boryl, halo, cyano, alkyl, alkoxy, thioalkyl, amino alkyl, acyl,
alkyl aminoacyl, trifluoro alkyl, aryl, alkyl silyl, and contain-
ing 1 to 8 carbon atoms except for the halo group and boryl
group, wherein E is selected from the group consisting of CH,
N, C-alkyl, C-aryl, C-heteroaryl, C-ester, C-halide, C-cyano,
N—, O—, and S-containing groups, and C-boryl and the
boryl group is derived from HBPin or B,Pin, wherein Ar is
selected from the group consisting of aryl or heteroaryl,
wherein n is equal to zero to two, wherein R is each selected
from the group consisting of alkyl, aryl, heteroaryl,
cycloalkyl, and N—, S—, and O-containing groups,

X
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(R3)2 (Rs)2

n n

which comprises
(a) reacting N-protected compounds (IV-VI) where the
nitrogen containing species is selected from the group
consisting of indole, azaindole, phenyl alanine, aryl
amino acids, tryptophan, thiophene amino acids, het-
eroatom aromatic amino acids, pyrrole, and azole,
wherein R, is selected from the group consisting of
tert-butoxycarbonyl, (benzyloxy)carbonyl, N,N-dim-
ethylaminosulfonyl, N,N-dimethylcarboxamide, para-
toluenesulfonyl, 9H-Fluoren-9-ylmethyloxycarbonyl,
and other common nitrogen protecting groups, wherein
R, is selected from the group consisting of H, alkyl, aryl,
carbonyl, and other carboxylic acid protecting groups,
wherein R; is selected from the group consisting of H,
alkyl, aryl, carbonyl, and N, O, and S containing groups,
wherein R, is selected from the group containing hydro-
gen, boryl, halo, cyano, alkyl, alkoxy, thioalkyl, amino
alkyl, acyl, alkyl aminoacyl, trifluoro alkyl, aryl, alkyl
silyl, and containing 1 to 8 carbon atoms except for the
halo group and boryl group and the boryl group is
derived from HBPin or B,Pin, wherein E is selected
from the group consisting of CH, N, C-alkyl, C-aryl,
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C-heteroaryl, C-ester, C-halide, C-cyano, N—, O—,
and S-containing groups, and C-boryl and the boryl
group is derived from HBPin or B,Pin, wherein Ar is
selected from the group consisting of aryl or heteroaryl
with at least one C—H bond, wherein n is equal to zero
to two,
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R,0,HC Ar
C C
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in a reaction mixture with a non-reactive solvent selected
from, but not limited to, aliphatic hydrocarbons and ethers at
temperatures between about 0 and 150° C. with an HB or
B—B organic compound, in the presence of a catalytically
effective amount of an iridium complex catalytic composition
comprising an iridium complex of the formula: (BY) —Ir-
(ligand),,, where n is equal to one to five and m is equal to one
to three, excluding hydrogen, bonded to the iridium BY is a
boron moiety and the ligand is selected from the group con-
sisting of a phosphorus organic ligand, an organic amine, an
imine, a nitrogen heterocycle, and an ether wherein the ligand
is at least in part bonded to the iridium, to form the com-
pounds (I-III) in the reaction mixture;

(b) evaporating the solvent and portions of the reaction
mixture which are volatile from the reaction mixture to
produce the compound (I-I1I);

(c) reacting in the same reaction vessel without purification
the N-substituted boryl compound (I-IIT) with an alkyl,
aryl, heteroaryl, or cycloalkyl halide or triflate, an
amine, thiol, or alcohol in the presence of suitable bases
and palladium or copper catalysts known to promote
substitutions of boryl groups; and

(d) evaporating the solvent and portions of the reaction
mixture which are volatile from the reaction mixture to
produce the compound (X-XII).

8. The process of claim 7 wherein R is tert-butoxycarbo-

nyl.

9. The process of claim 1, 3, 5, 7 or 8 wherein the complex
is an iridium complex of [Ir(OMe)(COD)],, [Ir(CI)(COD)],,
or (COD) (n*-indenyl) Ir, where COD is 1,5-cyclooctadine,
complexed with a ligand selected from the group consisting
of:
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wherein R are each selected from the group consisting of
hydrogen, linear alkyl containing 1 to 8 carbon atoms,
branched alkyl containing 1 to 8 carbons, and a carbon in a
cyclic structure, Y is a carbon, oxygen, nitrogen, or sulfur
containing moiety, and G is a heteroatom containing group,
multiple atom chain, or multiple atom ring.

10. The process of claim 1, 3, 5, 7 or 8 wherein the complex
is an iridium complex of [Ir(OMe)(COD)],, [Ir(C1)(COD)].,
or (COD) (m*-indenyl)Ir, where COD is 1,5-cyclooctadine,
complexed with a ligand selected from the group consisting
of:

wherein R are each selected from the group consisting of
hydrogen, linear alkyl containing 1 to 8 carbon atoms,
branched alkyl containing 1 to 8 carbons, and a carbon in a
cyclic structure.

11. The process of claim 1, 3, 5, 7 or 8 wherein the complex
is an iridium complex of [Ir(OMe)(COD)],, [Ir(CI)(COD)],,
or (COD) (m*-indenyl) Ir, where COD is 1,5-cyclooctadine,
complexed with a ligand selected from the group consisting
of:

Y, Y-
<
N N
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-continued
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wherein R are each selected from the group consisting of
hydrogen, linear alkyl containing 1 to 8 carbon atoms,
branched alkyl containing 1 to 8 carbons, and a carbon in a
cyclic structure, Y is a carbon, oxygen, nitrogen, or sulfur
containing moiety, and Z is a carbon, oxygen, nitrogen, sulfur,
or boron containing moiety or a multiple atom chain contain-
ing a carbon, oxygen, nitrogen, sulfur, or boron containing
moiety.

12. The process of claim 1, 3, 5, 7 or 8 wherein the complex
is an iridium complex of [Ir(OMe)(COD)] 5, [I(CH(COD)],,
or (COD) (n’-indenyl)Ir, where COD is 1,5-cyclooctadine,
complexed with a ligand selected from the group consisting
of:

zZ

-

e

PR,

wherein R are each selected from the group consisting of
hydrogen, aryl, linear alkyl containing 1 to 8 carbon
atoms, branched alkyl containing 1 to 8 carbons, alkoxy,
or a carbon in a cyclic structure and Z is a carbon,
oxygen, or nitrogen containing moiety or a multiple
atom chain containing a carbon, oxygen, or nitrogen
containing moiety.

13. The process of claim 1, 3, 5, 7 or 8 wherein the HB or
B—B organic compound is HBPin or B,Pin,.

14. The process of claims 1, 3, 5, 7 or 8 wherein the
complex is an iridium complex of [Ir(OMe)(COD)] 5, [16(CD)
(COD)],, or (COD) (m*-indenyl) Ir, where COD is 1,5-cy-
clooctadine, complexed with 4,4-di-t-butyl-2,2' b1pyr1d1ne
(dtbpy).

15. The process of claims 1, 3, 5, 7 or 8 wherein the
complex is an iridium complex of [Ir(OMe)(COD)] 5, [Ir(Cl)
(COD)],, or (COD) (n’-indenyl)r, where COD is 1,5-cy-
clooctadine, complexed with
1,2-bis(dimethylphospino)ethane.
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