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METHOD FOR PRODUCING AN ARENE
WITH AN AROMATIC C-N BOND ORTHO
TO AN AROMATIC C-O BOND

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims benefit, under 35 U.S.C.
§119(e), of U.S. provisional application Ser. No. 62/213,
681, filed on Sep. 3, 2015. All documents above are incor-
porated herein in their entirety by reference.

FIELD OF THE INVENTION

[0002] The present invention relates to a method for
producing arenes with an aromatic C—N bond ortho to an
aromatic C—O bond. More specifically, the present inven-
tion is concerned with a method for producing such com-
pounds via the condensation of a nitrogen nucleophile (i.e.
an amine, hydrazine, or hydrazide) with an ortho-quinone.

BACKGROUND OF THE INVENTION

[0003] 1,2-Amino-oxy arenes, such as o-aminophenols,
and related nitrogen-containing heterocycles with aromatic
C—N bonds are ubiquitous moieties in pharmaceutical,
agrochemical and materials sciences, where they impart
desirable and essential properties to small molecules as well
as macromolecules. Examples of 1,2-amino-oxy arenes
include:

Ph (€]

",
OH o O |
i o N N
Ph

Cephalandole A
(Alkaloid)

Ligand for Asymmetric Diels-
Alder (E. J. Corey)

Fenoxaprop
(herbicide)

Pseudopteroxazole
(antitubercular activity)
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-continued
NH

NH )\
OH 0

BMS-189323
NPY Receptor Agonist
OﬁJ
[Nj
N
OMe (Ko
NH

YM-254850
K-Ras Inhibitor (anti-tumor)

Pyrrolobenzoxazepinones
HIV-1 RT Inhibitor

(The aromatic C—O and C—N bonds of the arene are in
bold.)

[0004] However, despite its importance to the function of
organic molecules, nitrogen is not present in petrochemical
building blocks. These starting materials possess high ratios
of hydrogen to carbon, making the selective oxidation of
C—H bonds critically important to laboratory and industrial
chemical synthesis. In fact, the site-selective introduction of
nitrogen, in particular, the amination of aromatic rings, is
fundamentally important to the petrochemical industry,
since it dictates the efficiency of feedstock valorization.
[0005] Modern technologies to introduce nitrogen are
dominated by metal-catalyzed cross-coupling reactions,
where the most desirable examples introduce aromatic
C—N bonds directly from aromatic C—H bonds and un-
functionalized amines. These so-called Crossed Dehydroge-
native Coupling (CDC) reactions are efficient because they
combine un-functionalized starting materials. However,
their poor chemoselectivity, regioselectivity, and their poor
atom economy remain persistent drawbacks.

[0006] Improving the synthesis of ortho-amino-phenols
and their 1,2-oxy-amino derivatives is a fundamentally
important challenge, since this motif is found in pharmaco-
logically active compounds, chemical dyes, agrochemicals,
and catalysts (see above). However, their synthesis involves
a non-regioselective nitration of phenols, followed by multi-
step syntheses that involves protecting group strategies for
further derivatization. Fragment-coupling reactions of halo-
genated arenes with nitrogen or oxygen nucleophiles can be
preferable, but requires pre-functionalization of the arene,
and catalyst optimization for a given heteroatom nucleop-
hile. Thus, a more direct functionalization of aromatic C—H
bonds is desirable, but currently suffers from limited scope,
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and requires pre-functionalization of the nitrogen coupling
partner or stoichiometric quantities of an oxidant.

[0007] Azophenols are also important scaffold and are
present in organic dyes, ancillary ligands, molecular
switches, fluorescent probes and chemosensors. Here are
selected examples of azophenol derivatives:

NO,

push-pull
azobenzene

HO
N
_
O/ ) N‘\
Na0;8 SO;Na

Sunset yellow FCF
(food dye)

N
Xy

B— CFs
o~
CgFs

fluorescent probe

[0008] Azophenols display unusually rapid cis-to-trans
thermal relaxation, and the rate of this isomerization is
influenced by the electronic properties of each of the arene
rings. For example, the thermal isomerization of azophenols
with push-pull configuration (i.e. with an adjacent electron-
deficient arene) are amongst the fastest. Despite their utility,
efficient synthesis to access this core system is limited, and
a catalytic aerobic method has not been reported. Tradition-
ally, azophenol is generated from the fragment coupling of
aryl diazonium salt and phenol. However, this coupling
requires in situ preparation of diazonium salts, which is
obtained from the oxidation of the corresponding aniline
with stoichiometric amounts of toxic nitrous acid.

[0009] Transition metal catalyzed ortho-functionalization
of symmetric azobenzenes have been proposed. However,
these protocols provide a mixture of mono- and di-hydroxy-
lated products, and produces azoxybenzene byproducts.
Consequently, the use of these methodologies on asymmet-
ric substrates can give rise to complex product mixtures, and
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predicting the site of hydroxylation can be difficult for
substrates with electronically and sterically comparable
arene rings. Thus, a general, regioselective and aerobic
catalytic method for the synthesis of azophenol would be
highly attractive.

SUMMARY OF THE INVENTION

[0010] In accordance with the present invention, there is
provided:
[0011] 1. A method for producing an arene with an aro-

matic C—N bond ortho to an aromatic C—O bond from

a hydroxy arene comprising said aromatic C—O bond,

the method comprising the following steps:

[0012] a. ortho-oxygenating a hydroxy arene of For-
mula (I) to produce an ortho-quinone of Formula (I):

H
o~ 0
H 0,
Step a
—_—
D (I
[0013] b. condensating the ortho-quinone of Formula

(II) with a nitrogen nucleophile of Formula (II1a):

R! R?

-
NH
R3
or (IIIb):
[0014]
RIO
NH—NH,

to generate a compound of Formula (IVa) or (IVb), respec-
tively:

0
o)
Step b
—_—-
(ID
R3 R! or RIC,
) ) HIl\I/
+
N\R2 =N

(IVa) (IVb)
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and
[0015] c. allowing 1,5-hydrogen atom shift of the com-
pound of Formula (IVa) or (IVb), thereby producing
arenes with a C—N bond ortho to a C—O bond of
Formula (Va) and (Vb), respectively:

R3 Rl RIO
o \r o HT/
NI N
\R2 o Lz Step ¢
(IVa) (IVb)
H R3 R! or H RIO,
~o \”/ ~o ” e
N .
(Va) (Vb)
[0016] 2. The method of item 1, wherein the nitrogen

nucleophile is of Formula (IIla) and wherein R*, R?, and

R? each independently represent:

[0017] a hydrogen atom,

[0018] alkyl unsubstituted or substituted with one or
more one or more substituents selected from the group
consisting of:

[0019] aryl unsubstituted or substituted with one or
more hydroxy,

[0020] hydroxy,

[0021] alkoxy unsubstituted or substituted with one
or more aryl,

[0022] aminoalkyl or aminodialkyl,
[0023] alkoxy carbonyl,
[0024] alkylthio,
[0025] heterocycloalkyl, and
[0026] halogen atom,
[0027] cycloalkyl,
[0028] alkenyl,
[0029] hydroxyl,
[0030] —C(=0)—0—R>°), wherein R*° is aliphatic

or aromatic (preferably alkyl, aryl or an amino acid)
unsubstituted or substituted, or

[0031] aryl or heteroaryl unsubstituted or substituted
with one or more one or more substituents selected
from the group consisting of:

[0032] alkyl unsubstituted or substituted with one or
more halogen atoms,

[0033] alkoxy,

[0034] aryl unsubstituted or substituted with one or

more alkyl, the alkyl being unsubstituted or substi-
tuted with one or more halogen atoms,

[0035] nitro,
[0036] sulfonamine, and
[0037] halogen atom; or
[0038] R'! and R?® together with the carbon atom to

which they are attached form a ring; or
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[0039] R'and R?together with the carbon and nitrogen
atoms to which they are attached form a ring, that:

[0040]

[0041] is unsubstituted or substituted with one or
more hydroxy;

[0042] optionally comprises, in addition to the nitro-
gen atom to which R? is attached, one or more
additional heteroatom; and

[0043] is optionally fused with an aromatic ring that
is unsubstituted or substituted with one or more
alkyloxy.

is saturated or unsaturated;

[0044] 3. The method of item 2, wherein R represents a
hydrogen atom.

[0045] 4. The method of item 3, wherein R® represents a
hydrogen atom and wherein the compound of Formula

(Va) spontaneously forms an oxazole arene of Formula
(VD:

R

A

N
\

[0046] 5. The method of item 3, wherein R®> does not
represent a hydrogen atom.

[0047] 6. The method of item 5, further comprising hydro-
lysis to produce an ortho-amino-hydroxy arene of For-

mula (X):

NH,.

[0048] 7. The method of item 5, further comprising reac-
tion with an organometallic reagent of formula R*-M to
yield an a,a,a-trisubstituted compound of Formula (XI):

R4
H R? R
~o

NH

[0049] 8. The method of item 5, wherein R® represents
—C(=0)—0—R* and the method further comprises
lactonization to produce an oxazinone arene of Formula
(IX):
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o

[0050] 9. The method of item 8, wherein R! in the oxazi-
none arene of Formula (IX) comprises a hydroxy arene
and steps a) to ¢) followed by lactonization are repeated
multiple times to produce a heterocyclic polymer.

[0051] 10. The method of item 2, wherein R> represents a
hydrogen atom and R' and R? together with the carbon
and nitrogen atoms to which they are attached form a ring.

[0052] 11. The method of item 10, wherein said ring is
pyrrolidine, piperazine, morpholine, indoline, iso-indo-
line, tetrahydroisoquinoline, piperidine, 2,5-dihydropyr-
role, dihydropyrrolidine, dihydroindoline, or dihy-
droisoindoline or one of their substituted derivatives.

[0053] 12. The method of item 10, further comprising
quenching the reaction mixture to produce a dihydroox-
azole arene of Formula (XII):

[0054] 13. The method of item 12, further comprising
reducing the dihydrooxazole arene of Formula (XII) to
yield to yield an ortho-amino-hydroxy arene of Formula

(XIID):

[0055] 14. The method of item 13, further comprising
reacting with an aryl boronic acid to yield a compound of
Formula (XV):
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[0056] 15. The method of any one of items 2 to 14,
wherein arene A is benzene unsubstituted or substituted
by one or more substituents selected from the group
consisting of:

[0057] alkyl unsubstituted or substituted with one or
more:
[0058] aryl,
[0059] sulfoamidoaryl unsubstituted or substituted

with one or more alkyl,

[0060] hydroxy, and/or
[0061] aryl carbamoyl,
[0062] cycloalkyl,
[0063] alkenyl, and
[0064] aryl unsubstituted or substituted with one or
more:
[0065] alkyl,
[0066] alkyloxy,
[0067] halogen atom,
[0068] trialkylsilyl, and/or
[0069] halogen atoms.

[0070] 16. The method of item 1, wherein the nitrogen
nucleophile is of Formula (IIIb) and wherein R'° repre-
sents:

[0071] aryl substituted with one or more substituents
selected from the group consisting of:
[0072] —NO,,
[0073] —SO,,
[0074] halogen atom, and
[0075] perfluorinated alkyl,
[0076] heteroaryl unsubstituted or substituted with one
or more:
[0077] —NO,,
[0078] —SO,,
[0079] halogen atom, and
[0080] perfluorinated alkyl, or
[0081] —C(—0)—R*', wherein R™ represents:

[0082] aryl or heteroaryl unsubstituted or substituted
with one or more aryl, or

[0083]

[0084] with the proviso that nitrogen nucleophile is
Formula (I1Ib) is not

alkyloxy

P
N N
NI, NI,
F cl cl
N N
SNH,, or N

al FsC
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[0085] 17. The method of item 16, wherein nitrogen

nucleophile of Formula (IIIb) is

i “NO,

NH,

NI, .

SO,

NH,

Cl

NH,

FsC

NH,

CFs3
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-continued
NO,
8
/N
IITH Il\TH
NH, , or NH,

[0086] 18. The method of item 16 or 17, wherein arene A
is benzene unsubstituted or substituted by one or more
substituents selected from the group consisting of:
[0087] NO,,

[0088] alkyl,

[0089] trialkylsilyl, and/or

[0090] aryl substituted with one or more alkyl and/or
halogen atoms.

[0091] wherein arene A is optionally fused with a
cycloalkyl, the cycloalkyl being optionally substituted
with one or more alkyl.

[0092] 19. The method of any one of items 1 to 18,
wherein step a) comprises reacting the hydroxy arene of
Formula (I) in a reaction mixture with a solvent with
[Ca(CH,CN),]JPH, and  N,N'-di-tert-butyl-ethylene
diamine at about room temperature in the presence of O,.

[0093] 20. The method of any one of items 1 to 19,
wherein step b) comprises mixing the nitrogen nucleop-
hile of Formula (IIla) or (I1lb) in the reaction mixture.

BRIEF DESCRIPTION OF THE DRAWINGS

[0094] In the appended drawings:

[0095] FIG. 1 shows the petrochemical valorization by
dehydrogenative phenol/amine coupling;

[0096] FIG. 2 shows the synthesis of azo-heterocycles and
amino-phenols by direct, dehydrogenative coupling of phe-
nols with 1° amines (Reaction Path 1) and 2° amines
(Reaction Path 2);

[0097] FIG. 3 shows the synthesis of extended p-systems
(Reaction Path 3) by iterative chain growth;

[0098] FIG. 4 shows the strategy for aromatic C—N bond
formation;

[0099] FIG. 5 shows the regioselective synthesis of ben-
zoxazole heterocycles;

[0100] FIG. 6. shows the catalytic aerobic ortho-oxygen-
ation of phenol;

[0101] FIG. 7 shows the regioselective synthesis of ben-
zoxazinone heterocycles and ortho-amino phenols;

[0102] FIG. 8 shows the articulation of Sub-Reaction
Paths A-C;

[0103] FIG. 9 shows the dehydrogenative coupling of
phenols and 2° amines;

[0104] FIG. 10 shows the dehydrogenative coupling with
pyrrolidines;

[0105] FIG. 11 shows the modified Petassis Reaction and
Dehydrogenative Alkyl Group Migration;

[0106] FIG. 12 shows the diversification of N-arylated
pyrroles and extension to indoline and iso-indoline coupling
partners;

[0107] FIG. 13 shows the synthesis of polymeric benzo-
xazoles;
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[0108] FIG. 14 shows the synthesis of polymeric benzo-
xazoles;
[0109] FIG. 15 shows (A) the classical syntheses by

nitration/reduction and cross coupling strategies; (B) the
mechanism of de-amination catalyzed by PQQ; (C)
examples of quinone-mediated aerobic oxidation of amines;
and a general reaction scheme according to the invention;

[0110] FIG. 16 summarizes the confirmation of regio-
chemistry;

[0111] FIG. 17 summarizes the scope of primary amines;
[0112] FIG. 18 summarizes the initial studies on the cou-

pling of 1 and alanine methyl ester;
[0113] FIG. 19 summarizes the
a-branched amino asters;

[0114] FIG. 20 summarizes the scope of secondary amines
and further diversification;

[0115] FIG. 21 also summarizes the scope of secondary
amines and further diversification;

[0116] FIG. 22 summarizes the scope relative to the amine
and product class;

[0117] FIG. 23 summarizes the scope of the scope of
di-substituted phenols

[0118] FIG. 24 summarizes the confirmation of regio-
chemistry for 3,5-di-substituted phenols;

[0119] FIG. 25 summarizes the regioselectivity of phenols
with meta-(ortho-oMe-phenyl) substituent;

scope of primary

[0120] FIG. 26 summarizes the scope of mono-substituted
phenols;
[0121] FIG. 27 shows the synthesis of an oxindole

immuno-suppressant;

[0122] FIG. 28 shows the one-pot syntheses of immuno-
suppressant derivatives via phenol and amine coupling;
[0123] FIG. 29 shows single X-ray structures depicting the
regiochemistry of amine coupling;

[0124] FIG. 30 shows (A) Classical syntheses by diazo
coupling, and transition metal catalyzed hydroxylation; (B)
PPQ-mediated deamination of amines; and (C) Dehydroge-
native coupling between phenol and hydrazine/hydrazide;

[0125] FIG. 31 summarizes the scope of hydrazines and
hydrazides;

[0126] FIG. 32 summarizes the scope of disubstituted
phenols;

[0127] FIG. 33 summarizes the scope of disubstituted
phenols;

[0128] FIG. 34 shows a list of unsuccessful substrates; and
[0129] FIG. 35 shows the synthesis of diazobenzoquinone

and electron-rich azophenols.

DETAILED DESCRIPTION OF THE
INVENTION

[0130] Turning now to the invention in more details, there
is provided a method for producing arenes with an aromatic
C—N bond ortho to an aromatic C—O bond starting from
a hydroxy arene comprising said aromatic C—O bond.
Herein, an aromatic C—N or C—O are bonds in which the
carbon atom is part of an aromatic ring. The present method
is a conceptually different Crossed Dehydrogenative Cou-
pling (CDC) reaction for the synthesis of aromatic C—N
bonds. It constitutes a method distinct from traditional
cross-coupling or C—H amination strategies. This method
can be carried out as a 1-pot method. In embodiments, it
presents levels of efficiency for the synthesis of nitrogen rich
molecules that are currently not achievable with other meth-
ods.
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[0131] In the present method, ortho-quinones are first
produced, directly from hydroxy arenes (step a), see also a
specific embodiment at FIG. 1, Step 2). Then the ortho-
quinones are condensed with a nitrogen nucleophile, that
can be an amine, a hydrazine or a hydrazide (step b), see also
a specific embodiment at FIG. 1, Step 3), followed by
spontaneous 1,5 hydrogen shift (step c), see also a specific
embodiment at FIG. 1, Step 4). By passing through the
ortho-quinones, this method affords predictable and selec-
tive ortho-amination. As such, this method allows the con-
version of high-volume petrochemical feedstocks (phenols
and, in embodiments, amines) into arenes with an aromatic
C—N bond ortho to an aromatic C—O bond: ortho-azo-
hydroxy arenes when hydrazines or hydrazides are used and
ortho-iminium-hydroxy arenes when an amine is used. The
later are versatile reactive intermediates toward high-value
nitrogen containing heterocycles, including azo-hetero-
cycles, and amino-phenols, at the sole expense of reducing
0O, to H,O (FIG. 1, Inset A).
[0132] There is therefore provided a method for producing
an arene with an aromatic C—N bond ortho to an aromatic
C—O bond from a hydroxy arene comprising said aromatic
C—0O bond, the method comprising the steps of:
[0133] a) ortho-oxygenating a hydroxy arene of For-
mula (I) to produce an ortho-quinone of Formula (I):

@ D

[0134] b) condensating the ortho-quinone of Formula
(II) with a nitrogen nucleophile of Formula (II1a):

R! R?
y—d
NH
R3
or (IIIb):
[0135]
RIO
NH—NH,

to generate a compound of Formula (IVa) or (IVb), respec-
tively:

Step b

D
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-continued
R3 R! or RIO,
o \r o H.Il\I/
@W\ ' é/ N
(IVa) (IVb)
and
[0136] c) allowing 1,5-hydrogen atom shift of the com-

pound of Formula (IVa) or (IVb), thereby producing
said arenes with a C—N bond ortho to a C—O bond of
Formula (Va) and (Vb), respectively:

R3 Rl RIO

o \r o HT/
NT N
\RZ o Lz Step ¢
(IVa) (IVb)
H RZ R! or H RIO
~o ~o I\|I/
N
RZ
(Va) (Vb)
[0137] In all formulas herein, A (as in

)

denotes an unsubstituted or substituted arene. As shown
herein, the above reaction is quite robust and therefore can
be carried on a variety of arene compounds.
[0138] Herein, an “arene” is an aromatic hydrocarbon with
its carbon atoms arranged into one or more rings, the ring(s)
presenting alternating double and single bonds between the
ring atoms, and wherein one or more of the carbon ring
atoms may be replaced by a heteroatom, such as nitrogen or
oxygen. In embodiments, the arene comprises between 1 to
3 rings. In embodiments, each of the rings of the arene
comprises independently 5 or 6 ring atoms. In embodiments,
all the ring atoms of the arene are carbon atoms. In other
embodiments, 1 to 3 ring atoms are heteroatoms, the het-
eroatoms being the same or being different from one another.
Preferred arenes include benzene, naphthalene or phenan-
threne, more preferably benzene.
[0139] As noted above, the arene may be unsubstituted.
Alternatively, the arene may be substituted by one or more,
preferably 1, 2 or 3 substituents. Non-limiting examples of
substituents include:

[0140] alkyl (preferably methyl, iso-propyl, n-butyl,

and tert-butyl), unsubstituted or substituted with one or
more:
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[0141] aryl (preferably phenyl),

[0142] sulfoamidoaryl (—NH-—SO,-aryl), prefer-
ably —NH—SO,-phenyl, unsubstituted or substi-
tuted with one or more alkyl, preferably methyl, (an
example of sulfoamidoaryl is —NH-tosyl),

[0143] hydroxy, and/or

[0144] aryl carbamoyl (—C(—O)—NH-aryl), pref-
erably phenyl carbamoyl,

[0145] cycloalkyl (preferably cyclohexyl),

[0146] alkenyl (preferably allyl),

[0147] NO,,

[0148] trialkylsilyl (preferably —Si(CH,CH,),),
[0149] aryl (preferably phenyl), unsubstituted or substi-

tuted with one or more:

[0150] alkyl (preferably methyl),

[0151] alkyloxy (preferably methoxy),

[0152] halogen atom (preferably Cl or F),

[0153] trialkylsilyl (preferably —Si(CH,); or —Si

(CH,CHs;);), and/or

[0154] halogen atoms (preferably Cl or F).

[0155] Furthermore, the arene may be fused with a
cycloalkyl, preferably cyclohexyl, the cyclohexyl being
optionally substituted with one or more alkyl (preferably
methyl).

[0156] For reaction with the compound of Formula
(IVa)—primary and secondary amines—preferred arenes are
unsubstituted, or substituted by one or more, preferably 1, 2
or 3 substituents. Non-limiting examples of suitable sub-
stituents include:

[0157] alkyl (preferably methyl, iso-propyl, n-butyl,
and tert-butyl), unsubstituted or substituted with one or
more:

[0158] aryl (preferably phenyl),

[0159] sulfoamidoaryl (—NH—SO,-aryl), prefer-
ably —NH—SO,-phenyl, unsubstituted or substi-
tuted with one or more alkyl, preferably methyl, (an
example of sulfoamidoaryl is —NH-tosyl),

[0160] hydroxy, and/or

[0161] aryl carbamoyl (—C(—O)—NH-aryl), pref-
erably phenyl carbamoyl),

[0162] cycloalkyl (preferably cyclohexyl),
[0163] alkenyl (preferable allyl), and
[0164] aryl (preferably phenyl), unsubstituted or substi-

tuted with one or more:

[0165] alkyl (preferably methyl),

[0166] alkyloxy (preferably methoxy),

[0167] halogen atom (preferably Cl or F),

[0168] trialkylsilyl (preferably —Si(CH,); or —Si

(CH,CHs;);), and/or
[0169] halogen atoms (preferably Cl or F).
[0170] For reaction with the compound of Formula
(IVb)—hydrazine or hydrazide—preferred arenes are
unsubstituted, or substituted by one or more, preferably 1, 2
or 3 substituents. Non-limiting examples of suitable sub-
stituents include:

[0171] NO,,
[0172] alkyl (preferably tert-butyl),
[0173] trialkylsilyl (preferably triethylsilyl), and/or
[0174] aryl (preferably phenyl) substituted with one or
more:
[0175] alkyl (preferably methyl), and/or
[0176] halogen atoms (preferably Cl or F).
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Furthermore, the arene may be fused with a cycloalkyl,
preferably cyclohexyl, the cyclohexyl being optionally sub-
stituted with one or more alkyl (preferably methyl).

[0177] Herein, a hydroxy arene is an arene as defined
above bearing a hydroxyl group (—OH). Such compounds
can also be called “phenols” or “phenol derivatives”. Pre-
ferred hydroxy arenes include the phenols found in the
petrochemical feedstocks. More preferred hydroxy arenes
include unsubstituted phenol

OH

or substituted phenol such as 3,5-di-tert-butylphenol and
others. In preferred embodiment, the hydroxy arene bears
two substituents of different sizes on each side of the
aromatic ring as this increases the regioselectivity of the
ortho-oxygenation reaction in step a). In embodiments in
which the arene is a benzene, these two substituents of
different sizes, which may be located at positions 3 and 5
when the following numbering is used:

H R3 R!
Y
NT
2
6 g

(numbering shown for Formula (Va), the same arene num-
bering can be used for all formulas).

[0178] As noted above, in step a), the hydroxy arene is
ortho-oxygenated to produce an ortho-quinone. The ortho-
oxygenation of the hydroxy arene to produce an ortho-
quinone is carried out under catalytic aerobic conditions.
More specifically, this reaction is carried in the presence of
O, (1 or 2 atm or open flask, preferably 1 atm). A catalytic
quantity of a Cu salt is added to a reaction mixture com-
prising the hydroxy arene in a solvent. Non-limiting
examples of suitable solvents include CH,Cl,, EtOAc, THF,
Me-THF, Et,0, chlorobenzene, acetone, iPrOAc,
C1,CH,CH,Cl,, preferably CH,Cl,, at 0.1-2.0 M, preferably
0.1M. Preferably, the concentration of the hydroxy arene in
the reaction mixture is from about 1 to about 25 mmol.
Preferably, the Cu salt is [Cu(CH;CN),|PF, (Tetrakis(ac-
etonitrile)copper(l) hexafluorophosphate, herein often
abbreviated CuPF). Preferably, the reaction mixture com-
prises about 4 to about 15 mol %, preferably 8 mol %, of the
Cu salt. A catalytic quantity of N,N'-di-tert-butyl-ethylene
diamine (DBED) is also added to the reaction mixture.
Preferably, the reaction mixture comprises about 5 to about
20 mol %, preferably 15 mol % of DBED. The reaction takes
about 4 h preferably at about room temperature (e.g. 23° C.),
or if desired at a higher temperature.

[0179] In step b), the ortho-quinone is condensed with the
nitrogen nucleophile to generate an ortho-iminium-quinone
of Formula (IVa) or a compound of Formula (IVb). The
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condensation of the ortho-quinone with the nitrogen nucleo-
phile occurs via the facile condensation of the nitrogen
nucleophile (a primary or secondary amine when it is of
Formula (Illa) or a hydrazine or hydrazide when it is of
Formula (IIIb)) and a carbonyl to afford an imine
(—C=—=N—C—) or an azine (—C—N—N—), wherein the
carbon atom is a ring carbon atom ortho to the aromatic
C—O bond in the original hydroxy arene. For step b),
following oxygenation, the nitrogen nucleophile is simply
mixed in the reaction mixture and the reaction is allowed to
proceed in the same conditions as previously. Preferably, the
nitrogen nucleophile is added in an amount corresponding
from 1.2 to 2 equivalent relative to the hydroxy arene. The
reaction takes between about 2 h and about 12 h at a
temperature about room temperature (e.g. 23° C.) and 50° C.
[0180] In embodiments using a nitrogen nucleophile of
Formula (Illa) (amine), the arene of the ortho-quinone
preferably does not bear heteroatom substituents as these
tend to react with the amine used in step b) and thus lower
the yield of the reaction. A heteroatom substituent is a
substituent that attaches to the arene via a heteroatom.
Heteroatom substituents include halogen atoms, alkyloxy,
aryloxy, and sulfoamidoaryl (—NH-—SO,-aryl) (NTs). The
alkyloxy substituted aryl and alkyl groups provided for in
the above definition of arenes are not heteroatom substitu-
ents as they attach to the arene via a carbon atom.

[0181] In all of the above, each R', R* R>, and R*
independently represent a hydrogen atom or a substituent.
As is shown herein, the above reaction is quite robust and
will proceed for a large variety of substituents on the
nitrogen nucleophile.

[0182] In embodiments, the nitrogen nucleophile is a
primary or secondary amine of Formula (I1la):

R! R2.
/
NH
R3

In preferred embodiments, R', R?, and R* each indepen-
dently represent:

[0183] a hydrogen atom,

[0184] alkyl, preferably methyl, ethyl, isopropyl, sec-
butyl, or n-butyl, unsubstituted or substituted with one
or more:

[0185] aryl (preferably phenyl) unsubstituted or sub-
stituted with one or more hydroxy,

[0186] hydroxy,

[0187] alkoxy (preferably methoxy or isopropyloxy)
unsubstituted or substituted with one or more aryl
(preferably phenyl),

[0188] aminoalkyl or
—CH,—N(Me),),

[0189] alkoxy carbonyl (i.e. —C(—0O)—0-alkyl,
preferably methoxycarbonyl),

[0190] alkylthio (i.e. S-alkyl, preferably methylthio),

[0191] heterocycloalkyl (preferably piperazinyl),
and/or

[0192]

[0193]
pyb),

[0194]

[0195]

aminodialkyl (preferably

halogen atom (preferably Cl),
cycloalkyl (preferably cyclohexyl or cyclopro-

alkenyl (preferably allyl),
hydroxyl,
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[0196] —C(=0)—0—R>°), wherein R*° is aliphatic
or aromatic (preferably alkyl, aryl or an amino acid)
unsubstituted or substituted, or

[0197] aryl or heteroaryl (preferably phenyl, pyridine,
furanyl, or thiophenyl) unsubstituted or substituted
with one or more:

[0198] alkyl (preferably C, ,-alkyl, more preferably
methyl or tert-butyl) unsubstituted or substituted
with one or more halogen atoms (preferably F),

[0199] alkoxy (preferably methoxy),

[0200] aryl (preferably phenyl) unsubstituted or sub-
stituted with one or more alkyl (preferably methyl),
the alkyl being unsubstituted or substituted with one
or more halogen atoms (preferably F),

[0201] nitro (NO,),

[0202] sulfonamine (—SO,—NH,), and/or

[0203] halogen atom (preferably F, Cl, or Br); or
[0204] R' and R® together with the carbon atom to which

they are attached form a ring, preferably a saturated ring,

more preferably a cycloalkyl, yet more preferably cyclo-

hexyl; or
[0205] R' and R? together with the carbon and nitrogen
atoms to which they are attached form a ring, preferably

a 5- or 6-membered ring, that:

[0206] is saturated or unsaturated, preferably saturated
or comprising one unsaturation;

[0207] is unsubstituted or substituted with one or more
substituents, preferably one substituent;

[0208] Non-limiting examples of substituents for the
ring include hydroxy.

[0209] optionally comprises, in addition to the nitrogen
atom to which R? is attached, one or more additional
heteroatom, preferably one additional heteroatom, pref-
erably oxygen, preferably in position para to the nitro-
gen atom to which R? is attached; and
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[0210] is optionally fused with an aromatic ring (pref-
erably phenyl) that is unsubstituted or substituted with
one or more substituents, preferably two substituents.
[0211] Non-limiting examples of substituents for the

aromatic ring include alkyloxy, preferably methoxy.
[0212] Preferred examples of rings formed by R' and R?
together with the carbon and nitrogen atoms to which they
are attached include pyrrolidine, piperazine, morpholine,
indoline, iso-indoline, tetrahydroisoquinoline, piperidine,
2,5-dihydropyrrole, dihydropyrrolidine, dihydroindoline,
and dihydroisoindoline as well as their substituted deriva-
tives.
[0213] Of note, when the amine of Formula (111a) is a
primary amine, R? represents a hydrogen atom. Primary
amines are thus of Formula (II1a"):

[0214] In preferred embodiments of such primary amines,
R? represents a hydrogen atom.

[0215] In other preferred embodiments of such primary
amines, both R' and R® do not represent hydrogen atoms. In
other words, the primary amine is a-branched. In preferred
such embodiments, R? is an alkoxycarbonyl (—C(=0)—
O-alkyl), preferably ethoxycarbonyl.

[0216] In other preferred embodiments of such primary
amines, R' and R® together with the carbon atom to which
they are attached form a ring.

[0217] Preferred R' and R® combinations for primary
amines include the following:

Corresponding

R! R? amines
H
3 LN Z
| R, | R
AN x
R' = hydrogen atom
H
/ i
TS
x
R' = one or more alkyl,
preferably 1, 2 or 3 alkyl groups
preferably C,_4-alkyl,
more preferably methyl or tert-butyl,
H
/ i
TS
x

R' = aryl, preferably phenyl,

R' is preferably at position 2
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-continued

10

R3

Corresponding

amines

R' = aryl, preferably phenyl,
substituted with alkyl (preferably methyl) unsubstituted or
substituted with one or more halogen atom, preferably F,
preferably —CF;,
preferably at position 4 on the aryl.
Preferably R' is at position 2

R'=1 or 2 alkoxy groups,
preferably methoxy,
R' is preferably at position 4 or positions 2 and 4

R'= —SO,—NH,,
R' is preferably at position 4

R' = —NO,,
R' is preferably at position 2

R' = alkyl substituted with
one or more halogen atoms,
preferably triffuoromethyl.
R' is preferably at position 3

R' = one or more halogen atom,
preferably F, Cl, or Br,
preferably one F, Cl, Br, or two F.
R' is preferably at positions 2, 3, or 4,
or at position 2 and 6

Alkenyl, preferably C, \

—OH
Alkyl, preferably ethyl

LN

H,N
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-continued
Corresponding
R! R? amines
Cycloalkyl, preferably cyclohexyl H
Alkyl, preferably methyl, H
substituted with one or more aryl,
preferably one or two aryl, preferably phenyl
preferably —CH,-phenyl or —CH(phenyl),
Alkyl, preferably C,_4, substituted with hydroxyl, H P
1
preferably —CH,OH or —(CH,),OH N R
Alkyl, preferably ethyl, H
substituted with alkoxy, preferably isopropyloxy,
preferably —(CH,),—O—iPr
Alkyl, preferably methyl, H
substituted with aminoalkyl (—NH-alkyl) or
aminodialkyl (—N(alkyl),),
preferably —CH,—N(Me),
Alkyl substituted with a halogen atom, H
preferably chloro,
preferably —CH,CI
H H CH;
HZN/
Allyl (—CH,—CH—CH,) H NH,—CH—CH,—CH—CH,
H
| \ , N | \
X X
X = O (furanyl) or S (thiofuranyl),
optionally substituted with alkyl (preferably methyl)
H
= LN | AN
X N
N A
(o-pyridinyl)
H
Ny HN X
P / N
(p-pyridynyl)
H
N
(cyclopropyl)
H

YE”LO

(morpholinyl)

H,N

&
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-continued
Corresponding

R! R? amines
Alkyl, Alkoxycarbonyl, O alkyl
preferably methyl, isopropyl, sec-butyl, preferably / ’

ethoxycarbonyl O
HN
alkyl

Aryl, preferably phenyl

Alkyl (preferably methyl)
substituted with alkyloxy (preferably methoxy),
the alkyloxy being substituted with aryl
(preferably phenyl)

More preferably —CH,—O-benzyl

Alkyl (preferably ethyl)
substituted with alkylthio (preferably methylthio)
More preferably —CH,—CH,—S—CHj;

Alkyl (preferably ethyl)

substituted with alkoxycarbonyl (—C(=—0)—O-alkyl),

preferably methoxycarbonyl

More preferably —CH,—CH,—C(=—0)—O0—CHj,

Alkyl (preferably methyl)
substituted with aryl (preferably phenyl),
the aryl being substituted with hydroxy,

preferably at the 4 position
More preferably —CH,—(CgH,-4-OH)

Alkyl, preferably methyl

preferably alanine methyl ester

Alkoxycarbonyl, (€] alkyl
preferably /
ethoxycarbonyl (@]
HoN
aryl
Alkoxycarbonyl, O alkyl
preferably /
ethoxycarbonyl Y
HoN
alkyl
/
\
/alkyl
aryl
Alkoxycarbonyl, O, alkyl
preferably /
ethoxycarbonyl O
HoN
alkyl
/
\
alkyl
Alkoxycarbonyl, (@) alkyl
preferably /
ethoxycarbonyl O
HoN
alkyl
O :<
O
/
alkyl
Alkoxycarbonyl, (@) alkyl
preferably /
ethoxycarbonyl Y
HN
/alkyl
aryl
\
OH
Alkyl, alkyl

referably methyl
p: y Ly > NI,
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-continued
Corresponding
R! R3 amines
R! and R; together form a ring, preferably cyclohexyl
NH,

[0218] When the amine of formula (Illa) is a secondary
amine, R? does not represent a hydrogen atom. In preferred
secondary amines, R* represents a hydrogen atom. In pre-
ferred secondary amines, R' together with R* form a ring.
Preferred R', R? and R® combinations forming secondary
amines include the following:

Corresponding

R! and R? together form R3 amines

H H H
N N
and }
JOH
A morpholine ring H [Oj
N
H

T ©-alkybo-

A pyrrolidine ring,
optionally substituted with a
hydroxy group,
preferably at position 3

A 1,2,3 A-tetrahydroisoquinoline ring, H
preferably substituted by alkoxy,
preferably two methoxy groups,

preferably at position 6 and 7

A piperidine ring H O
N
H
A 2,5-dihydropyrrole ring H %
A dihydroindole ring H
NH
A dihydroisoindole ring H H

@32

[0219] In embodiments, the nitrogen nucleophile is For-
mula (1Ib):

RIO
NH— NIH,.

In preferred embodiments, R'® represents:

[0220] aryl (preferably phenyl) substituted with one or
more:
[0221] —NO,,
[0222] —SO,,
[0223] halogen atom (preferably F or Cl), and/or
[0224] perfluorinated alkyl (preferably —CH),
[0225] heteroaryl (preferably pyridinyl or diazinyl)
unsubstituted or substituted with one or more:
[0226] —NO,,
[0227] —SO,,
[0228] halogen atom (preferably F or Cl), and/or
[0229] perfluorinated alkyl (preferably —CH), or
[0230] —C(—=0)—R*", wherein R™ represents:

[0231] aryl or heteroaryl (preferably phenyl, furanyl,
oxazolyl, or pyridynyl) unsubstituted or substituted

with one or more aryl (preferably phenyl), or
[0232] alkyloxy (preferably isopropyloxy),

with the proviso that nitrogen nucleophile is Formula (I1Ib)
is not

F
N N
NI, /@i S NH,
F Cl Cl
N N
/@/ \NHz, or /@/ \NHz-
al FsC

[0233] Of note, when R, is —C(=0)—R"!, the com-
pound of Formula (I1lb) represents a hydrazide. Otherwise,
it is a hydrazine.
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[0234] Preferred nitrogen nucleophile of Formula (IIIb)
include
CF;, , ,
(Y )
N N N O
T Y
NH, NH, NH,
o) o) CH;, O I , 0 l .
b ) S
Il\TH CH; NH NH
NH, NH, NH,
NO,
= , N, :
0O S /O O |
N Z NO,
NH Il\TH IITH
NH, NH, NH,
F CF;3 SO,
F F
F F, Cl Cl, Cl,
NH Il\TH NH
NH, NH, NH,
NO,
F3C CF3, N and | \
= N
NH NH Il\TH
NH, NH, NH,
[0235] Finally, in step c), the condensation is followed by

a spontaneous 1,5-hydrogen atom shift of the compound of
Formula (IVa) or (IVb), thereby producing arenes with a
C—N bond ortho to a C—O bond. These compounds are of
Formula (Va), which is an ortho-iminium-hydroxy arene,
and Formula (Vb), which is an ortho-azo-hydroxy arene,
respectively. Indeed, the condensation in step b), triggers a
redox-isomerization (i.e. in this case a 1,5-hydrogen atom
shift) that installs the desired aromatic C—N bond on the
arene.

[0236] It should be noted that the compounds of Formula
(IVa) and (Va) bear a positive charge. This charge is coun-
terbalanced by an anion present in the reaction mixture. The
nature of the anion is not crucial.
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Ortho-Iminium-Hydroxy Arenes of Formula (IVa)

[0237] Of note, the ortho-iminium-hydroxy arene of For-
mula (Va) is not typically isolated. However, the ortho-
iminium-hydroxy arenes obtained above (aromatic Schift-
bases) are versatile reagents with myriad applications in
synthesis and coordination chemistry. For example, these
ortho-imino-hydroxy arenes can be converted into a diverse
array of benz-azo heterocyclic compounds and 1,2-amino
phenols (FIG. 1, Inset B).

[0238] The exact fate of the ortho-iminium-hydroxy
arenes will depend on the nature of the amine used in the
above condensation reaction (step b)). Indeed, various reac-
tion paths are possible. These will be described below.

Primary Amines

[0239] Primary Amines in which Both R? and R? represent
Hydrogen Atoms

[0240] When the amine is a primary amine (i.e. R* repre-
sents a hydrogen atom) and wherein R> also represents a
hydrogen atom, in the above reaction conditions, the ortho-
iminium-hydroxy arene of Formula (Va) spontaneously
cyclizes to form an oxazole arene of Formula (VI):

Rl
H R3 R!
~o o/<
N
N+\ oy

(Va) VD

Preferred amines for this reaction are not limited (except by
the fact that both R, and R; represent hydrogen atoms) and
include for example aliphatic and aryl amines. A preferred
amine for this reaction is benzylamine.

Primary a-Branched Amines

[0241] When the amine is a primary amine (i.e. R* is a
hydrogen atom) and R* and R do not represent hydrogen
atoms, an equilibrium between the ortho-imino-hydroxy
arene of Formula (VII) and its cyclized form: dihydroox-
azole arene of Formula (VIII) is obtained:

R! R
H R3 R!
\O Y o]
NH
| N
———————

(VID) (VIID

[0242] In embodiments in which R® is —C(=0)—0—
R?°, the ortho-imino-hydroxy arene of Formula (VII) can be
represented by Formula (VII”) and the method can comprise,
as a further step, the lactonization of the ortho-imino-
hydroxy arene of Formula (VII) to produce an oxazinone
arene of Formula (IX):
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(VII) X

Lactonization can be effected preferably by heating the
reaction mixture, for example at about 50° C., which
increases yield compared to room temperature, for example
in methanol, for about 4 h. Preferred amines for this reaction
include amines wherein R*° is an aliphatic or aromatic
group. Particularly preferred amines include amines wherein
R?°is an alkyl, such as ethyl or an amino acid, preferably the
amine is alanine methyl ester.

[0243] When the R' substituent of the oxazole arene of
Formula (IX) comprises a hydroxy arene, preferably phenol,
this compound can further be repeatedly subjected to the
above steps a) to ¢) followed by lactonization to build an
heterocyclic polymer. This concept is outlined in FIGS. 13
and 14. A preferred amine for this reaction is L-tyrosine
ethyl ester.

[0244] Alternatively, the method can comprise as a further
step the hydrolysis of the ortho-imino-hydroxy arene of
Formula (VII) to produce an ortho-amino-hydroxy arene of
Formula (X):

H R3 R! H

NH,.

(VID) (0.9]

Hydrolysis can be effected by adding an acid to the reaction
mixture. Non-limiting examples of acids include NaHSO,.
[0245] In alternative embodiments, the ortho-imino-hy-
droxy arene arene of Formula (VII) can be reacted with an
organometallic reagent (R*-M) to yield an o,c.,o-trisubsti-
tuted compound of Formula (XI):

R4
H R3 R! H R3 R!

\O \|r \O

N NH

(VID) XD

wherein R* is alkyl, alkenyl, aryl, O—R3°, or N(R*°),,
wherein is R*>® is H, or aliphatic or aromatic group. Preferred
organometallic reagents (R*-M) include Grigrand reagents:
n-butyl-MgBr and phenyl-MgBr, as well as CH,—CH—
CH,-TMS, boronic acids and boronic esters.
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Secondary Amines

[0246] For secondary amines, the ortho-iminium-hydroxy
arene of Formula (Va) is generally obtained in equilibrium
with its cyclized form: dihydrooxazole arene of Formula

(XID):

R! R}

H R3 R!
- X
N—R2.
NZ .
~ RZ
-

(Va) (XII)

[0247] In embodiments, the method can further comprise
the step of quenching the reaction mixture, for example by
adding NaHSO,, (for example 10% aqueous). This yields the
above dihydrooxazole arene of Formula (XII). Preferred
secondary amines for this reaction include pyrrolidine, pip-
eridine, piperazine, dihydropyrrolidine, indoline, iso-indo-
line, morpholine, tetrahydroxisoquinoline as well as their
derivatives and include acyclic amines, such N-benzylmeth-
ylamine, as well.

[0248] In alternative embodiments, the method can further
comprise the step of reducing the dihydrooxazole arene of
Formula (XII) to yield to yield an ortho-amino-hydroxy
arene of Formula (XIII):

R! R}

N—R?
. N—R2.

(XII) (X1I)

This can be achieved by adding a reducing agent (for
example a hydride such as NaBH, in MeOH), to the reaction
mixture. Preferred secondary amines for this reaction
include pyrrolidine, piperidine, morpholine, tetrahydroiso-
quinoline, dihydropyrrolidine, indoline, iso-indoline, pip-
erazine as well as their derivatives. Also, this reaction can be
carried with a-branched primary amines, such as cyclohex-
ylamine and isopropylamine, and acyclic amines, such a
N-benzylmethylamine. When this reaction is carried out
with pyrrolidine, a further treatment with sodium periodate
(NalO,) oxidizes the C of 2-substituted N-aryl pyrrolidine
to provide the corresponding lactams.

[0249] In further embodiments, a carbon nucleophile is
also added to this reaction mixture to yield a substituted
ortho-amino-hydroxy arene of Formula (XIV):
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Nu
H R? R! H R? R!
0 Y 0
N—R? N—R2.
—_—
(XIID) XIv)

Non-limiting examples of carbon nuclophiles include Gri-
gnard reagents of formula Nu-MgBr, wherein Nu is alkyl or
alkenyl, preferably methyl, ethyl, n-butyl or allyl
(CH,—CH—CH,—). Preferred secondary amines for this
reaction include pyrrolidine, dihydropyrrolidine, indoline,
iso-indoline, morpholino as well as tetrahydroxisoquinoline.
This reaction takes about 2 h at room temperature

[0250] In further embodiments, the dihydrooxazole arene
of Formula (XII), wherein R*>=H, can be reacted with an
aryl boronic acid (Aryl-B(OH)2), in a modified Petasis
reaction, to yield a compound of Formula (XV). This
transformation functionalizes the C—H bond adjacent to the
nitrogen in what is formally a Chan-Lam coupling between
an aryl boronic acid and a C—H bond. Reintroduction of O,
at the end of the transformation will trigger oxidative
cleavage (or deprotection) to release a functionalized amine
of Formula (XVI) with concomitant recovery of the ortho-
quinone of Formula (II).

R! H Ar R
~o
ArB(OH),
2 —

N—R N—R?

H 1

~o

(XII) when R3 = 1 XV)
H Ar R!
~o
Cu/o
—_7R2 2
N—R o .
XV) (1)

A preferred amine for this reaction is

H
N,

<=7 |

[0251] For secondary amines where R' and R? form a
cycle that is substituted with a hydroxyl group (preferably
located in meta to the nitrogen atom), the ortho-iminium-
hydroxy arene of Formula (Va) can be represented by
Formula (XVI), which rearranges through a hydrogen shift

16

Mar. 9, 2017

(specifically a 1,2 hydrogen shift when the hydroxyl group
is located in meta to the nitrogen atom) to yield a compound
of Formula (XVII):

H R}
o
hydrogen
N7 shift
OH ————»
XVD
H R3
~o
NI
0.
(XVID

Preferred amines undergoing such shift include

H
N,

especially

s

OH,

as well as their derivatives bearing additional substituents.
[0252] Furthermore, for secondary amine 2,5-dihydro-1H-
pyrrole

H
N,

the ortho-iminium-hydroxy arene of Formula (V) can be
represented by Formula (XVIII), which undergoes aromati-
zation to yield a compound of Formula (XIX).

H ~ H ~
Q | \ aromatization O = .
f v,/ T~ f Nt

(XVIIT) (XIX)

Different reaction schemes to for C—H functionalization at
the 2-postion of the pyrrole of compound of Formula (XIX)
are shown in FIG. 12, Sub-Reaction Path B. This also
applies for secondary amines dihydroindole and dihy-
droisoindole.
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Specific Embodiments of the Reactions with
Primary and Secondary Amines

[0253] Reaction Path 1 (FIG. 2) involves the coupling of
1° (primary) amines with phenol (as an example of an
hydroxy arenol) and their direct conversion into ortho-amino
phenols, benzoxazoles or benzoxazinones.

[0254] Reaction Path 2 (FIG. 2) involves 2° (secondary)
amines with phenol and their direct conversion into dihyd-
robenzoxazoles, N-arylated pyrrolidines or piperidines, and
N-arylated pyrroles. As shown above, these dihydrobenzo-
xazoles can be used for creating newly functionalized sec-
ondary amines.

[0255] Through Reaction Paths 1 and 2, the method of the
invention represents an efficient synthesis of high-value
azo-heterocycles and ortho-amino-phenols, which are of
fundamental importance to the pharmaceutical and agro-
chemical industries.

[0256] Reaction Path 3 (FIG. 3) is a stepwise, aerobic
process for the synthesis of extended nitrogen and oxygen
rich rt-systems. Through this reaction path, the method of the
invention represents a versatile and efficient methodology
for the synthesis of poly-heteroaromatic conjugated materi-
als, including polymers. The present invention also relates to
these conjugated materials, which can find application, for
example, as charge carriers in electronic devices.

[0257] Reaction Paths 1 to 3 address a pressing challenge
that afflicts a broad range of disciplines. The prevalence of
aromatic C—N bonds in nearly all types of functional
molecules and materials mandates improved efficiency for
their synthesis, since more than 90% of commercial chemi-
cals are derived from petroleum, and since petroleum is
almost entirely devoid of nitrogen. While amination reac-
tions have been a topic of extensive investigation, available
methodologies, which are tailored to pharmaceutical sci-
ences, are plagued by poor synthetic efficiency. In addition,
they are not applicable to the challenges of materials science
and macromolecular synthesis. This present invention dem-
onstrates how a single methodology can accomplish this task
directly from bulk petrochemicals under environmentally
benign conditions.

Definitions

[0258] The use of the terms “a” and “an” and “the” and
similar referents in the context of describing the invention
(especially in the context of the following claims) are to be
construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by con-
text.

[0259] The terms “comprising”, “having”, “including”,
and “containing” are to be construed as open-ended terms
(i.e., meaning “including, but not limited t0”’) unless other-
wise noted.

[0260] Recitation of ranges of values herein are merely
intended to serve as a shorthand method of referring indi-
vidually to each separate value falling within the range,
unless otherwise indicated herein, and each separate value is
incorporated into the specification as if it were individually
recited herein. All subsets of values within the ranges are
also incorporated into the specification as if they were
individually recited herein.

[0261] Similarly, herein a general chemical structure with
various substituents and various radicals enumerated for
these substituents is intended to serve as a shorthand method
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of referring individually to each and every molecule
obtained by the combination of any of the radicals for any
of'the substituents. Each individual molecule is incorporated
into the specification as if it were individually recited herein.
Further, all subsets of molecules within the general chemical
structures are also incorporated into the specification as if
they were individually recited herein.

[0262] Herein, the terms “alkyl”, “alkylene”, “alkenyl”,
“alkenylene”, “alkynyl”, “alkynylene” and their derivatives
(such as alkoxy, alkyleneoxy, etc.) have their ordinary
meaning in the art. It is to be noted that, unless otherwise
specified, the hydrocarbon chains of these groups can be
linear or branched. Further, unless otherwise specified, these
groups can contain between 1 and 12 carbon atoms, between
1 and 6 carbon atoms, between 1 and 3 carbon atoms, or
contain 1 or 2 carbon atoms.

[0263] For more certainty, an alkyl is a monovalent satu-
rated aliphatic hydrocarbon radical of general formula
CH,, .-

[0264] For more certainty, an alkenyl is a monovalent
aliphatic hydrocarbon radical comprising at least one double
bond.

[0265] An alkyloxy or alkoxy is a monovalent radical of
formula —O-alkyl.

[0266] Herein, the terms “cycloalkyl ”, “aryl”, “heterocy-
cloalkyl”, and “heteroaryl”, and “methylene” have their
ordinary meaning in the art. For more certainty, herein, a
“cycloalkyl” is a monovalent saturated aliphatic hydrocar-
bon radical of general formula —C,H,, ;, wherein the
carbon atoms are arranged in ring (also called cycle). An
“aryl” is a monovalent arene radical. A “heterocycloalkyl” is
a cycloalkyl wherein at least one of the carbon atoms is
replaced by a heteroatom, such as nitrogen or oxygen.
Similarly, a “heteroaryl” is an aryl wherein at least one of the
carbon atoms is replaced by a heteroatom, such as nitrogen
or oxygen.

[0267] Herein, a “group substituted with one or more A, B,
and/or C” means that one or more hydrogen atoms of the
groups may be replaced with groups selected from A, B, and
C. Of note, the groups do not need to be identical; one
hydrogen atom may be replaced by A, while another may be
replaced by B.

[0268] Of note, herein a general chemical structure, with
various substituents (R!, R etc.) and various radicals
(alkyl, halogen atom, etc.) enumerated for these substituents
is intended to serve as a shorthand method of referring
individually to each and every molecule obtained by the
combination of any of the radicals for any of the substitu-
ents. Each individual molecule is incorporated into the
specification as if it were individually recited herein. Fur-
ther, all subsets of molecules within the general chemical
structures are also incorporated into the specification as if
they were individually recited herein.

[0269] All methods described herein can be performed in
any suitable order unless otherwise indicated herein or
otherwise clearly contradicted by context.

[0270] The use of any and all examples, or exemplary
language (e.g., “such as”) provided herein, is intended
merely to better illuminate the invention and does not pose
a limitation on the scope of the invention unless otherwise
claimed.

[0271] No language in the specification should be con-
strued as indicating any non-claimed element as essential to
the practice of the invention.
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[0272] Herein, the term “about” has its ordinary meaning.
In embodiments, it may mean plus or minus 10% or plus or
minus 5% of the numerical value qualified.

[0273] Unless otherwise defined, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs.

[0274] Other objects, advantages and features of the pres-
ent invention will become more apparent upon reading of
the following non-restrictive description of specific embodi-
ments thereof, given by way of example only with reference
to the accompanying drawings.

Description of Illustrative Embodiments

[0275] The present invention is illustrated in further
details by the following non-limiting examples.

EXAMPLE 1

Synthesis of Nitrogen Rich Heterocycles and
Amino Phenols

[0276] We describe below the dehydrogenative coupling
of phenols and amines to create nitrogen rich heterocycles
and amino phenols (FIG. 4). Mechanistically, the process is
composed of (1) ortho-oxygenation, (2) condensation with
an amine to generate an ortho-imino-quinone, and (3) 1,5-
hydrogen atom shift to obtain an ortho-imino-phenol. This is
followed by various reactions to produce an array of com-
pounds.

Reaction Path 1—Coupling of Phenols and 1° Amines

[0277] We first provide a dehydrogenative coupling
between 1° amines and phenols that provides ortho-ami-
nated benz-azo heterocycles or 1,2-amino phenols.

[0278] We developed conditions for the dehydrogenative
coupling of 3,5-di-tert-butylphenol (1) and 1° amines to
provide benzoxazoles (FIG. 5, entries 1-18). This is a 1-pot,
catalytic aerobic process that uses readily accessible phe-
nols, and previous methods with a catalytic acrobic alterna-
tive. The reaction was conducted by oxygenation of the
starting phenol under our standard conditions—which are
defined in FIG. 6 (In particular, the conditions are composed
of catalytic quantities of a Cu salt, along with catalytic
quantities of N,N'-di-tert-butyl-ethylene diamine (DBED).
The reaction can be run in a range of solvents.). Once
complete (~4 h), the 1° amine was added directly to the
reaction vessel, the mixture was stirred for 10 min, and
oxygenation was continued for an additional 1-2 h. The
x-ray crystal structures of pyrene-benzoxazole 10 and furan
11 confirmed the regioselectivity of amine condensation at
the less sterically encumbered or more electrophilic of the
ortho-quinone’s two carbonyls.

[0279] When primary-a-branched amines were used in the
dehydrogenative coupling, oxidation of dihydrobenzoxazole
13 was not possible, and an equilibrium with ortho-imino-
phenol 12 was established (FIG. 7). If R,—CO,Et, 12
underwent lactonization when the reaction was warmed to
50° C. to provide benzoxazinone heterocycles (entries 1-8).
Alternatively, addition of an aqueous acid to 12 at room
temperature afforded ortho-amino-phenol 14 following
hydrolysis. This is an attractive synthesis of 1,2-amino-
phenols that employs alanine as a source of nitrogen. This is
an environmentally friendly alternative to HNO;, which is
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currently used for the synthesis of amino phenols by nitra-
tion/reduction of the corresponding phenols.

[0280] The above results demonstrate that phenols and 1°
amines undergo a sequential 1-pot dehydrogenative cou-
pling to provide benzoxazole and benzoxazinone hetero-
cycles or ortho-amino phenols. Sub-Reaction Path A devel-
ops these preliminary results into a general heterocycle
synthesis by evaluating the scope of the phenol. Sub-
Reaction Path B represents a 1-pot sequential synthesis of
sterically hindered aryl amines by trapping the ortho-imino-
phenol with carbon nucleophiles and Sub-Reaction Path C
develops aza-Wittig reagents as alternative nitrogen cou-
pling partners for currently inaccessible substrates.

Sub-Reaction Path A—Scope of Phenol

[0281] The factors that influence regioselectivity during
ortho-oxygenation (FIG. 8—Sub-Reaction Path A) were
investigated. We observed complete selectivity for ortho-
oxygenation of 15 at position b when R,=tert-butyl or
mesityl and R,=Ph (c.f. quinones 16 and 17). Selectivity
decreases in less biased cases (entry 1), but is sensitive to
remote substituent effects (compare entries 1-3). From these
results, we propose transition state model 18, which ratio-
nalizes the observed substituent effects by placing the
smaller R, substituent in close proximity to the tBu-groups
of the DBED ligand.

Sub-Reaction Path B—Synthesis of Hindered Aryl-Amines

[0282] The challenge of coupling sterically encumbered
a,0,0-trisubstituted amines was recently discussed. Here we
propose an alternative approach to this class of aryl amine
that alkylates ortho-imino-phenol 19 with an organometallic
reagent (FIG. 8—Sub-Reaction Path B). (see below for
proof of concept with 2° amines)

[0283] This would establish a 3-component coupling
between a phenol, an a-branched 1° amine and readily
available carbon nucleophiles to synthesize sterically
demanding, 1,2-amino phenols. Imines related to 19 are
widely employed electrophiles, and related coupling reac-
tions with boronic acids have been reported (see below for
additional discussion).

Sub-Reaction Path C—Aza-Wittig Reagents as Alternative
Nitrogen Coupling Partners

[0284] ortho-Quinones that bear heteroatom substituents
are incompatible with the above described reaction condi-
tions due to competitive substitution by 1,4-conjugate addi-
tion/elimination (FIG. 8—Sub-Reaction Path C). To
improve selectivity for 1,2-addition, we investigate the
aza-Wittig reagents, which is accessible from the azide and
triphenylphosphine. These reagents react smoothly with a
range of carbonyl compounds to return the corresponding
imine.%® We anticipate that a more concerted and less revers-
ible mechanism via 4-membered intermediate 21 will
improve selectivity for 1,2-addition.

Reaction Path 2: Coupling of Phenols and 2° Amines

[0285] We now describe the dehydrogenative coupling
between cyclic 2° amines and phenols that provides substi-
tuted pyrroles, pyrrolidines and piperidines.

[0286] We extended the conditions for dehydrogenative
coupling of 3,5-di-tert-butylphenol (9) and 1° amines to
cyclic 2° amines (FIG. 9). Oxygenation, condensation and
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1,5-H shift afforded iminium ion 22, which was in equilib-
rium with dihydrobenzoxazole 23.

[0287] If the reaction mixture was quenched by the addi-
tion of NaHSO, (10% aqueous), dihydrobenzoxales (entries
1-3) were isolated in good yields (70-90%).

[0288] Alternatively, addition of NaBH,, in MeOH to the
crude reaction mixture reduced 23 to amino-phenol 24,
which was the product of a formal Buchwald/Hartwig
coupling between an aryl halide and pyrrolidine, morpholine
or isoquinoline (entries 1-3 respectively).

[0289] In addition to hydride, carbon nucleophiles were
added directly to 22/23, to provide 2-functionalized pyrro-
lidines (FIG. 9, inset). This provided a divergent, 3-compo-
nent coupling that created aromatic C—N and C—C bonds
in a 1-pot, sequential process.

[0290] More highly oxidized pyrrolidine coupling partners
afforded alternative pathways for product diversification
(FIG. 10). Thus, 3-hydroxy pyrrolidine (25) underwent
dehydrogenative coupling with 9 to provide 3-keto-pyrroli-
dine 27 following 1,2-H shift of 26.

[0291] Alternatively, N-arylated pyrrole 31 was the prod-
uct of a dehydrogenative coupling between 9 and 3.4-
dehydropyrrolidine (29), which underwent aromatization at
the stage of 30. This provides an attractive entry into
sp>-hybridized N-aryl bonds, which remain difficult to
install by dehydrogenative coupling.

[0292] The above results demonstrate that 2°-cylic-amines
undergo dehydrogenative coupling under our standard cata-
lytic aerobic conditions (see FIG. 6) to provide dihydroben-
zoxazole, N-aryl-pyrrolidine and N-aryl-pyrrole products.
The expansion of scope relative to phenol has previously
been discussed in Reaction Path 1, and will not be repeated
here. Here, the Sub-Reaction Paths discussed focus on
expanding the chemistry of the ortho-phenoxy-N-aryl imi-
nium ion (intermediate 22 in FIG. 9). In Sub-Reaction Path
A, we explore alternative mechanisms to trap the ortho-
imino-phenol. In Sub-Reaction Path B, we generalize the
di-hydro-pyrrolidine coupling partner to provide additional
classes of sp>-hybridized nitrogen heterocycles, and inves-
tigate late stage, C—H functionalization of the N-arylated
pyrrole products.

Sub-Reaction Path A—Trapping the N-Aryl-Iminium Ion

[0293] We propose a modified Petasis reaction to create an
efficient 3-component coupling between phenols, 2° amines
and aryl boronic acids to afford 1,2-amino phenols 32 (FIG.
11). A related reaction has been reported between salicalde-
hyde, amines and aryl boronic acids.”® Our proposed reac-
tion is illustrated for pyrrolidine (34), whose condensation
with an ortho-quinone affords dihydrobenzoxazole 37. Addi-
tion of an aryl-boronic acid at this stage of the reaction
would afford amino-phenol 35 following aryl transfer via 39.
This transformation functionalizes the C—H bond adjacent
to the nitrogen of pyrrolidine in what is formally a Chan-
Lam coupling between an aryl boronic acid and a C—H
bond. Reintroduction of O, at the end of the transformation
will trigger oxidative cleavage (or deprotection) of 35 to
release functionalized pyrrolidine 36, with concomitant
recovery of the ortho-quinone. In principal, this could pro-
vide a catalytic, aerobic process for the functionalization of
C—H bonds adjacent to 2° amines under mild conditions.
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Sub-Reaction Path B—Diversification of N-Aryl Pyrroles
and Related Heterocycles:

[0294] Dehydrogenative coupling of phenol and dihydro-
pyrrolidine afforded N-arylated 1,2-phenoxy pyrroles in
excellent yield (e.g. 31 in FIG. 10).

[0295] In Sub-Reaction Path B, we investigate two strat-
egies for C—H functionalization at the 2-position of the
pyrrole.

[0296] In the first, triflation of the phenol to provide 42
directs oxidative addition. Following migratory insertion,
Pd” intermediate 45 undergoes substitution with pyrrole at
its 2-position, and the resulting metallacycle 46 affords 43
following reductive elimination. Alternatively, phenol-di-
rected C—H insertion”* at the 2-position of the pyrrole
provides metallacycle 47, from which C—N bond formation
is triggered with oxidized morpholine coupling partner 48.
Alternatively, oxidation of 47 with a cationic fluorine
reagent’> promotes C—O reductive elimination from 49 to
provide 50.

[0297] We recently investigated the dehydrogenative cou-
pling of 3,5-di-tert-butyl phenol (9) with indoline (54) or
iso-indoline (55), which underwent dehydrogenative cou-
pling to provide N-arylated indole 55 and indoline 56,
respectively (FIG. 12). The low yields of this process reflect
a competitive oxidation of the nitrogen coupling partner,
which is consistent with Stahl’s recent development of a
quinone catalyzed oxidation of 2° cyclic amines.”*”> For
reasons that remain unclear, the addition of MgSO4 prior to
the addition of the amine but following ortho-oxygenation
improved the yield of 55. From these preliminary results, we
investigate the effects of Lewis acid catalysis and desiccants
to improve selectivity.

Reaction Path 3: Bio-Inspired Synthesis of Aromatic
Materials

[0298] The condensation between an ortho-quinone and
L-tyrosine ethyl ester creates an opportunity to build
extended p-networks by a stepwise construction process
composed of alternating Activation (ortho-oxygenation) and
Chain Growth (condensation) phases. This concept is out-
lined in FIG. 13, where phenol starter unit 56 is loaded onto
a polystyrene bead. ortho-Oxygenation under our standard
conditions (see FIG. 6) provides ortho-quinone 57, at which
point O, is removed from the reaction mixture by sparging
with an inert gas (N, or Ar). Addition of L-tyrosine ethyl-
ester (58) and warming to 50° C. then triggers condensation
and lactonization to afford benzoxazinone 59 (see FIG. 7 for
mechanism). When conversion to 59 is complete, the reac-
tion mixture is cooled to room temperature, and O, is
reintroduced to trigger ortho-oxygenation to 60. We antici-
pate that 60 will undergo additional dehydrogenative C—N
bond formation via 61 and 62, in which conjugate addition
of nitrogen onto the newly formed ortho-quinone leads to
indoloquinone 64. Repetition of this process gradually
builds a condensed, heterocyclic polymer composed of
discrete amino phenol extender units that are added in a
sequential and controlled fashion. This is reminiscent of
DNA or peptide biosynthesis, in which discrete building
blocks are added individually to a growing macromolecule.
To our knowledge, there exist no examples of a step-wise
synthesis of extended p-networks.

[0299] Chain growth should tolerate modified amino-phe-
nols for the purposes of fine-tuning material properties (FI1G.
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14). For example, substitution of tyrosine ethyl ester 58,
which is a benzoxazinone or “Zin”-unit, with tyramine (66)
gives rise to a benzoxazole or “zole” extender unit following
the mechanism discussed in FI1G. 4. A polymeric sequence of
zole/zin/zole/zin . . . (68) is constructed by the iterative
addition of L-tyrosine ethyl ester/tyramine/L-tyrosine ethyl
ester/tyramine . . . . Alternatively, amino phenols modified to
incorporate sulfur (70), fluorophores (71) or solubilizing
groups (72) are envisioned.

EXAMPLE 2

Synthesis of 1,2-Amino-Oxy Arenes

[0300] Herein, we disclose a biomimetic approach for the
synthesis of 1,2-amino-oxy arenes through the direct acrobic
dehydrogenation of both unprotected phenols and amines
that relies on the intermediacy of ortho-quinones, and gen-
erates water as the stoichiometric waste. Further investiga-
tion establishes guidelines for predicting regioselectivity on
the nascent C—N bond formation. This 1-pot method relies
on the facile condensation between ortho-quinones and
amines which triggers a redox-isomerization to install the
key aromatic C—N bond, a method distinct from traditional
cross-coupling or C—H amination strategies.

[0301] When viewed as a fragment coupling, the conden-
sation/redox-isomerization of amines and ortho-quinones
provides a unique approach to the synthesis of 1,2-oxy-
amino arenes that exploits the facile condensation of amines
and carbonyls to introduce the aromatic C—N bond.
[0302] The prior art teaches that ortho-quinones are not
attractive C6-building blocks since they can be reactive and
thus difficult to store, and only a handful are commercially
available. Their most common synthesis is by oxidation of
the corresponding catechol, but catechols are themselves
difficult to prepare and manipulate. Phenols are considered
more attractive starting materials for ortho-quinones, but
their ortho-oxygenation requires either a multi-step
sequence or a stoichiometric oxidant that is not regioselec-
tive, and which can be difficult to employ in 1-pot, sequen-
tial transformations. Here, we address these challenges by
describing a dehydrogenative coupling of phenols and
amines that gives rise to a divergent synthesis of 1,2-amino-
oxy arenes. Our method exploits recently developed condi-
tions for the catalytic aerobic oxygenation of phenols, which
then enables fragment coupling with either 1° or 2° amines
in a 1-pot sequential process. The transformation occurs at
room temperature, uses a commercially available Cu-cata-
lyst, generates H,O as the only stoichiometric by-product,
and gives rise to no less than 4-distinct classes of nitrogen
containing heterocycles. To the inventor’s knowledge, com-
paratively mild and efficient conditions for the formation of
aromatic C—N bonds have not been reported.

Outline

[0303] The course of the dehydrogenative coupling is
influenced by the substitution pattern of the phenol as well
as the nature of the amine. As our point of departure for
reaction optimization, we chose 3,5-di-tert-butyl phenol (1)
because it is symmetric, and its ortho-oxygenation results in
the relatively well-behaved 3,5-di-tert-butyl ortho-quinone
(2). We begin by presenting results according to the nitrogen
nucleophile, so that in Part A we describe the dehydroge-
native coupling of 1 with 1°-amines, in Part B with 1°-a-
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branched amines and in Part C with cyclic 2° amines. We
then present the scope of the phenol in Part D, and conclude
with a description of the rules that govern regiochemistry in
Part E.

Part (A)
[0304] Reaction Optimization and Coupling with 1°
Amines
[0305] We began by investigating the dehydrogenative

coupling of 3,5-di-tert-butyl phenol (1) and benzyl amine (3)
to provide benzoxazole (4) in a 1-pot, sequential process:

Scheme 1).

OH

O, (2 atm)
CuPF¢, DBED

—_—
CH,Cl, (0.1M)

tBu tBu 1t, time'

_ _ Ph
[0}
N;<
0 05 (2 atm 0
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time?

tBu tBu
not isolated

[0306] The benzoxazole heterocycle is a privileged struc-
ture that is present in natural products, pharmaceuticals and
agrochemicals. It is most commonly synthesized by con-
densation of a 1,2-aminophenol and a carboxylic acid, which
suffers from the atom- and step-inefficiencies of introducing
nitrogen that are discussed above.

[0307] Inthe present work, 1 was synthesized from simple
carbonyl and ketones via an adaptation of Stahl’s oxidative
cyclo-condensation as shown in the following scheme:

Scheme 2).
(¢]

condensation

+ JEEEE

L
tBu)k ktBu
(¢] OH

oxidation

tBu tBu tBu tBu

[0308] When used in sequence with our dehydrogenative
coupling, this process generates valuable benzoxazole het-
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erocycles from simple, non-aromatic building blocks, while
creating H,O as the only stoichiometric by-product.

[0309] Our previously optimized conditions for the ortho-
oxygenation of phenols employs 4 mol % [Cu(CH3CN),]
(PF) (abbreviated CuPFy), 5 mol % di-tert-butyl-ethylene-
diamine (DBED) and O, (1 atm overpressure).

[0310] These conditions lead to a 40% NMR yield of
benzoxazole 3 after a 1-pot sequential process (entry 1).
Prolonging the reaction time for the amine/quinone conden-
sation did not improve the yield of 3 (entry 2), and control
experiments revealed that unreacted 2 negatively affects the
oxidative condensation of 1 and benzyl amine (see the
Supporting Information). This prompted us to raise the
catalyst loading, so as to ensure complete consumption of 2
within 4 h reaction time, prior to the addition of the amine.
Increasing the loading of DBED to 10 mol % returns a 76%
NMR yield of 3 (entry 3), which improves to 81% if the
loading of Cu is also increased (entry 4). Increasing Cu
loadings above 8 mol % has a negative impact on the
reaction (entry 5) due to competitive formation of N-ben-
zylidenebenzylamine (c.f. Scheme 2C). As a result, the
Cu-loading was kept at 8 mol %, and optimal conditions
were found by raising the DBED loading to 15 mol %, and
using 2 equivalents of benzyl amine (entry 7). These con-
ditions provide benzoxazole 3 in near quantitative yield, and
remain efficient when using 25 mmols of 2 (entry 8).

TABLE 1

Initial Studies Towards Dehydrogenative Coupling of Primary
Amines and Phenols®

BnNH, Conversion Yield

CuPF, DBEDg time! (2) time? of1® of3?
Entry (mol %) (mol %) (h)  (equiv) (h) (%) (%)
1 4 5 4 1.2 1 76 40
2 4 5 4 1.2 2 99 45
3 4 10 4 1.2 2 81 76
4 8 10 4 1.2 2 99 81
5 15 20 4 1.2 2 99 71
6 8 15 4 2.0 2 99 >95

7 8 15 4 2.0 2 99 93¢

“Conducted with 1.0 mmol of 1.

"Product yield and conversion are determined by 'H NMR using hexa-methylbenzene as
an internal standard, and calculated based on 1.
“Benzylamine was added at the start of the reaction.

¥Isolated yield following chromatography
“Isolated yield following chromatography on 25 mmol scale.

Confirmation of Regiochemistry when using Phenol 1.

[0311] The regiochemistry of condensation was confirmed
by single crystal x-ray analysis of benzoxazole 5, which
results from dehydrogenative coupling with amino-pyrene 4.
See FIG. 16 summarizing the confirmation of regiochemis-
try“: “ reaction conditions: 1.0 mmol of 1, CuPF (8 mol %),
DBED (15 mol %), O, (1 atm), CH,Cl, (0.1 M), 4 h, 23° C.;
then 73 (2.0 equiv.), O, (1 atm), 2 h, 23° C.

[0312] The observed selectivity is consistent with conden-
sation at the more sterically accessible C,-carbonyl of the
ortho-quinone, and replaces the oxygen atom of the starting
phenol with nitrogen by a formal ipso substitution. The
oxygen atom of the benzoxazole is derived from O, during
the aerobic ortho-oxygenation, and is positioned ortho to the
tert-butyl substituent at C7 (benzoxazole numbering), and
para to the tert-butyl substituent at C5. This differentiates the
two tert-butyl substituents, so that selective removal of the
C7 substituent is accomplished by exposing 3 to 4 equiva-

Mar. 9, 2017

lent of aluminum trichloride (AICL;) at 40° C. (c.f. 6), while
increased quantities of the Lewis acid and elevated tempera-
tures removes both tert-butyl groups, and provides 2-phenyl-
benzoxazole (7). We use this model to assign the regiochem-
istry of heterocycles resulting from dehydrogenative
coupling with phenol 1 in Parts A-C. More complex cases
with a less explicit steric bias are presented in Part D, and
rules governing their regiochemistry are discussed in Part E.

Scope of 1° Amines

[0313] Our optimized conditions remain efficient across a
broad range of substituted benzyl amines (FIG. 17), includ-
ing those bearing a sulfonamide (entry 4), trifluoromethyl
(entry 8), halogens (entries 6, 7, 9-12) and a nitro group
(entry 13). Aryl ethers are also tolerated (entry 3), however
oxidative demethylation is observed for 2,4-di-methoxy-
substitution, accounting for the low isolated yield in entry 5.
Benzoxazoles possessing a bi-phenyl substituent at C1 (c.f.
entries 14 and 15) is noteworthy, since related heterocycles
display COX-2 inhibitory activity, but remain difficult to
synthesize by traditional cross-coupling reactions.21b Like-
wise, introduction of alkyl substituents at C2 of the benzo-
xazole through Csp>-Csp® cross-coupling can be difficult
due to competitive -H elimination. However, this is not the
case un-der our conditions, which tolerate aliphatic amines
(entry 19, 28, and 32), and those possessing free alcohols
(entries 20-22), 1° alkyl chloride (entry 23), 30 amine (entry
26), aryls (entry 16-18) and aliphatic ethers (entry 24). Some
issues of selectivity are observed for products that possess
activated hydrogen atoms adjacent to aryl or hetero-atoms
(entries 16 and 20); however, shortened reaction times can
improve product yields, and accommodates easily oxidized
C—H bonds, as illustrated by the diphenylmethine in entry
25. No reaction is observed for amines bearing acidic
[-protons (entry 27)—see the next section for the reaction of
such amines. Allyl amine and methylamine can be employed
for the synthesis of benzoxazoles possessing H- or a vinyl
substituent at C,, but yields are diminished (entries 31 and
37). Finally, heteroaromatic substituents frequently encoun-
tered in the pharmaceutical industry are readily installed,
including morpholine (entry 33), substituted pyridines (en-
tries 35 and 36), pyrazine (entry 34), furan (entry 29) and
thiophene (entry 30) (entry 33), substituted pyridines (en-
tries 35 and 36), pyrazine (entry 34), furan (entry 29) and
thiophene (entry 30).

[0314] See FIG. 17 summarizing the scope of primary
amines”: “ Reaction conditions: 1.0 mmol of 1, CuPF, (8
mol %), DBED (15 mol %), O, (1 atm), CH,CI, (0.1 M), 4
h, 23° C.; then amine (2.0 equiv.), O, (1 atm), 2 h, 23° C.
Isolated yields are reported for each entry. Numbers in
parenthesis in entries 20, 26 and 33 denotes isolated yields
of 1 h oxidation following amine addition.

Part (B): Coupling with a-Branched Amino Esters.

[0315] Dihydro-benzoxazole 8 arising from a-branched
1°-amines cannot undergo further oxidation, following
redox-isomerization from the imino-ortho-quinone (see
FIG. 7). This provides alternative ways of diversifying the
ortho-imino phenol, as illustrated by dehydrogenative cou-
pling of glycine methyl-ester and 1. For example, hydrolysis
returns ortho-amino phenol 10, and highlights a regioselec-
tive alternative to the classical amination of phenols by
nitration/reduction that replaces nitric acid with an amino
acid as the source of nitrogen. Alternatively, benzoxazinone
11 can be isolated in high yield if alanine methyl ester is
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added as a solution in MeOH at 50° C., which promotes
lactonization of ortho-imino phenol 9. See FIG. 18 summa-
rizing the initial studies on the coupling of 1 and alanine
methyl ester®: ¢ Reaction conditions: 1.0 mmol of 1, CuPF
(8 mol %), DBED (15 mol %), O, (1 atm), CH,Cl, (0.1 M),
4 h, 23° C.; then amine (2.0 equiv.) 24 h, 23° C.

[0316] Benzoxazinones are an important class of hetero-
cycles that are present in biologically active molecules. They
are also substrates for asymmetric hydrogenations that are
used for the synthesis of non-natural amino-acids. Under our
conditions, benzoxazinones with a variety of C;-substituents
(benzoxazinone numbering, see FIG. 19) can be synthesized
in good yield, including those bearing alkyl (entries 1, 2 and
4) or aryl substituents (entry 3), a benzylic ether (entry 5),
a thioether (entry 7), a free phenol (entry 6) or a methyl-ester
(entry 8). See FIG. 19 summarizing the scope of primary
a-branched amino astersa: “ Reaction conditions: 1.0 mmol
of 1, CuPF¢ (8 mol %), DBED (15 mol %), O, (1 atm),
CH,Cl, (0.1 M), 4 h, 23° C.; then amine (2.0 equiv.) in
MeOH (5 mL), 4 h, 50° C. Isolated yields are reported for
each entry.

Part (C): Dehydrogenative Coupling with Cyclic 2° and
a-Branched Amines.

[0317] Coupling of secondary amine such as pyrrolidine
affords a putative positively charged iminium ion 12, which
undergo ring closure to afford 13 in 78% isolated yield (see
FIG. 20). Interestingly, addition of a nucleophile prior to
work-up enables the synthesis of 2-substituted N-aryl-pyr-
rolidine in high yields, thus permits a 1-pot, 3-component
coupling of reagents (i.e. phenols, amines and carbanions)
all possessing nucleophilic character. Our optimized condi-
tion allows for the synthesis of N-aryl-pyrrolidine bearing
alkyl (entry 1-3) or allyl (entry 4) substituent at C,. Hydride
is also a suitable nucleophile, and the un-substituted amino-
phenol is isolated when sodium borohydride is used in a
reductive work-up (entry 20). Likewise, secondary amines
such as piperidine (entry 18), morpholine (entry 19) and
tetrahydroisoquinoline (entry 15), and a-branched amines
such as cyclohexylamine (entry 16) and isopropylamine
(entry 17) afford aminophenols in modest to good yields.

[0318] Interestingly, treatment with sodium periodate
(NalO,) oxidizes the Cs of 2-substituted N-aryl pyrrolidine
to provide the corresponding lactams (entry 8-10). Related
heterocycles are widely employed as starting materials for
the synthesis of biologically active small molecules.
Removal of the tert-butyl groups (entry 5-7 and 11-13) is
readily accomplished under previously reported conditions
to provide a family of amino phenols.

[0319] See FIG. 20 summarizing the scope of secondary
amines and further diversification®: ¢ Synthesis of 13: 1.0
mmol of 1, CuPF (8 mol %), DBED (15 mol %), O, (1 atm),
CH,Cl, (0.1 M), 4 h, 23° C.; then amine (2.0 equiv.), 2 h, 23°
C. » Synthesis of 2-substituted N-aryl pyrrolidines (entries
1-4): (1) 1.0 mmol of 1, CuPF; (8 mol %), DBED (15 mol
%), O, (1 atm), CH,Cl, (0.1 M), 4 h, 23° C.; (ii) pyrrolidine
(2.0 equiv.), 2 h, 23° C.; (iii) Grignard reagent (3.0 equiv.),
2 h, 0-23° C. Isolated yields are reported for each entry. ¢
Synthesis of N-aryl lactams (entry 5): (i) N-aryl pyrrolidine
(1.0 equiv.), NalO, (3.0 equiv.), CH,Cl,: H,O (1:1, viv), 4
h, 23° C. 4 Synthesis of amino-phenols (entries 15-20): (i)
1.0 mmol of 1, CuPF (8 mol %), DBED (15 mol %), O, (1
atm), CH,Cl, (0.1 M), 4 h, 23° C.; (ii) amine (2.0 equiv.), 12
h, 50° C.; (iii) NaBH4 (2.0 equiv.) in MeOH (2 mL), 2 h,
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0-23° C. Isolated yields are reported for each entry. ¢
Removal of tBu groups: Substrate (0.01-1.0 mmol), H;PO,
(2 mL), 220° C.

[0320] Moreover, inferences from the putative intermedi-
ate following the condensation of pyrrolidine led us to
develop a unique strategy for the creation of Csp>-Nsp?
linkages. For instance, coupling with dihydro-pyrrole (14)
provides N-arylated pyrrole 16 in near quantitative yields
(FIG. 21, lower panel), highlighting a mild ortho-pyrrolation
of phenols. In this case, condensation and 1,5-hydride shift
lead to an iminium ion 16, which aromatizes by tautomer-
ization. A similar strategy can be applied to the synthesis of
N-arylated indole 18 via dehydrogenative coupling of 1 and
dihydroisoindole 17, respectively. Notably, this approach
bypasses the challenges of regioselectivity that can compli-
cate more traditional methodologies, which typically require
electron-withdrawing groups on the pyrrole and elevated
reaction temperatures. See FIG. 21 summarizing the scope
of secondary amines and further diversification: “ Reaction
conditions: (i) 1.0 mmol of 1, CuPF (8 mol %), DBED (15
mol %), O, (1 atm), CH,Cl, (0.1 M), 4 h, 23° C.; (ii) amine
(2.0 equiv.), 2 h, 23° C.

[0321] Summary of Scope Relative to the Amine.

[0322] In FIG. 22, we provide a summary of the 1,2-oxy-
amino-arenes that are available by our dehydrogenative
coupling methodology, as defined by the nitrogen coupling
partner. It includes 5 distinct heterocyclic scaffolds, as well
as 1,2-amino-phenols, which are all available using the same
catalyst system under mild reaction conditions. See FIG. 22
summarizing the scope relative to the amine and product
class.

Part (D): Scope of Phenols.

Di-Substituted Phenols.

[0323] The scope of the phenol was evaluated in the
dehydrogenative coupling with benzyl amine, phenylglycine
methyl ester, or dihydropyrrole. Phenols with akyl and/or
aryl groups are easily converted into the corresponding
1,2-oxyamino arenes (FIG. 23, entry 1-5 and 8-14). Silicon
groups are tolerated at the 3- and S-positions of the phenol
(entry 6 and 7), providing valuable heterocycles with syn-
thetic handles for further elaboration. See FIG. 23 summa-
rizing the scope of the scope of di-substituted phenolsa: “
Benzoxazole synthesis: phenol (1 mmol), CuPF (8 mol %),
DBED (15 mol %), O, (1 atm), CH,Cl, (0.1 M), 4 h, 23° C.;
then benzylamine (2.0 equiv.), O, (1 atm), 2 h, 23° C. *
Benzoxazinone synthesis: phenol (1 mmol), CuPF, (8 mol
%), DBED (15 mol %), O, (1 atm), CH,Cl, (0.1 M), 4 h, 23°
C.; then phenylglycine methyl ester (2.0 equiv.) in MeOH (5
mL), 4 h, 50° C. © N-Aryl pyrrole synthesis: (i) phenol (1.0
mmol), CuPF, (8 mol %), DBED (15 mol %), O, (1 atm),
CH,CI, (0.1 M), 4 h, 23° C.; (i1) 3-pyrroline (2.0 equiv.), 2
h, 23° C. Isolated yields are reported for each entry. Num-
bers in parenthesis denote the yield of the minor isomer.

Confirmation of Regiochemistry for 3,5-Di-Substituted
Phenols.

[0324] When the groups at the 3- and 5-positions of the
phenol are different, oxygenation is favored towards the less
sterically demanding substituent. For example, ortho-oxy-
genation of 29 affords a single quinone regioisomer 30.
However, when there is less steric bias between the 3- and
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S-position, oxygenation occurs at either 2- or 6-position,
resulting in a mixture of regioisomeric quinones (FIG. 24a).
For example, ortho-oxygenation of 19 affords two regioiso-
meric quinones 21 and 23, while 20 affords or 22 and 24.
This concomitantly affords a mixture of two 1,2-0xy-amino
arene isomers (FIG. 24, entry 1, 2, 8, 9, 11, and 12) with a
combined yield of 55% to 82%. Using single crystal x-ray
analysis of the minor benzoxazinone adduct in entry 11
(FIG. 23), the observed structure is consistent with non-
selective oxygenation and regioselective C—N bond forma-
tion (i.e. condensation at the least hindered carbonyl). The
observed ratio between 1,2-oxy-amino arene regioisomers in
the one-pot process reflect the ratio of the quinone interme-
diates (see FIG. 24). Moreover, isolation of each quinone
intermediate 21 or 22 affords a single benzoxazole product
25 or 26, respectively. Likewise, 23 or 24 affords 27 or 28,
respectively.

[0325] Using previously reported method by Ueda and
coworkers (Ueda, S.; Nagasawa, H., Angew. Chem. 2008,
120 (34), 6511-6513.), cyclization of amide 32, wherein the
C—N bond is pre-installed, affords benzoxazole 31 (FIG.
24b) identical to the one-pot process. The rules governing
regioselectivity are described in detail in Part E.

[0326] See FIG. 24 summarizing the confirmation of
regiochemistry for 3,5-di-substituted phenols: ¢ Oxygen-
ation: 1.0 mmol of phenol, CuPF, (8 mol %), DBED (15 mol
%), O, (1 atm), CH,Cl, (0.1 M), 4 h, 23° C.; * Quinone-
Amine Coupling: 1.0 mmol of phenol, CuPF, (8 mol %),
DBED (15 mol %), O, (1 atm), benzylamine (2.0 equiv.),
CH,Cl, (0.1 M), 2 h, 23° C.; © Amide cyclization: Cu(OTf),
(50 mol %), o-xylene, 140° C. Isolated yields are reported
for each entry.

Scope of 3,5-Di-Substituted Phenols with meta-(ortho-
OMe-Phenyl) Substituent.

[0327] Analogous to phenol 29, oxygenation of 33 results
in the formation of one quinone intermediate (see FIG. 25,
see supporting information below for details), but forms
mixture of benzoxazoles 34 and 35 following coupling with
benzylamine. In this case, regioisomers arise from amine
condensation from either one of the carbonyl moieties.
Although C—N bond formation is still favored at the least
encumbered carbonyl, condensation at the sterically hin-
dered site also occurs, possibly directed by the ortho-
methoxy phenyl substituent. Cyclization of amide 36 affords
benzoxazole 34, while amide 37 provides benzoxazole 35,
further confirming the regiochemistry of the resulting prod-
ucts.

[0328] Likewise, phenols with meta-(ortho-OMe-phenyl)
substiatuent paired with other similar sterically encumbered
substituents, such as mesityl and 2,6-dichlorophenyl, afford
a mixture of two benzoxazoles (FIG. 25, entry 1 and 2).

[0329]
of phenols with meta-(ortho-oMe-phenyl) substituent:
Benzoxazole synthesis: phenol (1.0 mmol), CuPFy (8 mol
%), DBED (15 mol %), O, (1 atm), CH,Cl, (0.1 M), 4 h, 23°
C.; then benzylamine (2.0 equiv.), O, (1 atm), 2 h, 23° C. *
Oxygenation: phenol (1.0 mmol), CuPF (8 mol %), DBED
(15 mol %), 02 (1 atm), CH,Cl, (0.1 M), 4 h, 23° C,; ©
Quinone-Amine Coupling: 1.0 mmol of phenol, CuPF (8
mol %), DBED (15 mol %), O, (1 atm), benzylamine (2.0
equiv.), CH,CL, (0.1 M), 2 h, 23° C.; ¥ Amide cyclization:
Cu(OTH), (50 mol %), o-xylene, 140° C. Isolated yields are
reported for each entry.

See FIG. 25 which summarizes the regioselectivity

a
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Scope of Mono-Substituted Phenols.

[0330] Mono-substituted phenols afford phenoxy-substi-
tuted quinones under catalytic aerobic conditions, and are
readily converted to the analogous 1,2-oxy-amino arene
products (FIG. 26). Phenols with alkyl and functionalized
arene substituents are tolerated. Notably, phenols with eno-
lizable proton at ortho- (benzyl: entry 13), meta- (isopropyl:
entry 11) or para-position (cyclohexyl: entries 2, 5 and 8), as
well as 2-naphthol (entry 15 and 16) undergo facile coupling
with amines. We note that the synthesis of these heterocycles
occurs between 23 and 50° C., uses a commercially avail-
able Cu(]) salt and amine ligand, and creates aromatic C—O
and C—N bonds directly from C—H bonds, wherein H,O is
generated as the sole stoichiometric by-products. See FIG.
26 summarizing the scope of mono-substituted phenols: *
Benzoxazole synthesis: 1.0 mmol of 1, CuPF, (8 mol %),
DBED (15 mol %), O, (1 atm), CH,Cl, (0.1 M), 4 h, 23° C.;
then benzylamine (2.0 equiv.), O, (1 atm), 2 h, 23° C. *
Benzoxazinone synthesis: 1.0 mmol of 1, CuPFg (8 mol %),
DBED (15 mol %), O, (1 atm), CH,Cl, (0.1 M), 4 h, 23°C.;
then phenylglycine methyl ester (2.0 equiv.) in MeOH (5
mL), 4 h, 50° C. “ N-Aryl pyrrole synthesis: (i) 1.0 mmol of
1, CuPF, (8 mol %), DBED (15 mol %), O, (1 atm), CH,Cl,
(0.1 M), 4 h, 23° C.; (ii) 3-pyrroline (2.0 equiv.), 2 h, 23° C.
Isolated yields are reported for each entry.

[0331] Interestingly, amine coupling with the resultant
4,5-di-substituted ortho-quinone intermediate bearing an
oxygen heteroatom substituent at the 4-position showed
preference for the carbonyl at the 1-position (entry 1-10).
This aforementioned site is the most electrophilic carbonyl,
thus concomitantly provides 1,2-oxy-amino arenes whereby
the nitrogen incorporation occurs para to the oxygen atom
substituent (i.e. phenoxy group). ortho-Substituted phenols
produce 3.4,5-tri-substituted ortho-quinones bearing two
phenoxy substituents (entry 12-14). In this case, the carbo-
nyl moieties are electronically comparable, but sterically
differentiated. In this case, amine condensation occurred at
the least hindered site.

Synthetic Utility.

[0332] Since ortho-oxygenation is accompanied by oxida-
tive coupling for mono-substituted phenols, the use of
phenols bearing a tethered nucleophile can be used to create
complex heterocycles. For example, immuno-suppressant
40 can be envisioned to arise from analogous 4,5-di-substi-
tuted ortho-quinones (FIG. 27), resulting from ortho-oxy-
genation of a phenol precursor with an amide tether. Cou-
pling of phenol 38 with 4-(aminomethyl)pyridine afford a
boc-protected intermediate 39, which is easily removed by
treatment with trifluoroacetic acid to provide 40. See FIG.
27 showing the synthesis of immuno-suppressant 40.

[0333] Likewise, phenols with tethered oxygen and nitro-
gen nucleophiles are readily converted to complex benzox-
azoles (FIGS. 28, 14, 2a and 3a) by a formal two C—H bond
to C—O and/or C—N bond functionalization. A simple
switch of the amine coupling partner and a slight modifica-
tion of the reaction conditions allow for the regioselective
synthesis of a different product class (entries 1-3), thus a
library of complex 1,2-oxy-amino arenes can easily be
generated. See FIG. 28 showing the one-pot syntheses of
immuno-suppressant derivatives via phenol and amine cou-
pling: “ Benzoxazole synthesis: 1.0 mmol of 1, CuPF (8 mol
%), DBED (15 mol %), O, (1 atm), CH,Cl, (0.1 M), 4 h, 23°
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C.; then benzylamine (2.0 equiv.), O, (1 atm), 2 h, 23° C. *
Benzoxazinone synthesis: 1.0 mmol of 1, CuPFg (8 mol %),
DBED (15 mol %), O, (1 atm), CH,Cl, (0.1 M), 4 h, 23° C.;
then phenylglycine methyl ester (2.0 equiv.) in MeOH (5
mL), 4 h, 50° C. “ N-Aryl pyrrole synthesis: (i) 1.0 mmol of
1, CuPF (8 mol %), DBED (15 mol %), O, (1 atm), CH,Cl,
(0.1 M), 4 h, 23° C.; (ii) 3-pyrroline (2.0 equiv.), 2 h, 23° C.
4 Synthesis of amino-phenols: (i) 1.0 mmol of 1, CuPF, (8
mol %), DBED (15 mol %), O, (1 atm), CH,Cl, (0.1 M), 4
h, 23° C.; (ii) amine (2.0 equiv.), 12 h, 50° C.; (iii) NaBH4
(2.0 equiv.) in MeOH (2 mL), 2 h, 0-23° C. Isolated yields
are reported for each entry.

[0334] Single crystal x-ray analysis of two examples from
two product class (FIG. 29) indicate that the two newly
formed C—N and/or C—O bonds always occur para to each
other, consistent previously observed 1,2-oxy-amino arene
syntheses from meta- and para-substituted phenols. See FIG.
29 showing single X-ray structures depicting the regiochem-
istry of amine coupling

Part (E): Predicting the Site of Nitrogen Incorporation.

[0335] Due to the presence of a di-keto functionality in the
quinone intermediate, nitrogen coupling can occur at two
possible positions. Thus, determining the site of nitrogen
coupling allows for a practical guideline for both prediction,
and tunability of regioselectivity.

[0336] Oxygenation of symmetric 3,5-di-substituted phe-
nols provides a single ortho-quinone intermediate, and the
resulting 1,2-oxy-amino arene reflects nitrogen incorpora-
tion at the least sterically encumbered carbonyl moiety.

[0337] For asymmetric 3,5-di-substituted phenols, a total
of 4-possible isomers can result if high levels regiocontrol
are not maintained during the oxygenation and condensation
step. Previous mechanistic work from our group and from
the group of Stack have shown that ortho-oxygenation
mediated by Cu/DBED occurs by electrophilic aromatic
substitution within a dinuclear Cu(IIl)-p-oxo phenolate. This
enforces a close contact between the meta-substituent of the
phenol and the sterically demanding tert-butyl substituents
of the di-amine ligand, favoring oxygenation from an inter-
mediate that directs the least sterically encumbered substitu-
ent towards the ligand/metal complex. Since the amine
condensation follows the steric model discussed above,
C—N bond formation occurs regioselectivity. Thus provid-
ing two isomers wherein the product ratio is determined by
relative amounts of each ortho-quinone intermediates. How-
ever, the inherent bias in the amine condensation can be
over-ridden in 3,5-di-substituted phenols bearing directing
groups at the meta-position such as an ortho-methoxyphenyl
substituent. Thus, two isomers can arise from a single
ortho-quinone intermediate.

[0338] 4,5-Disubstituted ortho-quinone intermediates
wherein one of the substituent is either an oxygen or
nitrogen heteroatom, possesses two carbonyl moieties that
are significantly differentiated electronically. These interme-
diates arise from meta- and para-substituted phenols. In this
case, the amine condensation occurs at the most electro-
philic carbonyl (i.e. the carbonyl which bears the least
electron donating P-substituent), thus the newly formed
C—N bond to occur para to the heteroatom substituent. In
cases where both carbonyl moieties are electronically simi-
lar, C—N bond formation occurs at the sterically least
encumbered site.
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EXAMPLE 3

Synthesis of Ortho-Azophenols

[0339] Our group has developed a bio-inspired copper-
catalyzed aerobic method to generate ortho-quinones from
simple phenols. Above, we have applied this methodology
for the synthesis of 1,2-oxy-amino arenes through a formal
dehydrogenative coupling of amines and phenols. Here, we
envisaged that the redox-isomerization following hydrazine
condensation affords an N=N moiety (FIG. 30C), giving rise
to azophenols. The realization of this approach constitutes
the first fragment coupling approach of phenols and hydra-
zine/hydrazides under aerobic conditions.

[0340] Having previously established a protocol for the
ortho-amination of phenols, we applied this reaction condi-
tion for the transformation of 1 to 3:

L
oH
CuPFy (8 mol %),
DBED (15 mol %),

O, (2 atm), 4 h, 1t
then

tBu tBu H
N
1 NI,

0N NO,

2
(2.0 equiv)

MeOH, time, rt
time: 4 h, 53%
12 h,91%
NO,

NO,

OH

tBu tBu

[0341] Our standard conditions for the ortho-oxygenation
of 1 employ 8 mol % [Cu(CH;CN),]|(PF6) (abbreviated
CuPFy), 15 mol % N,N'-di-tert-butyl-ethylenediamine
(DBED) and O, (1 atm overpressure). This is then followed
by condensation reaction with 2.0 equivalent of hydrazine 2
for 4 h. These conditions lead to 53% of 3, but prolonged
reaction time results in 91% yield. These conditions were
successfully implemented on a large scale (87%, 20 mmol
scale).

[0342] With optimized conditions in hand, we next studied
the coupling of 1 with various hydrazines and hydrazides.
See FIG. 31 showing the scope of hydrazines and hydraz-
idesa: * Conducted with 1.0 mmol of 1. Isolated yields are
reported for each entry. Azophenols with push-pull configu-
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ration can be easily prepared from the coupling of aryl
hydrazines bearing electron-withdrawing substituents such
as nitro, halogens, or trifluoromethyl groups (entries 1-6).
Likewise, hydrazides bearing aryl (entry 8) and boc-group
(entry 9) afforded the corresponding azo com-pound in
excellent yields. Heteroaromatic substituents which are fre-
quently encountered in the pharmaceutical and material
sciences are easily installed, including pyrazine (entry 7),
furan (entry 10), isoxazole (entry 11), pyridine (entry 12),
and thiophene (entry 13).

[0343] Next, we investigated the scope of disubstituted
phenols using 2 as the hydrazine coupling partner. See FIG.
32 showing the scope of disubstituted phenolsa “ Conducted
with 1.0 mmol of 1. Isolated yields are reported for each
entry. Phenols with alkyl and/or aryl groups are easily
converted the corresponding azophenol (entry 1-3 and 5).
Silicon groups are tolerated at the 2- and 5-positions of the
phenol (entry 4), providing azophenols with synthetic
handles for further elaboration.

[0344] Our above studies on the oxygenation of mono-
substituted phenols show that they afford phenoxy-substi-
tuted quinones. Using our 1-pot aerobic coupling of hydra-
zine and phenol, azophenols bearing phenoxy-substituted
arenes are easily generated, wherein two aryl C—H bonds
are converted to aryl C—N and C—O bonds. See FIG. 33
showing the scope of disubstituted phenolsa ¢ Conducted
with 1.0 mmol phenol, CuPF (8 mol %), DBED (15 mol %),
O, (1 atm), CH,CIl, (0.1 M), 4 h, 23° C.; then 2,4-dinitro-
phenylhydrazine (2.0 equiv.), 12 h, 23° C. We note that this
transformation occurs at room temperature, uses a commer-
cially available Cu’ salt and amine ligands, and generates
H,O as the sole stoichiometric by-product.

[0345] Although hydrazines with electron-deficient arene
are easily tolerated, substrates bearing more electron-rich
arenes (FIG. 34, a-e) are incompatible with the reaction. See
FIG. 34 listing unsuccessful substrates. In this case, the
hydrazine reduces the ortho-quinone intermediate and
affords the corresponding catechol 4 in high yields. Attempts
to favor quinone-hydrazine condensation via addition of
desiccants and/or Lewis acids were unsuccessful, and stud-
ies on the effect of solvents, pH and/or temperature failed to
provide the desired product (see supporting information
below for details).

[0346] In an effort to solve this problem, we developed a
two-step procedure to synthesize azophenols with more
electron-rich arenes. Serendipitously, reaction of 1 with
p-toluenesulfonyl hydrazide did not produced the desired
azo compound, but affords diazobenzoquinone 5—see FIG.
35. Interestingly, addition of carbanion nucleophiles to 5
such as aryl Grignard reagents afford azophenols possessing
electron-rich arene groups.

Supporting Information Regarding Example 2
Experimental Section

General Experimental

[0347] Chemicals and solvents were purchased from
Sigma Aldrich, Alfa Aesar, Strem Chemicals or TCl. Sol-
vents were dried and purified using a PureSolv MD 7 (from
Innovative Technology) or MB SPS 800 (from MBraun). All
phenol and amine substrates were purified prior to use:
liquids were distilled using a Hickman apparatus immedi-
ately prior to use and solids were recrystallized. N,N'-di-
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tert-butylethylenedimaine (DBED) were distilled over CaH,
under N,. [Cu(MeCN),|(PF,) was purchased from Sigma
Aldrich or Strem. Unless otherwise noted, reactions were
performed in flame-dried glassware under a positive pres-
sure of N, using standard synthetic organic, inert atmosphere
techniques. All oxidation reactions were set-up in flame-
dried, 25-ml. Radley tubes with a Teflon-coated stir bar
under a nitrogen atmosphere (Praxair, N, pre-purified). The
reaction vessels were then connected to a cylinder of O,
(Praxair), purged three times with O, and then pressurized to
+1.0 atm (see experimental section for details).

[0348] Proton and carbon nuclear magnetic resonance (*H
NMR and *C NMR) spectra were acquired using Varian
Inova 400 MHz, Varian Mercury 300 MHz spectrometers,
Bruker 400 MHz, and Bruker 500 MHz. Chemical shifts (3)
are reported in parts per million (ppm) and are calibrated to
the residual solvent peak. Coupling constants (J) are
reported in Hz. Multiplicities are reported using the follow-
ing abbreviations: s=singlet; d=doublet; t=triplet; q=quartet;
m=multiplet (range of multiplet was given). Carbon nuclear
magnetic resonance (*>C NMR) spectra were acquired using
Varian Inova 100 MHz and Varian Mercury 75 MHz spec-
trometers. Chemical shifts (3) are reported in parts per
million (ppm) and are calibrated to the residual solvent peak.
High resolution mass spectra (HRMS) were recorded using
a Bruker maXis Impact TOF mass spectrometer. Fourier-
transform infrared (FT-IR) spectra were recorded on a
Perkin-Elmer FT-IR ATR spectrometer.

[0349] Analytical thin-layer chromatography was per-
formed on pre-coated 250 um layer thickness silica gel 60
F,s, plates (EMD Chemicals Inc.). Visualization was per-
formed by ultraviolet light and/or by staining with potassium
permanganate or iodine. Purifications by column chroma-
tography were performed using either a Biotage Isolera™
One (Snap Ultra, particle size 25 pum, 230-400 mesh), or
standard column chromatography using silica gel (40-63
pm, 230-400 mesh).

Synthesis of Phenolic Substrates:
[0350]

Cl
Cl

OH
(1.1 equiv)
AlCl3 (2.0 equiv.),
CH,Cl, (0.25M),
Chemical Formula: CgHgO 23°C,12h
Molecular Weight: 94.11
S0

OH

Chemical Formula: C4H>00
Molecular weight: 204.31
S1
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[0351] A flame-dried 50-mL pressure vessel, equipped
with a Teflon stir bar, was charged with phenol SO (2 g, 21.25
mmol, 1 equiv.), 2,5-dichloro-2,5-dimethylhexane (4.28 g,
23.38 mmol, 1.1 eqiuv.) and CH,Cl, (20 mL). Aluminum
trichloride (2.83 g, 21.25 mmol, 1 equiv.) was added to this
reaction mixture and the reaction was stirred at 50° C. for 12
h. The reaction mixture was quenched by the addition of
distilled H,O (20 mL), and the phases were separated. The
aqueous phase was washed with CH,Cl, (3x20 mL). The
combined organic fractions were dried over MgSO,, filtered
and concentrated in vacuo to afford a crude residue, which
was purified using flash column chromatography (silica gel
with 15% EtOAc in hexanes as eluant) to afford S1 as white
powder in 70% isolated yield.

OH
BnBr (1.1 equiv.)
K,CO5 (1.5 equiv.)
_—m
acetone, 1t
Br Br
Chemical Formula: CgH4Br,O
Molecular Weight: 251.91
S2
OBn
Br Br

Chemical Formula: Cy3HoBr,O
Molecular Weight: 342.03
S3

3,5-di-bromophenol S2 was synthesized according to litera-
ture procedure: Laliberte, D.; Maris, T.; Wuest, J. D. J. Org.
Chem. (2004), 69, 1776-1787.

[0352] A flame-dried 100-mL round-bottomed flask,
equipped with a Teflon stir bar, was charged with 3,5-di-
bromophenol S2 (10 g, 39.70 mmol, 1 equiv.), benzyl
bromide (4.68 g, 43.67 mmol, 1.1 equiv.), K,CO; (8.23 g,
59.55 mmol, 1.5 equiv.) and anhydrous acetone (50-mL).
The reaction mixture was stirred at room temperature for 12
h. Then, the reaction mixture was quenched by the addition
of distilled H,O (10 mL), volatiles were evaporated in
vacuo, and diluted with EtOAc (100-mL). Then, the phases
were separated and the organic phase was washed with brine
(3%x50-mL). The organic fraction was dried over MgSO,,
filtered and concentrated in vacuo to afford a crude residue,
which was purified using flash column chromatography
(silica gel with 5% EtOAc in hexanes as eluant) to afford S3
as white powder in 95% isolated yield.

OBn

1. Mg (4 equiv.), THF
reflux, 12 h

_—

2. MesSiCl (3 equiv.),
1t,12h

Br Br
Chemical Formula: C3H;(Br,O
Molecular Weight: 342.03
S3

Mar. 9, 2017

-continued

N ~
Si Si
/\ /\
Chemical Formula: C;oH,g08Si,

Molecular Weight: 328.60
S3

[0353] A flame-dried 100-mL round-bottomed flask,
equipped with a Teflon stir bar, was charged with S3 (2.0 g,
5.85 mmol, 1.0 equiv.), magnesium turnings (0.57 g, 23.39
mmol, 4.0 equiv.), one small crystal of I, and degassed
anhydrous THF (40 mL). The reaction mixture was stirred at
60° C. for 12 h. Then, the reaction mixture was cooled to 0°
C., and Me;SiCl (1.91 g, 2.22 mL,, 17.54 mmol, 3.0 equiv.)
was added dropwise via a syringe. The reaction was allowed
to warm to room temperature and stirred overnight. After-
wards, the reaction was quenched by the addition of aqueous
saturated NH,Cl (50-mL), and diluted with EtOAc (100-
mL). Then, the phases were separated and the organic phase
was washed with brine (3x50-mL). The organic fraction was
dried over MgSQ,, filtered and concentrated in vacuo to
afford a crude residue, which was purified using flash
column chromatography (silica gel with 10% EtOAc in
hexanes as eluant) to afford S4 as white powder in 80%
isolated yield.

OBn

1. Mg (5 equiv.), THF,
reflux, 12 h

2. ESICl (5 equiv.),
1t,12h

¥ol

Chemical Formula: CysH40OSis
Molecular Weight: 412.76
S3

Br Br

Chemical Formula: C3HoBr,O
Molecular Weight: 342.03
S3

[0354] A flame-dried 100-mL round-bottomed flask,
equipped with a Teflon stir bar, was charged with S3 (2.0 g,
5.85 mmol, 1.0 equiv.), magnesium turnings (0.71 g, 29.24
mmol, 5.0 equiv.), one small crystal of I, and dry, degassed
THF (50-mL). The reaction mixture was stirred at 60° C. for
2 h. Then, the reaction mixture was cooled to 0° C., and
Et;SiCl (4.41 g, 491 mL, 29.23 mmol, 3.0 equiv.) was
added dropwise via a syringe. The reaction was allowed to
warm to room temperature and stirred overnight. The reac-
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tion was then quenched by the addition of aqueous saturated
NH,CI (20 mL), and diluted with EtOAc (100 mL). Then,
the phases were separated and the organic phase was washed
with brine (3x100 mL). The organic fraction was dried over
MgSO,, filtered and concentrated in vacuo to afford a crude
residue, which was purified using flash column chromatog-
raphy (silica gel with 10% EtOAc in hexanes as eluant) to
afford S5 as white powder in 75% isolated yield.

OBn

Pd/C (10% wt.) (10%)
_—
THF, 1, (1 atm)

R;Si SiR;

Chemical Formula:
Molecular Weight:
OH

O LD

si
/\ /\
Chemical Formula: CpHpOSiy

Molecular Weight: 238.48

<6 Chemical Formula: CgH3408i,

Molecular Weight: 322.64
S7

[0355] General procedure for O-benzyl deprotection. A
flame-dried 50-mL round-bottomed flask, equipped with a
Teflon stir bar, was charged with S4 or S5 (1.0 equiv.), Pd/C
(10% wt., 10%) and dry THF (25 mL). The reaction mixture
was stirred at room temperature for 12 h under an atmo-
sphere of H, (1 atm). Afterwards, the reaction was quenched
by the addition of distilled H,O (50 mL), and diluted with
EtOAc (50-mL). Then, the phases were separated and the
organic phase was washed with brine (3x50 mL). The
organic fraction was dried over MgSO,, filtered and con-
centrated in vacuo to afford a crude residue, which was
purified using flash column chromatography (silica gel with
10% EtOAc in hexanes as eluant) to afford the pure product.
[0356] 3,5-di-trimethyiphenol (S6): 81% isolated yield;

[0357] 3,5-di-triethylsilyiphenol (S7): 85% isolated yield

+
Chemical Formula: CgH;»O
Molecular Weight: 100.16
S8
0 (i) NaOH (2 equiv.),
EtOH:H,0 (9:1),
reflux, 12 h
H

(ii) NaOMe (2.0 equiv.),
acetone, 90° C.,3d

(iii) [Pd] (25 mol %), O,
(1 bar) 120°C.,3d

Chemical Formula: CsHoO
Molecular Weight: 86.13
S9
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-continued
OH

Chemical Formula: C4H,,0
Molecular Weight: 206.33
1

[0358] Compound 1 was synthesized using a modified
procedure reported by Stahl et al.: Izawa, Y.; Pun, D.; Stahl,
S. S. Science. (2011), 333, 201-213. A 100-mL. round-
bottom flask, equipped with a Teflon coated stir bar was
charged with the appropriate tert-butyl methyl ketone S8
(4.0 g, 39.94 mmol, 1.0 equiv.), pivaldehyde S9 (4.12 g,
47.92 mmol, 1.2 equiv.), and degassed ethanol/water (9:1
v:v, 40 mL). NaOH (3.19 g, 79.87 mmol, 2.0 equiv,) was
then added and the reaction mixture was refluxed for 12 h.
The reaction mixture was quenched by the addition of
NaHSO, (40 mL, 10% by weight aqueous solution), and
diluted with CH,Cl, (20 mL). Then, the phases are separated
and the aqueous phase was extracted with CH,Cl, (3x20
mL). The combined organic fractions are dried over MgSO,,
filtered and concentrated in vacuo to afford a crude residue.
The crude residue was washed with hexanes (50-mL) and
analyzed by "H NMR.

Analytical data matches that reported in the literature:
Sparling B. A.; Moslin, R. M.; Jamwason, T. F. Org. Lett.
(2008), 10, 1291-1294.

[0359] A 250-mL round-bottom flask, equipped with a
Teflon coated stir bar was charged with the crude residue and
dry acetone (50-mL). NaOMe (4.31 g, 79.87 mmol, 2.0
equiv.) was added, warmed to 50° C., and was vigorously
stirred for 4 h. The reaction mixture was cooled to room
temperature, quenched by the addition of NaHSO, (10 mL,
20% by weight aqueous solution), and concentrated in
vacuo. The reaction mixture was diluted with CH,Cl, (50
mL), and the phases were then separated and the aqueous
phase was extracted with CH,Cl, (3x50 mL). The combined
organic fractions were then dried over MgSO,, filtered and
concentrated in vacuo to afford a solid crude residue.

[0360] The resulting solid was placed in a flame-dried
25-ml Radley tube, equipped with a Teflon coated stir bar.
Then, PA(TFA), (3.32 g, 9.98 mmol, 25 mol %), p-TsOH
(3.43 g, 20 mmol, 50 mol %), 2-(N,N-dimethylamino)
pyridine (1.22 g, 10 mmol, 25 mol %), DMSO (6 mL) were
added. The reaction vessel was capped, pressurized with O,
(1 atm) and heated to 120° C. whilst stirring for 3 days. The
reaction mixture was depressurized, cooled to room tem-
perature and diluted with distilled H,O (30 mL) and CH,Cl,
(50 mL). The phases were then separated and the aqueous
phase was extracted with CH,Cl, (3x50 mL). The combined
organic fractions were then dried over MgSO,, filtered and
concentrated in vacuo to afford a crude residue, which was
purified using flash column chromatography (15% EtOAc in
hexanes) to afford 1 in 38% isolated yield.
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3,5-Di-Substituted Phenolic Substrates were Synthesized [0364] The following compounds were produced using
Using Either of the One of the Two Protocols, Method 1 or general procedure A:

2
[0361] Method 1 o
+
e} e}
N NaOH
General Chemical Formula: C¢H,0
R! H R?  Procedure A Molecular Weight: 100.16
o o S8
e}
OEt
Q H
)k/\ F NaOH (2 equiv.)
—_——
R! A g General EOH-L0 (9:1),
Procedure C OMe 1,12 h
OH Chemical Formula: CgHgO,
Molecular Weight: 136.15
S10
e}
R! R? A

[0362] Method 2: MeO

Chemical Formula: C4Hg0»

o Molecular Weight: 218.30

S11
i )k i
[ T
R! )J\/\ R2 General 4

Procedure B

e} OH
Chemical Formula: C¢H,0
[Pd], O, Molecular Weight: 100.16
General S8
Procedure D Cl O
R! R? R! R?
H
NaOH (2 equiv.)
—_——
EtOH:H,O (9:1),
Cl t,12h
Chemical Formula: C;H,CLO
General Procedure A Molecular Weight: 175.01
S12
. . . e} Cl
(Synthesis of 3,5-Di-Substituted Cyclohexenone)
/

[0363] A 100-mL round-bottom flask, equipped with a

Teflon coated stir bar was charged with the appropriate

ketone (1 equiv.), aldehyde (1.2 equiv.) and degassed etha- Cl
nol/water (9:1, 0.25 M with respect to the ketone). Sodium
hydroxide (2 equiv.) was then added and the reaction mix-
ture was stirred at room temperature for 12 h. The reaction
mixture was quenched by the addition of NaHSO,, (40 mL,,
10% by weight aqueous solution), and diluted with CH,Cl,
(20 mL). Then, the phases are separated and the aqueous
phase was extracted with CH,Cl, (3x20 mL). The combined
organic fractions were dried over MgSO,, filtered and
concentrated in vacuo to afford a crude residue, which was Chemical Formula: C¢H;,0
purified using flash column chromatography (silica gel with Molecular Weight: 100.16
20% EtOAc in hexanes as eluant) to afford a pure com- 58

pound.

Chemical Formula: Cy3H4CL,0
Molecular Weight: 257.15
S13
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-continued

NaOH (2 equiv.)
EtOH:H,0 (9:1),
Cl t,12h
Chemical Formula: CyH4CIFO
Molecular Weight: 158.56

S14
e} Fl
P
Cl
Chemical Formula: Cy3H4CIFO
Molecular Weight: 240.70
S15
e}
+
OMe
Chemical Formula: CoH (O,
Molecular Weight: 150.18
S16
Cl e}
H
NaOH (2 equiv.)
—_——
Cl EtOH:H,0 (9:1),
1,12 h
Chemical Formula: C;H4CL,0
Molecular Weight: 175.01
S12
e} Cl
OMe CI
Chemical Formula: C;¢H,CL,0
Molecular Weight: 307.17
S17
e}
+
OMe

Chemical Formula: CoH;oO»
Molecular Weight: 150.18
S16
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-continued

H NaOH (2 equiv.)
—_——
EtOH:H,O (9:1),

1t,12h
Chemical Formula: C;oH;,0
Molecular Weight: 148.21
S18

e}
OMe

Chemical Formula: CjgHy00»
Molecular Weight: 280.37
S19

Chemical Formula: C¢H,0
Molecular Weight: 100.16
S8

NaOH (2 equiv.)
—_—

H
EtOH:H,O (9:1),

i, 12h
Chemical Formula: CgHgO
Molecular Weight: 120.15

520
e}
F

Chemical Formula: C4H;gO
Molecular Weight: 202.30
S21

General Procedure B

(Synthesis of 3,5-Di-Substituted Cyclohexenone)

[0365] A 50-mL round-bottom flask, equipped with a
Teflon coated stir bar was charged with the appropriate
chalcone (1 equiv.) and dry acetone (25-mL). NaOMe (2
equiv.) was added, warmed to 50° C., and was vigorously
stirred for 4 h. The reaction mixture was cooled to room
temperature, quenched by the addition of NaHSO, (10 mL,,
10% by weight aqueous solution), and concentrated in
vacuo. The reaction mixture was diluted with CH,Cl, (10
mL), and the phases were then separated and the aqueous
phase was extracted with CH,Cl, (3x20 mL). The combined
organic fractions were then dried over MgSO,, filtered and
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concentrated in vacuo to afford a crude residue, which was
purified using flash column chromatography (15% EtOAc in
hexanes) to afford a pure compound.

[0366] The following compounds were produced using
general procedure B:

(€] OMe o]

- PN

_—
NaOMe (2.0 equiv.)
50° C., overnight

Chemical Formula: C4H;g0,
Molecular Weight: 218.30
S11

OMe

Chemical Formula: C7H»,0,
Molecular Weight: 258.36
S22

0
~ P

NaOMe (2.0 equiv.)
50° C., overnight

OMe (€]

Chemical Formula: CjgHy9O»
Molecular Weight: 280.37
S19

OMe

Chemical Formula: Cy;H»405
Molecular Weight: 320.43
S23

General Procedure C

[0367] (Synthesis of Phenols from Chalcones)

[0368] Phenols were synthesized using a modified proce-
dure reported by Zhang et al: Qian, J.; Yi, W.; Huang, X.;
Miao, Y.; Zhang, J.; Cai, C.; Zhang W. Org. Lett. (2015), 17,
1090-1093. A flame-dried 100-mL high-pressure vessel,
equipped with a Teflon coated stir bar was charged with the
appropriate chalcone (1 equiv.), ethyl 2-fluoroacetoacetate
(1.2 equiv.) cesium carbonate (2 equiv.), and degassed
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CH,CN (0.25 M with respect to the chalcone). The reaction
vessel was capped with a Teflon screw cap, and heated to
130° C. for 3 h. The reaction mixture was then cooled to
room temperature, quickly depressurized, capped with a
Teflon screw cap and heated to 130° C. for 3 h. Then, the
reaction mixture was cooled to room temperature, quenched
by the addition of H,O (100-mL) and diluted with EtOAc
(50 mL). The phases were then separated and the organic
phase was extracted with NaHSO, (10% by weight aqueous
solution, 3x20 ml). The organic fractions were then dried
over MgSQ,, filtered and concentrated in vacuo to afford a
crude residue, which was purified using flash column chro-
matography (15% EtOAc in hexanes) to afford a pure
compound.

[0369] The following compounds were also produced
using general procedure C:

OEt

\

MeO

(1.2 equiv.)
Chemical Formula: C4H;g0, CsCO3 (2.0 equiv.),
Molecular Weight: 218.30 CH3CN (0.25M),
S11 130°C., 6h

OH

>

MeO

Chemical Formula: C7H90»
Molecular Weight: 256.35

33
e} Cl e} O
OEt
F
= (1.2 equiv.)
Chemical Formula: Cj3H4CL,O CsCO3 (2.0 equiv.),
Molecular Weight: 257.15 CH3CN (0.25M),
S13 130°C.,6h
OH
Cl
Cl

Chemical Formula: C¢H5C1,0
Molecular Weight: 295.20
19
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-continued
e} F [0} e}
/
OEt
F
cl (1.2 equiv.)
Chemical Formula: Cj3H4CIFO CsCO3 (2.0 equiv.),
Molecular Weight: 240.70 CH;CN (0.25M),
S15 130°C,6h
OH
F
Cl
Chemical Formula: C;¢HcC1,0
Molecular Weight: 295.20
20
OMe e} Cl [0} O
)‘\H‘\OEt
F
a (1.2 equiv.)
Chemical Formula: C(sHoCLO CSEIO&(\IZ'% Z‘;ﬁ")’
Molecular Weight: 276.14 3CN (0. )
130°C.,6h
S17
OH
Cl F
Cl Cl
Chemical Formula: C;oH4CL,0,
Molecular Weight: 345.22
524
o 0 0
/
OEt
F
OMe
(1.2 equiv.)
Chemical Formula: CygH,¢0, CsCO;3 (2.0 equiv.),
Molecular Weight: 280.37 CH;3CN (0.25M),
S19 130°C.,6h

31
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OH

MeO

Chemical Formula: C,,H;,0,
Molecular Weight: 318.42
S25

OEt

F
(1.2 equiv.)
CsCO3 (2.0 equiv.),

CH;CN (0.25M),
130°C.,6h

Chemical Formula: C4H;gO
Molecular Weight: 202.30
521

OH

Chemical Formula: C;7H,,0
Molecular Weight: 240.35
29

General Procedure D

[0370] (Synthesis of Phenols from 3,5-Di-Substituted
Cyclohexenone)

[0371] Phenols were synthesized using a modified proce-
dure reported by Stahl et al.' A flame-dried 25-mL Radley
tube, equipped with a Teflon coated stir bar, was charged
with the appropriate cyclohexenone (1 equiv.), Pd(TFA), (6
mol %), p-TsOH (24 mol %), 2-(N,N-dimethylamino)pyri-
dine (6 mol %), DMSO (1 mL). The reaction vessel was
capped, pressurized with O, (1 atm) and heated to 80° C.
whilst stirring for 24 h. The reaction mixture was depres-
surized, cooled to room temperature and diluted with dis-
tilled H,O (20 mL) and CH,Cl, (30 mL). The phases were
then separated and the aqueous phase was extracted with
CH,CI, (3x20 mL). The combined organic phases were then
dried over MgSO,, filtered and concentrated in vacuo to
afford a crude residue, which was purified using flash
column chromatography (15% EtOAc in hexanes) to afford
a pure compound.

! Izawa, Y.; Pun, D.; Stahl, S. S. Science. (2011), 333, 201-213
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[0372] 33 can also be synthesized using general procedure
D using cyclohexanone S22 (1.0 g, 3.87 mmol, 1 equiv),
PA(TFA), (7.7 mg, 0.23 mmol, 6 mol %), p-TsOH (160.0
mg, 0.93 mmol, 24 mol %), 2-(N,N-dimethylamino)pyridine
(2.8 mg, 0.23 mmol, 6 mol %) to afford phenol 33 in 90%
isolated yield.

[0373] S25 can also be synthesized using general proce-
dure D using cyclohexanone S23 (1.0 g, 3.12 mmol, 1
equiv), PA(TFA)2 (6.2 mg, 0.19 mmol, 6 mol %), p-TsOH
(129 mg, 0.75 mmol, 24 mol %), 2-(N,N-dimethylamino)
pyridine (2.3 mg, 0.19 mmol, 6 mol %) to afford phenol S25
in 91% isolated yield.

Optimization of Catalytic Aerobic Phenol and Amine
Coupling (Table 1)

Amounts Used for Reach Reagent was Summarized in Table
S1

[0374] A flame-dried, 25-mL Radley tube equipped with a
Teflon-coated stir bar and a rubber septum was charged with
3,5-di-tert-butylphenol 1 (1.0 mmol, 1.0 equiv.) and dry,
degassed CH,Cl, (8 mL). In a separate, flame-dried 5 mL
microwave vial, [Cu(CH;CN),|(PFy) (see Table S1) and
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N,N'-di-tert-butylethylenediamine (see Table S1) were dis-
solved in dry and degassed CH,Cl, (2.0 mL) to afford a
homogeneous pink solution. This solution was then added to
the Radley tube via syringe to afford a final volume of 10 mL,
and a phenol concentration of 0.1 M. The rubber septum was
then rapidly removed and replaced with a Radley cap, which
was connected to a tank of O, and pressurized to 1 atm.
Under a constant pressure of O, (1 atm), the reaction was
vented 3 times for 10 s to remove N,. The reaction mixture
was then stirred at room temperature for 4 h, depressurized
by opening to the atmosphere and benzylamine (see Table
S1) was added via a syringe. The reaction vessel was capped
with Radley cap, which was connected to a tank of O,,
pressurized to 1 atm and stirred for 1-2 h (see Table S1). The
reaction was depressurized, quenched by the addition of
NaHSO, (20 mL, 10% by weight aqueous solution), and
hexamethylbenzene (0.15 equiv.) was added as an NMR
standard was added. The phases were then separated and the
aqueous phase was extracted with CH,Cl, (3x20 mL). The
combined organic fractions were then dried over MgSO,,
filtered and concentrated in vacuo to afford a red residue
which was analyzed directly by 'H-NMR.

TABLE S1

Amounts and Reagents used for Table 1

Ph
OH o N§<
O
0O, (1 atm) O O, (1 atm)
CuPFs, DBED BnNH,
—_— —_—
CH,CL, (0.1M) time
t,4h
tBu tBu tBu tBu tBu tBu
1 3
Entry 1 CuPFg¢ DBED BnNH, Time (h) Yield of 3 (%)
1 14.9 mg 10.78 uL 131.1 pL 1 40
(4 mol %) (5 mol %) (1.2 equiv) (123.0 mg)
2 14.9 mg 10.78 uL 131.1 pL 2 45
(4 mol %) (5 mol %) (1.2 equiv) (138.3 mg)
3 14.9 mg 21.56 pL 131.1 pL 2 76
(4 mol %) (10 mol %) (1.2 equiv) (233.6 mg)
4 29.8 mg 21.56 pL 131.1 pL 2 81
(8 mol %) (10 mol %) (1.2 equiv) (249.0 mg)
5 559 mg 43.12 pL 131.1 pL 2 71
(15 mol %) (20 mol %) (1.2 equiv) (218.3 mg)
6 29.8 mg 323 uL 2184 uL 2 95
(8 mol %) (15 mol %) (2.0 equiv) (292.0 mg)
7% (8 mol %) 809.0 UL 546 mL 2 93¢
745.7 mg (15 mol %) (2.0 equiv) (7.15 g)

“Product yields are determined by 'H NMR using hexamethylbenzene as internal standard, and calculated based on phenol (1.0 mmol);

"Used 25 mmol (5.16 g) of phenol. Was isolated yields are reported;

“Was isolated yield
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Scope of Primary Amines:

General Procedure E (Benzoxazoles)

[0375] A flame-dried, 25-m[. Radley tube, equipped with
a Teflon-coated stir bar and a rubber septum, was charged
with phenol 1 (1.0 mmol, 1.0 equiv.). The reaction vessel
was then purged with a steady stream of N, for 2 min prior
to the addition of dry and degassed CH,Cl, (8.0 mL). A
separate, flame-dried test tube (16x125-ml.) was charged
with [Cu(CH,CN),](PF,) (29.8 mg, 0.08 mmol, 0.08
equiv.), N,N'-di-tert-butylethelenediamine (25.8 mg, 32.3
ul, 0.15 mmol, 0.15 equiv.), and CH,Cl, (2.0 mL) to afford
a homogeneous, pink solution. This solution was then added
to the Radley tube via syringe to afford a final volume of
10.0 mL and a concentration of 0.1 M with respect to the
phenol. The rubber septum was then rapidly removed and
replaced with a Radley cap, which was connected to a tank
of' O, and pressurized to 1 atm. Under a constant O, pressure
(1 atm), the reaction was vented 3 times for 10 s to eliminate
N,. The reaction mixture was then stirred at room tempera-
ture for 4 h, depressurized by opening to the atmosphere, and
the amine (2 mmol, 2.0 equiv.) was added via a syringe. The
reaction mixture was pressurized with O, (1 atm), stirred at
room temperature for 2 h, and then depressurized by opening
to the atmosphere. The reaction mixture was then quenched
by the addition of NaHSO,, (20 mL, 10% by weight aqueous
solution), the phases were separated, and the aqueous phase
was extracted with CH,Cl, (3x20 mL). The combined
organic fractions were then dried over MgSO,, filtered and
concentrated in vacuo to afford a residue which was ana-
lyzed directly by 'H-NMR. The crude reaction mixture was
then purified using a Biotage [soleram One (10% EtOAc in
hexanes) to afford the benzoxazole product.

[0376] The following compounds were produced using
general procedure E:

OH 1. [Cu(CH,CN),]PF (8 mol %),
DBED (15 mol %), O,
(1 atm),4h

2. BnNH, (2.0 equiv.)
then Oy (1 atm),2 h

Chemical Formula: C4H,,0
Molecular Weight: 206.3239

1

Chemical Formula: C,;HpsNO
Molecular Weight: 307.4293

3

Mar. 9, 2017

-continued

OH 1. [Cu(CHCN)4]PF¢ (8 mol %),
DBED (15 mol %), 05
(1 atm), 4 h

2. Amine (2.0 equiv.)
then O, (1 atm), 2 h

Chemical Formula: C14H>>O
Molecular Weight: 206.3239

1

Chemical Formula: C3,H,;sNO
Molecular Weight: 431.5681

5
FIG. 17: Entry 1
[0377]
OH 1. [Cu(CH,CN)4]PF (8 mol %),
DBED (15 mol %), O,

(1 atm), 4 h

2. Amine (2.0 equiv.)
then O, (1 atm), 2 h

Chemical Formula: C4H,,0
Molecular Weight: 206.33

1

Chemical Formula: C5,H,7NO
Molecular Weight: 321.46

526
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FIG. 17: Entry 2
[0378]

OH 1. [Cu(CH,CN)4]PFq (8 mol %),
DBED (15 mol %), O,
(1atm),4h

2. Amine (2.0 equiv.)
then O, (1 atm), 2 h

Chemical Formula: C4H>»O
Molecular Weight: 206.3239

1
tBu

Chemical Formula: CsH33NO
Molecular Weight: 363.5356

527
FIG. 17: Entry 3
[0379]
OH 1. [Cu(CH,CN)4]PF¢ (8 mol %),
DBED (15 mol %), Oz
(1 atm), 4 h
2. Amine (2.0 equiv.)
then O, (1 atm), 2 h
Chemical Formula: C4H,,0
Molecular Weight: 206.3239
1
OMe
Ne=
e}

Chemical Formula: C,,H,7NO,
Molecular Weight: 337.46

528

Mar. 9, 2017
FIG. 17: Entry 4
[0380]
OH 1. [Cu(CH,CN),]PF¢ (8 mol %),
DBED (15 mol %), 0,

(1 atm), 4 h

2. Amine (2.0 equiv.)
then O, (1 atm), 2 h

Chemical Formula: C4H,,0
Molecular Weight: 206.3239

SO,NH,

Chemical Formula: Cy HygN>03S
Molecular Weight: 386.5077

$29
FIG. 17: Entry 5
[0381]
OH 1. [Cu(CH,CN)4]PFq (8 mol %),
DBED (15 mol %), O,

(1atm),4 h

2. Amine (2.0 equiv.)
then O (1 atm), 2 h

Chemical Formula: C4H,,0
Molecular Weight: 206.3239
OMe

MeO

Chemical Formula: C23H9NO3
Molecular Weight: 367.49

S30
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FIG. 17: Entry 6 FIG. 17: Entry 8
[0382] [0384]
OH 1. [Cu(CH,CN)4]PF (8 mol %), on
DRED (15 mol %), O 1. [Cu(CH,CN),]PF¢ (8 mol %),
(1 atm), 4 h DBED (15 mol %), O,

(1 atm),4h

2. Amine (2.0 equiv.) : .
then O, (1 atm), 2 h 2. Amine (2.0 equiv.)

then Oy (1 atm),2 h

Chemical Formula: C4H>»O

Molecular Weight: 206.3239 Chemical Formula: C14H2,0
Molecular Weight: 206.33

CF;

Chemical Formula: C5,Hy4F3sNO

Chemical Formula: C,HyyBrNO Molecular Weight: 375.44

Molecular Weight: 386.3254

S33
S31
FIG. 17: Bntry 7 FIG. 17: Entry 9
[0383] [0385]
OH 1. [Cu(CH>CN)4]PFs (8 mol %), OH 1. [Cu(CH,CN)4]PF (8 mol %),
DBED (15 mol %), O, DBED (15 mol %), O,
(1 atm),4h (1 atm), 4 h
2. Amine (2.0 equiv.) 2. Amine (2.0 equiv.)
then O (1 atm), 2 h then O, (1 atm),2 h
Chemical Formula: C4H,,0 Chemical Formula: C4H,,0
Molecular Weight: 206.33 Molecular Weight: 206.33
F
Cl
Ne=—==
N= (0]

Chemical Formula: Cy Hy4CINO
Chemical Formula: C; HyyFNO Molecular Weight: 341.88
Molecular Weight: 325.43 $34

S32
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FIG. 17: Entry 10

[0386]

OH 1. [Cu(CH,CN)4]PF (8 mol %),
DBED (15 mol %), 0,
(1 atm), 4 h

2. Amine (2.0 equiv.)
then O, (1 atm), 2 h

Chemical Formula: C4H,,0
Molecular Weight: 206.33

Chemical Formula: C H4BrNO
Molecular Weight: 386.33

S35
FIG. 17: Entry 11
[0387]
OH 1. [Cu(CH,CN)4]PFg (8 mol %),
DBED (15 mol %), Oz
(1 atm), 4 h
2. Amine (2.0 equiv.)
then O (1 atm), 2 h
Chemical Formula: C4H,,0
Molecular Weight: 206.33
N=—== Cl

Chemical Formula: C,Hp4CINO
Molecular Weight: 341.88

Mar. 9, 2017
FIG. 17: Entry 12
[0388]
OH 1. [Cu(CH,CN)4]PF¢ (8 mol %),
DBED (15 mol %), O,

(1 atm),4h

2. Amine (2.0 equiv.)
then Oy (1 atm),2 h

Chemical Formula: C4H,,0
Molecular Weight: 206.33

i

Chemical Formula: CyHy3F2NO
Molecular Weight: 343.42

FIG. 17: Entry 13

[0389]

OH 1. [Cu(CH,CN)4]PFs (8 mol %),

DBED (15 mol %), O,
(1 atm),4h

2. Amine (2.0 equiv.)
then O, (1 atm), 2 h

Chemical Formula: C14H>>O
Molecular Weight: 206.3239

Ne=== NO,

Chemical Formula: C5 HxN>O3
Molecular Weight: 352.43
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FIG. 17: Entry 14

[0390]

OH 1. [Cu(CH,CN)4]PF¢ (8 mol %),
DBED (15 mol %), O,
(1 atm), 4 h

2. Amine (2.0 equiv.)
then O, (1 atm), 2 h

Chemical Formula: C4H>»O
Molecular Weight: 206.33

Chemical Formula: C27HoNO
Molecular Weight: 383.54

FIG. 17: Entry 15

[0391]

oH
1. [Cu(CH,CN)4]PF¢ (8 mol %),
DBED (15 mol %), 05 (1 atm),
4h

2. Amine (2.0 equiv.)
then O, (1 atm), 2 h

Chemical Formula: C4H>»O
Molecular Weight: 206.33

Chemical Formula: CygHygF3NO
Molecular Weight: 451.53

Mar. 9, 2017

FIG. 17: Entry 16

[0392]

OH

1. [Cu(CH,CN),]PF¢ (8 mol %),
DBED (15 mol %), 05 (1 atm),
4h

2. Amine (2.0 equiv.)
then O, (1 atm), 2 h

Chemical Formula: C14H>>O
Molecular Weight: 206.3239

Chemical Formula: C5,Hy)7NO
Molecular Weight: 321.4559

FIG. 17: Entry 17

[0393]

OH

1. [Cu(CH,CN)4]PF¢ (8 mol %),
DBED (15 mol %), 05 (1 atm),
4h

2. Amine (2.0 equiv.)
then O, (1 atm), 2 h

Chemical Formula: C14H>>O
Molecular Weight: 206.3239

Chemical Formula: Co3H;gNO
Molecular Weight: 335.4825
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FIG. 17: Entry 18 FIG. 17: Entry 20
[0394]
[0396]
oH
on 1. [Cu(CH,CN)4]PF¢ (8 mol %),
1. [Cu(CH,CN)4]PF; (8 mol %), DBED (15 mol %), O (1 atm),
DBED (15 mol %), O, (1 atm), 4h
4h 2. Amine (2.0 equiv.)
2. Amine (2.0 equiv.) then O, (1 atm), 2 h

then O, (1 atm), 2 h .
Chemical Formula: C14H>>O

Chemical Formula: C14H>,0 Molecular Weight: 206.3239
Molecular Weight: 206.3239

Chemical Formula: C;¢H,3NO,
Molecular Weight: 261.3593
Chemical Formula: Co4H3NO
Molecular Weight: 349.5090

FIG. 17: Entry 21
FIG. 17: Entry 19

[0395] [0397]

OH

1. [Cu(CH,CN),]PF (8 mol %),
DBED (15 mol %), O, (1 atm),

OH
4h
- - 1. [Cu(CH,CN)4]PF¢ (8 mol %),
2. Amine (2.0 equiv.)
DBED (15 mol %), O, (1 atm
then O, (1 atm), 2 h (15 mol %), 0, (1 atm),
4h
Chemical Formula: C4H>»O 2. Amine (2.0 equiv.)
Molecular Weight: 206.3239 then O, (1 atm), 2 h

Chemical Formula: C4H,,0
Molecular Weight: 206.33

OH

Chemical Formula: C;7H,5NO,

Chemical Formula: CgH,7NO .
Molecular Weight: 275.39

Molecular Weight: 273.4131
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FIG. 17: Entry 22
[0398]

OH

1. [Cu(CH,CN)4]PF (8 mol %),
DBED (15 mol %), O, (1 atm),
4h

2. Amine (2.0 equiv.)
then O (1 atm), 2 h

Chemical Formula: C4H>»O
Molecular Weight: 206.33

OH

ONa

Chemical Formula: CyoH3z;NNaO»
Exact Mass: 340.23
Molecular Weight: 340.46

FIG. 17: Entry 23
[0399]

OH

1. [Cu(CH,CN),]PF (8 mol %),
DBED (15 mol %), O, (1 atm),
4h

2. Amine (2.0 equiv.)
then O, (1 atm), 2 h

Chemical Formula: C4H>»O
Molecular Weight: 206.33

Cl

Chemical Formula: CgH,,CINO
Molecular Weight: 279.81

Mar. 9, 2017

FIG. 17: Entry 24

[0400]

OH

1. [Cu(CH,CN),]PF¢ (8 mol %),
DBED (15 mol %), 05 (1 atm),
4h

2. Amine (2.0 equiv.)
then O, (1 atm), 2 h

Chemical Formula: C14H>>O
Molecular Weight: 206.33

Chemical Formula: CyoH3NO,
Molecular Weight: 317.47

FIG. 17: Entry 25

[0401]

OH

1. [Cu(CH,CN)4]PF¢ (8 mol %),
DBED (15 mol %), O, (1 atm),
4h

2. Amine (2.0 equiv.)
then O, (1 atm), 2 h

Chemical Formula: C4H,,0
Molecular Weight: 206.33

Chemical Formula: CooH33NO
Molecular Weight: 411.59
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FIG. 17: Entry 28

[0402]

OH

1. [Cu(CH,CN),]PF (8 mol %),
DBED (15 mol %), O, (1 atm),
4h

2. Amine (2.0 equiv.)
then O, (1 atm), 2 h

Chemical Formula: C4H>»O
Molecular Weight: 206.33

Chemical Formula: CgH»sNO
Molecular Weight: 271.40

FIG. 17: Entry 29 (X—H)

[0403]

OH

1. [Cu(CH,CN)4]PF (8 mol %),
DBED (15 mol %), O, (1 atm),
4h

2. Amine (2.0 equiv.)
then O, (1 atm),2 h

Chemical Formula: C4H>»O
Molecular Weight: 206.3239

Chemical Formula: C1gH>3NO;
Molecular Weight: 297.3914

Mar. 9, 2017

FIG. 17: Entry 29 (X=Me)

[0404]

OH

1. [Cu(CH,CN)4]PFs (8 mol %),
DBED (15 mol %), O, (1 atm),
4h

2. Amine (2.0 equiv.)
then Oy (1 atm),2 h

Chemical Formula: C4H,,0
Molecular Weight: 206.3239

Chemical Formula: C5oH,5NO,
Molecular Weight: 311.43

FIG. 17: Entry 30

[0405]

OH

1. [Cu(CH,CN)4]PFs (8 mol %),
DBED (15 mol %), O, (1 atm),
4h

2. Amine (2.0 equiv.)
then Oy (1 atm),2 h

Chemical Formula: C4H,,0
Molecular Weight: 206.3239

Chemical Formula: CgHx3NOg
Molecular Weight: 313.4570



US 2017/0066711 Al

FIG. 17: Entry 31
[0406]

OH 1. [Cu(CH2CN)4]PFs (8 mol%),
DBED (15 mol%), 05 (1 atm),
41

2. Amine (2.0 equiv.)
then O, (1 atm), 2 h

Chemical Formula: C4H>»O
Molecular Weight: 206.3239

Chemical Formula: C7Hp;NO
Molecular Weight: 257.3706

FIG. 17: Entry 32
[0407)]

OH 1. [Cu(CH,CN)4]PFs (8 mol%),
DBED (15 mol%), 05 (1 atm),
41

2. Amine (2.0 equiv.)
then O, (1 atm), 2 h

Chemical Formula: C4H,,0
Molecular Weight: 206.3239

Chemical Formula: C,;H3NO
Molecular Weight: 313.4769

Mar. 9, 2017
FIG. 17: Entry 33
[0408]
OH 1. [Cu(CH,CN)4]PFg (8 mol%),
DBED (15 mol%), 05 (1 atm),

4h

2. Amine (2.0 equiv.)
then O, (1 atm), 2 h

Chemical Formula: C14H>>O
Molecular Weight: 206.3239

Chemical Formula: C,oHz0N,0,
Molecular Weight: 330.4644

FIG. 17: Entry 34

[0409]

OH 1. [Cu(CH>CN)4]PF¢ (8 mol%),

DBED (15 mol%), O, (1 atm),
4h

2. Amine (2.0 equiv.)
then O, (1 atm), 2 h

Chemical Formula: C14H>>O
Molecular Weight: 206.33

7\
—N
Ne==
O

Chemical Formula: C,oH,5N30
Molecular Weight: 323.44
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FIG. 17: Entry 35
[0410]

OH 1. [Cu(CH,CN)4]PFs (8 mol%),
DBED (15 mol%), 05 (1 atm),
41

2. Amine (2.0 equiv.)
then O, (1 atm), 2 h

Chemical Formula: C4H>»O
Molecular Weight: 206.3239

Chemical Formula: Cy9H»4N>O
Molecular Weight: 308.4174

FIG. 17: Entry 36
[0411]

OH 1. [Cu(CH2CN)4]PFs (8 mol%),
DBED (15 mol%), 05 (1 atm),
41

2. Amine (2.0 equiv.)
then O, (1 atm), 2 h

Chemical Formula: C4H>»O
Molecular Weight: 206.3239

Chemical Formula: Cy9H»4N>O
Molecular Weight: 308.4174

Mar. 9, 2017

FIG. 17: Entry 37

[0412]

OH 1. [Cu(CH,CN)4]PFg (8 mol%),

DBED (15 mol%), O, (1 atm),
4h

2. Amine (2.0 equiv.)
then O, (1 atm), 2 h

Chemical Formula: C4H,,0
Molecular Weight: 206.3239

Chemical Formula: C sHy NO
Molecular Weight: 231.3333

General Procedure F (Benzoxazinones)

[0413] A flame-dried, 25-mL Radley tube, equipped with
a Teflon-coated stir bar and a rubber septum, was charged
with phenol (1.0 mmol, 1.0 equiv.). The reaction vessel was
then purged with a steady stream of N, for 2 min prior to the
addition of dry and degassed CH,Cl, (8.0 mL). A separate,
flame-dried test tube (16x125-ml.) was charged with [Cu
(CH5CN),](PFy) (29.8 mg, 0.08 mmol, 0.08 equiv.), N,N'-
di-tert-butylethelenediamine (25.8 mg, 32.3 pl, 0.15 mmol,
0.15 equiv.), and CH,Cl, (2.0 mL) to afford a homogeneous,
pink solution. This solution was then added to the Radley
tube via syringe to afford a final volume of 10.0 mL and a
concentration of 0.1 M with respect to the phenol. The
rubber septum was then rapidly removed and replaced with
a Radley cap, which was connected to a tank of O, and
pressurized to 1 atm. Under a constant O, pressure (1 atm),
the reaction was vented 3 times for 10 s to eliminate N,. The
reaction mixture was then stirred at room temperature for 4
h, depressurized by opening to the atmosphere, and argon
gas was bubbled through the reaction mixture for 2 minutes
to eliminate O,. Then, a solution of amino methyl ester (2
mmol, 2.0 equiv.) in MeOH (5 ml) was added to the
reaction mixture via a syringe, heated to 50° C., and stirred
for 4 h. The reaction mixture was quenched by the addition
of NaHSO, (20 mL, 10% by weight aqueous solution),
phases were separated, and the aqueous phase was extracted
with CH,Cl, (3x20 mL). The combined organic fractions
were then dried over MgSO,, filtered and concentrated in
vacuo to afford a residue which was analyzed directly by
'H-NMR. The crude reaction mixture was then purified
using a Biotage Isoleram One (10% EtOAc in hexanes) to
afford the benzoxazinone product.
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[0414] The following compounds were produced using
general procedure F:

FIG. 18: Entry 1

[0415]

OH 1. [Cu(CH>CN)4]PF¢ (8 mol%),

DBED (15 mol%), O, (1 atm),
4h

2. amino methyl ester
(2.0 equiv.), MeOH, 50° C.,
4h

Chemical Formula: C4H>»O
Molecular Weight: 206.3239

e}

Chemical Formula: C;7H,3NO,
Molecular Weight: 273.3700

FIG. 18: Entry 2

[0416]

oH
1. [Cu(CH,CN)4]PF (8 mol%),

DBED (15 mol%), O, (1 atm),
4h

2. amino methyl ester
(2.0 equiv.), MeOH, 50° C.,
4h

Chemical Formula: C4H>»O
Molecular Weight: 206.3239

e}

Chemical Formula: CgH»7NO,»
Molecular Weight: 301.43

Mar. 9, 2017

FIG. 18: Entry 3
[0417]

OH 1. [Cu(CH>CN)4]PF¢ (8 mol%),

DBED (15 mol%), O, (1 atm),
4h

2. amino methyl ester
(2.0 equiv.), MeOH, 50° C.,

4h
Chemical Formula: C14H>>O
Molecular Weight: 206.3239
O
NZ
O
Chemical Formula: C5,H,5NO,
Molecular Weight: 335.45
FIG. 18: Entry 4
[0418]
OH 1. [Cu(CH,CN)4]PFg (8 mol%),
DBED (15 mol%), O, (1 atm),
4h

2. amino methyl ester
(2.0 equiv.), MeOH, 50° C.,
4h

Chemical Formula: C4H,,0
Molecular Weight: 206.3239

Chemical Formula: C5oH,oNO,
Molecular Weight: 315.46
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FIG. 18: Entry 5

[0419]

OH 1. [Cu(CH,CN)4]PFs (8 mol%),

DBED (15 mol%), O, (1 atm),
4h

2. amino methyl ester
(2.0 equiv.), MeOH, 50° C.,
4h

Chemical Formula: C4H,,0
Molecular Weight: 206.3239

e}

Chemical Formula: Co4HyoNO3
Molecular Weight: 379.50

FIG. 18: Entry 6

[0420]

OH 1. [Cu(CH2CN)4]PFs (8 mol%),

DBED (15 mol%), O, (1 atm),
4h

2. amino methyl ester
(2.0 equiv.), MeOH, 50° C.,
4h

Chemical Formula: C4H>»O
Molecular Weight: 206.3239

HO

e}

N

Chemical Formula: Cy3H>7NO3
Molecular Weight: 365.4654

Mar. 9, 2017
44
FIG. 18: Entry 7
[0421]
OH 1. [Cu(CH2CN)4]PFs (8 mol%),
DBED (15 mol%), O, (1 atm),

4h

2. amino methyl ester
(2.0 equiv.), MeOH, 50° C.,
4h

Chemical Formula: C14H>>O
Molecular Weight: 206.3239

Chemical Formula: C;oH,7NO,S
Molecular Weight: 333.49

FIG. 18: Entry 8
[0422]

OH 1. [Cu(CH>CN)4]PF¢ (8 mol%),

DBED (15 mol%), O, (1 atm),
4h

2. amino methyl ester
(2.0 equiv.), MeOH, 50° C.,
4h

Chemical Formula: C14H>>O
Molecular Weight: 206.3239

MeO,C

Chemical Formula: C2oH»7NOy4
Molecular Weight: 345.44

General Procedure G (Aminophenol)

[0423] A flame-dried, 25-mL Radley tube, equipped with
a Teflon-coated stir bar and a rubber septum, was charged
with 3,5-di-tert-butylphenol (206.3 mg, 1.0 mmol, 1.0
equiv.). The reaction vessel was then purged with a steady
stream of N, for 2 min prior to the addition of dry and
degassed CH,Cl, (8.0 mL). A separate, flame-dried test tube
(16x125-ml.) was charged with [Cu(CH;CN),|(PF,) (29.8
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mg, 0.08 mmol, 0.08 equiv.), N,N'-di-tert-butylethelenedi-
amine (25.8 mg, 32.3 ul, 0.15 mmol, 0.15 equiv.), and
CH,Cl, (2.0 mL) to afford a homogeneous, pink solution.
This solution was then added to the Radley tube via syringe
to afford a final volume of 10.0 mL and a concentration of
0.1 M with respect to the phenol. The rubber septum was
then rapidly removed and replaced with a Radley cap, which
was connected to a tank of O, and pressurized to 1 atm.
Under a constant O, pressure (1 atm), the reaction was
vented 3 times for 10 s to eliminate N,. The reaction mixture
was then stirred at room temperature for 4 h, depressurized
by opening to the atmosphere, and argon gas was bubbled
through the reaction mixture for 2 minutes to eliminate O,.
Then, amine (2.0 mmol, 2.0 equiv.) was added to the
reaction mixture via a syringe and the reaction mixture was
stirred for 4 h at 50° C. Then, the reaction mixture was
cooled to 0° C., followed by the addition of NaBH,, (95.0 mg
g, 2.0 mmol, 2.0 equiv.) and MeOH (3 mL). The reaction
mixture was warmed to room temperature and stirred for 2
h. Afterwards, the reaction mixture was quenched by the
addition of NaHSO, (20 mL, 10% by weight aqueous
solution), phases were separated, and the aqueous phase was
extracted with CH,Cl, (3x20 mL). The combined organic
fractions were then dried over MgSQO,, filtered and concen-
trated in vacuo to afford a residue which was analyzed
directly by "H-NMR. The crude reaction mixture was then
purified using a Biotage Isolera™ One (15% EtOAc in
hexanes) to afford the N,O-fused acetal product in 78% was
isolated yield.

[0424] The following compounds were produced using
general procedure G:

FIG. 20: Entry 16

[0425]

OH 1. [Cu(CH,CNa)]PFs (8 mol%),

DBED (15 mol%), O, (1 atm),
i, 4h

2. cyclohexylamine
(2.0 equiv.), 50°C., 4 h
3. NaBH, (2.0 equiv.),

Chemical Formula: C g0  MEOHGmL), 0°C.-1t, 2 h

Molecular Weight: 206.3239

Chemical Formula: C2oH33NO
Molecular Weight: 303.4821

Mar. 9, 2017

FIG. 20: Entry 17
[0426]

on 1. [Cu(CH,CNa)|PF (8 mol%),

DBED (15 mol%), O, (1 atm),
i, 4h

2. isopropylamine
(2.0 equiv.), 50°C.,4h
3. NaBHy4 (2.0 equiv.),
MeOH 3 mL),0°C.-1t,2h

PN

OH

Chemical Formula: C14H>>O
Molecular Weight: 206.3239

Chemical Formula: C7HpoNO
Molecular Weight: 263.4183

Scope of Secondary Amine

General Procedure H (Fused N, O-Acetal)
[0427]

on 1. [Cu(CH,CNa)|PF (8 mol%),

DBED (15 mol%), O, (1 atm),
4h

2. pyrrolidine (2.0 equiv.),
1t,4h

Chemical Formula: C14H>>O
Molecular Weight: 206.3239
1

Chemical Formula: CgH»7NO
Molecular Weight: 273.42
13

[0428] A flame-dried, 25-mL Radley tube, equipped with
a Teflon-coated stir bar and a rubber septum, was charged
with 3,5-di-tert-butylphenol (206.3 mg, 1.0 mmol, 1.0
equiv.). The reaction vessel was then purged with a steady
stream of N, for 2 min prior to the addition of dry and
degassed CH,Cl, (8.0 mL). A separate, flame-dried test tube
(16x125-ml.) was charged with [Cu(CH;CN),|(PF,) (29.8
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mg, 0.08 mmol, 0.08 equiv.), N,N'-di-tert-butylethelenedi-
amine (25.8 mg, 32.3 ul, 0.15 mmol, 0.15 equiv.), and
CH,Cl, (2.0 mL) to afford a homogeneous, pink solution.
This solution was then added to the Radley tube via syringe
to afford a final volume of 10.0 mL and a concentration of
0.1 M with respect to the phenol. The rubber septum was
then rapidly removed and replaced with a Radley cap, which
was connected to a tank of O, and pressurized to 1 atm.
Under a constant O, pressure (1 atm), the reaction was
vented 3 times for 10 s to eliminate N,. The reaction mixture
was then stirred at room temperature for 4 h, depressurized
by opening to the atmosphere, and argon gas was bubbled
through the reaction mixture for 2 minutes to eliminate O,.
Then, pyrrolidine (142.2 mg, 164 ul., 2.0 mmol, 2.0 equiv.)
was added to the reaction mixture via a syringe and the
reaction mixture was stirred for 4 h at room temperature. The
reaction mixture was quenched by the addition of NaHSO,
(20 mL, 10% by weight aqueous solution), phases were
separated, and the aqueous phase was extracted with CH,Cl,
(3x20 mL). The combined organic fractions were then dried
over MgSQ.,, filtered and concentrated in vacuo to afford a
residue which was analyzed directly by 'H-NMR. The crude
reaction mixture was then purified using a Biotage Isoleram
One (10% EtOAc in hexanes) to afford the N,O-fused acetal
product in 78% isolated yield.

General Procedure I (Saturated Cyclic N-Arylated Amines)

[0429] Procedure was analogous to general procedure G.
A flame-dried, 25-mL. Radley tube, equipped with a Teflon-
coated stir bar and a rubber septum, was charged with
3,5-di-tert-butylphenol (206.3 mg, 1.0 mmol, 1.0 equiv.).
The reaction vessel was then purged with a steady stream of
N, for 2 min prior to the addition of dry and degassed
CH,Cl, (8.0 mL). A separate, flame-dried test tube (16x125-
ml) was charged with [Cu(CH;CN),](PF,) (29.8 mg, 0.08
mmol, 0.08 equiv.), N,N'-di-tert-butylethelenediamine (25.8
mg, 32.3 uL, 0.15 mmol, 0.15 equiv.), and CH,Cl, (2.0 mL)
to afford a homogeneous, pink solution. This solution was
then added to the Radley tube via syringe to afford a final
volume of 10.0 mL and a concentration of 0.1 M with
respect to the phenol. The rubber septum was then rapidly
removed and replaced with a Radley cap, which was con-
nected to a tank of O, and pressurized to 1 atm. Under a
constant O, pressure (1 atm), the reaction was vented 3 times
for 10 s to eliminate N,. The reaction mixture was then
stirred at room temperature for 4 h, depressurized by open-
ing to the atmosphere, and argon gas was bubbled through
the reaction mixture for 2 minutes to eliminate O,. Then,
amine (2.0 mmol, 2.0 equiv.) was added to the reaction
mixture via a syringe and the reaction mixture was stirred for
12 h at 50° C. Then, the reaction mixture was cooled to 0°
C., followed by the addition of NaBH, (95.0 mg g, 2.0
mmol, 2.0 equiv.) and MeOH (3 mL). The reaction mixture
was warmed to room temperature and stirred for 2 h.
Afterwards, the reaction mixture was quenched by the
addition of NaHSO, (20 mL, 10% by weight aqueous
solution), phases were separated, and the aqueous phase was
extracted with CH,Cl, (3x20 mL). The combined organic
fractions were then dried over MgSQO,, filtered and concen-
trated in vacuo to afford a residue which was analyzed
directly by "H-NMR. The crude reaction mixture was then
purified using a Biotage Isolera™ One (15% EtOAc in
hexanes) to afford the N,O-fused acetal product in 78%
(213.3 mg, 0.78 mmol) was isolated yield.
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[0430] The following compounds were produced using
general procedure I:

FIG. 20: Entry 15

[0431]

OH 1. [Cu(CH,CN4)]PFs (8 mol%),

DBED (15 mol%), O, (1 atm),
i, 4h

2. amine (2.0 equiv.),
50°C.,12h
3. NaBH, (2.0 equiv.),

Chemical Formula: C14H>>O MeOH (3 mL), 0°C. -1, 2h

Molecular Weight: 206.33
OMe

MeO

OH

Chemical Formula: Cy5H35sNO3
Molecular Weight: 397.56

FIG. 20: Entry 18

[0432]

OH 1. [Cu(CH>CN4)]PFs (8 mol%),

DBED (15 mol%), 0, (1 atm),
t,4h

2. piperidine (2.0 equiv.),
50°C.,12h

3. NaBH, (2.0 equiv.),
MeOH (3 mL),0°C. -1t,2h

()

Chemical Formula: C4H,,0
Molecular Weight: 206.3239

OH

Chemical Formula: CoH3;NO
Molecular Weight: 289.4555
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FIG. 20: Entry 19
[0433]

OH 1. [Cu(CH,CN,)]PF¢ (8 mol%),

DBED (15 mol%), O, (1 atm),
,4h

2. morpholine (2.0 equiv.),
50°C.,12h
3. NaBH,4 (2.0 equiv.),

Chemical Formula: Cjqllp0  MEOHG ML), 0°C. -1t 2h

Molecular Weight: 206.3239

()

OH

Chemical Formula: CgHNO,»
Molecular Weight: 291.4284

FIG. 20: Entry 20
[0434]

on 1. [Cu(CH>CNy)]PF (8 mol%),

DBED (15 mol%), O, (1 atm),
,4h

2. pyrrolidine (2.0 equiv.),
50°C.,12h
3. NaBH,4 (2.0 equiv.),

Chemical Formula: Cjqllp0  MEOHG ML), 0°C. -1t 2h

Molecular Weight: 206.3239

()

OH

Chemical Formula: CgHoNO
Molecular Weight: 275.44

General Procedure J (2-Substituted N-Aryl Pyrrolidine)

[0435] A flame-dried, 25-m[. Radley tube, equipped with
a Teflon-coated stir bar and a rubber septum, was charged
with 3,5-di-tert-butylphenol (206.3 mg, 1.0 mmol, 1.0
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equiv.). The reaction vessel was then purged with a steady
stream of N, for 2 min prior to the addition of dry and
degassed CH,Cl, (8.0 mL). A separate, flame-dried test tube
(16x125-ml.) was charged with [Cu(CH;CN),|(PF,) (29.8
mg, 0.08 mmol, 0.08 equiv.), N,N'-di-tert-butylethelenedi-
amine (25.8 mg, 32.3 ul, 0.15 mmol, 0.15 equiv.), and
CH,CI, (2.0 mL) to afford a homogeneous, pink solution.
This solution was then added to the Radley tube via syringe
to afford a final volume of 10.0 mL and a concentration of
0.1 M with respect to the phenol. The rubber septum was
then rapidly removed and replaced with a Radley cap, which
was connected to a tank of O, and pressurized to 1 atm.
Under a constant O, pressure (1 atm), the reaction was
vented 3 times for 10 s to eliminate N,. The reaction mixture
was then stirred at room temperature for 4 h, depressurized
by opening to the atmosphere, and argon gas was bubbled
through the reaction mixture for 2 minutes to eliminate O,.
Then, pyrrolidine (142.2 g, 163.5 pl, 162.0 mmol, 2.0
equiv.) was added to the reaction mixture via a syringe and
the reaction mixture was stirred at room temperature for 4 h.
Then, the reaction mixture was cooled to 0° C., followed by
the addition of Grignard reagents (3.0 mmol, 3.0 equiv.).
The reaction mixture was warmed to room temperature and
stirred for 2 h. Afterwards, the reaction mixture was
quenched by the addition of NaHSO, (20 mL, 10% by
weight aqueous solution), phases were separated, and the
aqueous phase was extracted with CH,Cl, (3x20 mL). The
combined organic fractions were then dried over MgSO,,
filtered and concentrated in vacuo to afford a residue which
was analyzed directly by 'H-NMR. The crude reaction
mixture was then purified using a Biotage Isoleram One
(15% EtOAc in hexanes) to afford the N,O-fused acetal
product in 78% was isolated yield.

[0436] The following compounds were produced using
general procedure JI:

FIG. 20: Entry 1

[0437)]

OH 1. [Cu(CH,CN,)]PFq (8 mol%),

DBED (15 mol%), 0, (1 atm),
t,4h

2. pyrrolidine (2.0 equiv.),
50°C.,4h
3. EtMgBr, 0°C. -1t, 2 1

L

OH

Chemical Formula: C4H,,0
Molecular Weight: 206.3239

Chemical Formula: C2oH33NO
Molecular Weight: 303.49
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FIG. 20: Entry 2

[0438]

OH 1. [Cu(CH,CNy)]PFs (8 mol%),

DBED (15 mol%), O, (1 atm),
,4h

2. pyrrolidine (2.0 equiv.),
50°C.,4h
3. MeMgBr, 0°C. -1t, 2 h

Chemical Formula: C4H>»O
Molecular Weight: 206.3239

SN

OH

Chemical Formula: CoH3 NO
Molecular Weight: 289.46

FIG. 20: Entry 3

[0439]

OH 1. [Cu(CH,CN,)]PF¢ (8 mol%),

DBED (15 mol%), O, (1 atm),
,4h

2. pyrrolidine (2.0 equiv.),
50°C.,4h
3. nBuMgBr, 0°C.-1t, 2 h

Chemical Formula: C4H>»O
Molecular Weight: 206.3239

P

Chemical Formula: C5,H37NO
Molecular Weight: 331.54
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FIG. 20: Entry 4
[0440]

on 1. [Cu(CH,CN)[PF (8 mol%),

DBED (15 mol%), 0, (1 atm),
t,4h

2. pyrrolidine (2.0 equiv.),
50°C.,4h
3. AllyIMgBr, 0°C.-1t, 2 h

O

N

Chemical Formula: C14H>>O
Molecular Weight: 206.3239

OH

Chemical Formula: C,;H33NO
Molecular Weight: 315.50

General Procedure K (N-Aryl Pyrrole)
[0441]

OH

—

. [Cu(CH,CN4)]PFe (8 mol%),
DBED (15 mol%), 0, (1 atm),
t,4h

2. 3-pyrroline (2.0 equiv.), 2 h

Chemical Formula: C14H>>O
Molecular Weight: 206.3239
1

B

OH

Chemical Formula: CgH»sNO
Molecular Weight: 271.3972
15

[0442] A flame-dried, 25-mL Radley tube, equipped with
a Teflon-coated stir bar and a rubber septum, was charged
with 3,5-di-tert-butylphenol (206.3 mg, 1.0 mmol, 1.0
equiv.). The reaction vessel was then purged with a steady
stream of N, for 2 min prior to the addition of dry and
degassed CH,Cl, (8.0 mL). A separate, flame-dried test tube
(16x125-ml.) was charged with [Cu(CH;CN),|(PF,) (29.8
mg, 0.08 mmol, 0.08 equiv.), N,N'-di-tert-butylethelenedi-
amine (25.8 mg, 32.3 ul, 0.15 mmol, 0.15 equiv.), and
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CH,Cl, (2.0 mL) to afford a homogeneous, pink solution.
This solution was then added to the Radley tube via syringe
to afford a final volume of 10.0 mL and a concentration of
0.1 M with respect to the phenol. The rubber septum was
then rapidly removed and replaced with a Radley cap, which
was connected to a tank of O, and pressurized to 1 atm.
Under a constant O, pressure (1 atm), the reaction was
vented 3 times for 10 s to eliminate N,. The reaction mixture
was then stirred at room temperature for 4 h, depressurized
by opening to the atmosphere, and argon gas was bubbled
through the reaction mixture for 2 minutes to eliminate O,.
Then, 3-pyrroline (138.2 mg, 152 pl, 2.0 mmol, 2.0 equiv.)
was added via a syringe and the reaction mixture was stirred
at room temperature for 2 h. The reaction mixture was
quenched by the addition of NaHSO, (20 mL, 10% by
weight aqueous solution), phases were separated, and the
aqueous phase was extracted with CH,Cl, (3x20 mL). The
combined organic fractions were then dried over MgSO,,
filtered and concentrated in vacuo to afford a residue which
was analyzed directly by 'H-NMR. The crude reaction
mixture was then purified using a Biotage Isolera™ One
(15% EtOAc in hexanes) to afford the N, O-fused acetal
product in 89% (241.5 mg, 0.89 mmol) was isolated yield.

OH 1. [Cu(CH,CNy)]PFs (8 mol%),

DBED (15 mol%), O, (1 atm),
,4h

2. isoindoline (2.0 equiv.), 1t, 2 h

Chemical Formula: C4H>»O
Molecular Weight: 206.3239
1

OH

Chemical Formula: C2,H>7NO
Molecular Weight: 321.46
18

[0443] The synthesis was carried out in accordance with
procedure stated above to afford the pure product in 51%
isolated yield.

Synthesis of Lactam from 2-Substituted N-Aryl Pyrrolidine
[0444] A flame-dried 50-mL round-bottomed flask,
equipped with a Teflon stir bar, was charged with 2-substi-
tuted N-aryl pyrrolidine (1 mmol, 1 equiv.), and degassed
CH,C1,:H,O (1:1, 25-mL). Then, sodium periodate (641.7
mg, 3.0 mmol, 3.0 equiv.) was added to the phenol solution
and the reaction was stirred for 4 h. Then, the reaction
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mixture was quenched by the addition of NaHSO,, (10 mL,,
10% by weight aqueous solution), and the phases were
separated, and the aqueous phase was washed with CH,Cl,
(3%x20 mL). The organic fraction was dried over MgSO,,
filtered and concentrated in vacuo to afford a crude residue,
which was purified using flash column chromatography
(silica gel with 15% EtOAc in hexanes as eluant) to afford
a white powder in 95% isolated yield.

[0445] The following compounds were produced accord-
ing to this procedure:

FIG. 20: Entry 8
[0446]

N NalOy (3 equiv)
CH,Cly:H,0 (1:1)

OH -_ .

Chemical Formula: C5,H37NO
Molecular Weight: 331.54
S36

St

OH

Chemical Formula: Cy,H35NO,
Molecular Weight: 345.53

FIG. 20: Entry 9
[0447]

(J

N NalOy (3 equiv)

CH,Cl»:H>O (1:1
OH 2CL:H0 (1:1)

Chemical Formula: C1gHyoNO
Molecular Weight: 275.44
S37
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-continued

s

Chemical Formula: CgH»7NO,»
Molecular Weight: 289.42

FIG. 20: Entry 10

[0448]

N

(0):1 NalOy4 (3 equiv.)
CH,CL:H,0 (1:1)

B ———

Chemical Formula: CjgH3;NO
Molecular Weight: 289.46
S38

Chemical Formula:
CioH20NO,
Molecular Weight: 303.45

tert-Butyl Deprotection:
Regioselective tert-Butyl Deprotection of Benzoxazoles:

AlCl3 (4 equiv.)
_—
PhMe, 40°C.,5h

Chemical Formula: C;1H,;sNO
Molecular Weight: 307.44
3
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-continued

Chemical Formula: C7H;7NO
Molecular Weight: 251.33
6

[0449] A flame-dried 50-ml pressure vessel, equipped
with a Teflon stir bar, was charged with 3 (307.4 mg, 1
mmol, 1 equiv.) and dry, degassed toluene (20 mL). Alumi-
num trichloride (533.3 mg, 4.0 mmol, 4.0 equiv.) was added
to this reaction mixture and the reaction was stirred at 40° C.
for 5 h. The reaction mixture was quenched by the addition
of distilled H,O (20 mL), and the phases were separated.
The aqueous phase was washed with CH,Cl, (3x20 mL).
The combined organic fractions was dried over MgSO,,
filtered and concentrated in vacuo to afford a crude residue,
which was purified using flash column chromatography
(silica gel with 10% EtOAc in hexanes as eluant) to afford
a white powder in 64% isolated yield.

AlCl3 (12 equiv.)
B —
PhMe, 80° C.,2 h

Chemical Formula: C; HysNO
Molecular Weight: 307.44
3

Chemical Formula: Cj3HoNO
Molecular Weight: 195.22
7

[0450] A flame-dried 50-ml pressure vessel, equipped
with a Teflon stir bar, was charged with 3 (307.4 mg, 1
mmol, 1 equiv.) and dry, degassed toluene (40 mL). Alumi-
num trichloride (1.60 g, 12 mmol, 12 equiv.) was added to
this reaction mixture and the reaction was stirred at 80° C.
for 2 h. The reaction mixture was quenched by the addition
of distilled H,O (20 mL), and the phases were separated.
The aqueous phase was washed with CH,Cl, (3x20 mL).
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The combined organic fractions were dried over MgSO,,
filtered and concentrated in vacuo to afford a crude residue,
which was purified using flash column chromatography
(silica gel with 10% EtOAc in hexanes as eluant) to afford
a white powder in 71% isolated yield.

tert-Butyl Deprotection of Aminophenols:

[0451] A flame-dried 25-mL round bottom, equipped with
a Teflon stir bar, was charged with aminophenol (1 equiv.)
and concentrated H;PO,, (2 mL). The reaction mixture was
stirred at 220° C. for 2 h. Then, the reaction was basified
with saturated NaHCO; (20 mL), diluted with EtOAc (25-
ml), phases were separated, and the aqueous phase was
washed with EtOAc (3x20 mL). The combined organic
fractions were dried over MgSO,, filtered and concentrated
in vacuo to afford a crude residue. The material was purified
using flash column chromatography (silica gel with 15%
EtOAc in hexanes as eluant) to afford the pure product.
[0452] The following compounds were produced using
this procedure:

FIG. 20: Entry 5

[0453]

N

oH
H;PO,

T
220°C.

Chemical Formula: CjgH3;NO
Molecular Weight: 289.46
S40

BN

OH

Chemical Formula: CoHsNO
Molecular Weight: 177.25

FIG. 20: Entry 6

[0454]

N

oH
H;PO,

—_—
220°C.

Chemical Formula: C5,H37NO
Molecular Weight: 331.54
S41
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-continued

OH

Chemical Formula: C4HyNO
Molecular Weight: 219.33

FIG. 20: Entry 7

[0455]

()

oH
H;PO,

—_— -
220° C.

Chemical Formula: CgHygNO
Molecular Weight: 275.44
542

(J

OH

Chemical Formula: CoH3sNO
Molecular Weight: 163.22

Cert-Butyl Deprotection of N-Aryl Lactams:

[0456] A flame-dried 25-mL round bottom, equipped with
a Teflon stir bar, was charged with N-aryl lactam (1 equiv.)
and concentrated H;PO, (2 mL). The reaction mixture was
stirred at 220° C. for 2 h. Then, the reaction was basified
with saturated NaHCO; (20 mL), diluted with EtOAc (25-
ml), phases were separated, and the aqueous phase was
washed with EtOAc (3x20 mL). The combined organic
fractions were dried over MgSO,, filtered and concentrated
in vacuo to afford a crude residue. The material was purified
using flash column chromatography (silica gel with 15%
EtOAc in hexanes as eluant) to afford the pure product.
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[0457] The following compounds were produced using
this procedure:

FIG. 20: Entry 11

[0458]

A

OH
H;PO,

_—
220°C.

Chemical Formula: Cy,H35NO,
Molecular Weight: 345.53
543

A

OH

Chemical Formula: C4HoNO,
Molecular Weight: 233.31

FIG. 20: Entry 12

[0459]

AN

OH
H;PO,

B —
220°C.

Chemical Formula: CgH,;oNO,
Molecular Weight: 303.45
S44

AN

OH

Chemical Formula: C; H3NO»
Molecular Weight: 191.23
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FIG. 20: Entry 12

[0460]
A
OH
H3PO4
 m—
220°C.

Chemical Formula: CgH»7NO,»
Molecular Weight: 289.42
545

A

OH

Chemical Formula: C;oH;;NO,
Molecular Weight: 177.20

Scope of Mono-Substituted Phenols (FIG. 26):

[0461] The following compounds were produced accord-
ing to general procedure E:

FIG. 26: Entry 1
[0462]

OH

1. [Cu(CH,CN)4]PF (8 mol %),
DBED (15 mol %), 05 (1 atm), 4 h

2. BnNH; (2.0 equiv.)
then O, (1 atm), 2 h

Chemical Formula: CjoH 40
Molecular Weight: 150.22

Chemical Formula: C,7H,0NO,
Molecular Weight: 399.53



US 2017/0066711 Al Mar. 9, 2017
53

FIG. 26: Entry 2 -continued

[0463]

OH (6]
\

1. [Cu(CH,CN)4]PFs (8 mol %),
DBED (15 mol %), O, (1 atm), 4 h o

2. BnNH,; (2.0 equiv.)

then O, (1 atm), 2 h O O

Chemical Formula: C33H>sNO4

Chemical Formula: CjpH ;60
Molecular Weight: 499.5559

Molecular Weight: 176.26

[0465] The following compounds were were produced
according to general procedure F:

7\
N FIG. 26: Entry 4

[0466]

oH
1. [Cu(CH,CN)4]PFs (8 mol %),

DBED (15 mol %), O, (1 atm),
Chemical Formula: C3;H33NO, 4h
Molecular Weight: 451.5992

2. phenylglycine methyl
ester (2.0 equiv.), MeOH,

50°C.,4h
FIG. 26: Entry 3
Chemical Formula: C;oH;4,0
0464 1ot
L 1 Molecular Weight: 150.22
e}
OH
O
N
1. [Cu(CH,CN)4]PF¢ (8 mol %),
DBED (15 mol %), O, (1 atm), 4 h
2. BnNH,; (2.0 equiv.) o

A then O (1 atm), 2 h

. Chemical Formula: CogH9NO3
Chemical Formula: C13H120, Molecular Weight: 427.54
Molecular Weight: 200.24
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FIG. 26: Entry 5 -continued

[0467)]

O
OH

1. [Cu(CH,CN)4JPF (8 mol %),
DBED (15 mol %), O, (1 atm),
4h

N
F O
O
OMe
2. phenylglycine methyl
ester (2.0 equiv.), MeOH,
50°C.,4h
F
Chemical Formula: C34H>3F,NOs
Chemical Formula: Cj2H;60 Molecular Weight: 563.56
Molecular Weight: 176.26

e}
O FIG. 26: Entry 13
[0469]
O

on 1. [Cu(CH,CN)4]PF¢

(8 mol %), DBED

Ph (15 Mol %), O, (1 atm),
Chemical Formula: C3,H33NO3 4h

Molecular Weight: 479.62
2. phenylglycine methyl

ester (2.0 equiv.), MeOH,

Chemical Formula: 30°C., 4h
) Ci2H, 00
FIG. 26: Entry 6 Molecular Weight:
170.21
[0468]
(0]
OH o
Ph N
1. [Cu(CH,CN)4]PF¢ (8 mol %),
DBED (15 mol %), O, (1 atm),
4h
O Ph
OMe 2. phenylglycine methyl
ester (2.0 equiv.), MeOH, Ph O
50°C.,4h
F
Chemical Formula: Cj3H;;FO, Chemical Formula: C4yH,gNO,

Molecular Weight: 218.23 Molecular Weight: 635.72
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FIG. 26: Entry 14

[0470]

OH

1. [Cu(CH,CN),]PF
(8 mol %), DBED
(15 Mol %), 05 (1 atm),
4h

2. phenylglycine methyl
ester (2.0 equiv.), MeOH,
50°C.,4h

Chemical Formula:
CoHgO
Molecular Weight:
144.17

Chemical Formula: CogHj7NO;3
Molecular Weight: 415.45

[0471] The following compounds were produced accord-

ing to general procedure K:

FIG. 26: Entry 7

[0472]

1. [Cu(CH,CN)4]PF
(8 mol %), DBED
(15 Mol %), O, (1 atm),
i, 4h

OH

2. 3-pyrroline (2.0 equiv.),
1t,2h

Chemical Formula:
CioH 140
Molecular Weight:
150.2176
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-continued

OH =

=z
AN

Chemical Formula: Co4HgNO»
Molecular Weight: 363.50

FIG. 26: Entry 8

[0473]

OH

1. [Cu(CH,CN)4]PF
(8 mol %), DBED
(15 Mol %), O (1 atm),

1t,4h
2. 3-pyrroline (2.0 equiv.),
1t,2h
Chemical Formula:
CiH;60
Molecular Weight:
176.2548

z
AN

Chemical Formula: CogH33NO»
Molecular Weight: 415.5671
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FIG. 26: Entry 9

[0474]

OH

1. [Cu(CH,CN)]PF
(8 mol %), DBED

OMe (15 Mol %), O, (1 atm),
1t,4h
2. 3-pyrroline (2.0 equiv.),
1t,2h
Chemical Formula:
Ci3H20
Molecular Weight:
200.2332
OH
OMe
O

Chemical Formula: C3gHasNO4
Molecular Weight: 463.5238

FIG. 26: Entry 10

[0475]

OH 1 [Cu(CHLON),JPF,

(8 mol %), DBED
(15 Mol %), O (1 atm),
i, 4h

2. 3-pyrroline (2.0 equiv.),
1t,2h

Chemical Formula:
CioH140
Molecular Weight:
150.22

OH

Chemical Formula: CosHaoNO;

Molecular Weight: 363.50

Mar. 9, 2017
FIG. 26: Entry 11
[0476]
OH 1. [Cu(CH,CN)4]PF¢
(8 mol %), DBED
(15 Mol %), O5 (1 atm),
1t,4h
2. 3-pyrroline (2.0 equiv.),
1,2h
Chemical Formula:
CoH 120
Molecular Weight:
136.19
OH =

Chemical Formula: C,,H,5NO,
Molecular Weight: 335.45

FIG. 26: Entry 12

[0477]
1. [Cu(CH,CN)4]PFg
OH (8 mol %), DBED
(15 Mol %), O, (1 atm),
Ph 1,4 h
2. 3-pyrroline (2.0 equiv.),
1,2 h
Chemical Formula:
Ci3H20
Molecular Weight:
184.24

Ph

Ph

Chemical Formula: C43H35NO3
Molecular Weight: 613.76
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FIG. 26: Entry 15

[0478]

1. [Cu(CH,CN),]PF
(8 mol %), DBED
o (15 Mol %), 0 (1 atm),

1,4 h
2. 3-pyrroline (2.0 equiv.),
1,2 h
Chemical Formula:
CoHgO
Molecular Weight:
144.17

&

OH

Chemical Formula: C,4H7NO,
Molecular Weight: 351.41

Multi C—H Functionalization:

[0479] The following compounds were also produced
according to general procedure E:

OH
1. [Cu(CH,CN),4]PF¢
(8 mol %), DBED
(15 Mol %), O5 (1 atm),
4h
2. 4-(aminomethyl)pyridine
BocHN (2.0 equiv.) then O,
(latm),2h
e}
Chemical Formula:
Cy5H2 NO4
Molecular Weight:
279.34
38
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-continued

BocN

O

Chemical Formula: CyHy N304
Molecular Weight: 379.42
39

FIG. 28: Entry la

[0480]
OH
1. [Cu(CH,CN)4]PF¢
(8 mol %), DBED
(15 Mol %), O, (1 atm),
4h
2. BnNH; (2.0 equiv.) then
TsHN 0, (1 atm), 2h
e}
Chemical Formula:
Cy7H, NO;S
Molecular Weight:
319.4185
546

TsN

Chemical Formula:
CgHoN>038
Molecular Weight:
418.51
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FIG. 28: Entry 2a -continued
[0481]
OH I} \
1. [Cu(CH,CN)4]PF¢ N
(8 mol %), DBED
(15 Mol %), O, (1 atm),
4h
2. BaNIL (2.0 equiv.) then PhN
HO 0, (latm),2h
¢}
Chemical Formula: Chemical F .
CoH 105 ecrmc}ell I\?r(r)nu a:
Molecular Weight: 231187722
166.2170 Molecular Weight:
547 354.4012
FIG. 28: Entry 3a'
7\
N
OH
o 1. [Cu(CH,CN)4]PF¢
(8 mol %), DBED
(15 Mol %), O, (1 atm),
4h
Chemical Formula: % 2. BnNH; (2.0 equiv.) then
C7HsNO, 0O, (1latm),2h
Molecular Weight:
265.3065 0
Cl
Chemical Formula: CjgHCINO»
Molecular Weight: 289.76
FIG. 28: Entry 3a 549
[0482]
OH
1. [Cu(CH,CN)4]PF¢
(8 mol %), DBED I}
(15 Mol %), O, (1 atm), \
4n N
PLEN 2. BnNH; (2.0 equiv.) then a
Oy (1 atm),2h
N
e}
Chemical Formula:
Ci6H7NO> Y
Molecular Weight: Chemical Formula: Cy3H;7CIN,O,
255.3117

Molecular Weight: 388.85
548
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[0483] The following compounds were produced accord-
ing to general procedure F:

FIG. 28: Entry 1b

[0484]
OH
1. [Cu(CH,CN)4]PF¢
(8 mol %), DBED
(15 Mol %), O, (1 atm),
4h
2. phenylglycine methyl
TsHN. ester (2.0 equiv.), MeOH
50°C.,4h
Chemical Formula:
Cy7H3NO;S
Molecular Weight:
319.42
e}
O
N
TsN
Chemical Formula: Co5HoN>04S
Molecular Weight: 446.52
FIG. 28: Entry 2b
[0485]
OH 1. [Cu(CH>CN)4]PF4(8 mol%),
DBED (15 mol%), O,(1 atm),
4h
2. phenylglycine methyl
ester (2.0 equiv.), MeOH,
50°C.,4h
HO.

Chemical Formula: C;gH 40,
Molecular Weight: 166.2170

Mar. 9, 2017

-continued

Chemical Formula: CgH;sNO3;
Molecular Weight: 293.3166

FIG. 28: Entry 3b

[0486]
OH 1. [Cu(CH,CN)4]PF4(8 mol%),
DBED (15 mol%), Oa(1 atm),
4h
2. phenylglycine methyl
ester (2.0 equiv.), MeOH,
50°C.,4h
PhHN
¢}
Chemical Formula: C;¢H;7NO,
Molecular Weight: 255.32
e}
O
PhN
O

Chemical Formula: Co4H gN,O3
Molecular Weight: 382.42
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[0487] The following compounds were produced accord-
ing to general procedure K:

FIG. 28: Entry 1c

[0488]
OH 1. [Cu(CH>CN)4]PF4(8 mol%),
DBED (15 mol%), O,(1 atm),
1t,4h
2. 3-pyrroline (2.0 equiv.),
1t,2h
TsHN.
e}
Chemical Formula: Cj7H;NO3S
Molecular Weight: 319.42
OH =
vt
TsN

Chemical Formula: Cy H>N>03S
Molecular Weight: 382.48

FIG. 28: Entry 2¢

[0489]
o1 1. [Cu(CH,CN)4]PF4(8 mol%),
DBED (15 mol%), O,(1 atm),
1t,4h
2. 3-pyrroline (2.0 equiv.),
1t,2h
HO.

Chemical Formula: CjoH 405
Molecular Weight: 166.22

OH =

Chemical Formula: C4H;5NO,
Molecular Weight: 299.28

Mar. 9, 2017

FIG. 28: Entry 3c

[0490]
OH 1. [Cu(CH>CN)4]PF4(8 mol%),
DBED (15 mol%), O,(1 atm),
1t,4h
2. 3-pyrroline (2.0 equiv.),
1t,2h
PhHN
e}
Chemical Formula: C;¢H;7NO,
Molecular Weight: 255.32
OH =
vt
PhN

¢}

Chemical Formula: C2oHgN>O»
Molecular Weight: 318.38

[0491] The following compounds were produced accord-
ing to general procedure I:

FIG. 28: Entry 1d

[0492]

o1 1. [Cu(CH,CN)4]PF4(8 mol%),

DBED (15 mol%), O(1 atm),
,4h

2. pyrrolidine (2.0 equiv.),
50°C.,4h
3. NaBHy4 (2.0 equiv.),

TsHN MeOH (3mL), 0°C.-1t, 2 h

Chemical Formula: C;7H;;NO3S
Molecular Weight: 319.42

OH

TsN

Chemical Formula: Cy HygN>03S
Molecular Weight: 386.51
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FIG. 28: Entry 2d

[0493]
o1 1. [Cu(CH,CN)4]PF¢(8 mol%),
DBED (15 mol%), O»(1 atm),
1t,4h
2. pyrrolidine (2.0 equiv.),
50°C.,4h
3. NaBH, (2.0 equiv.),
HO. MeOH (3 mL),0°C. -1t,2h
Chemical Formula: C;gH 40,
Molecular Weight: 166.2170
OH
N
O

Chemical Formula: C4HgNO,»
Molecular Weight: 233.31

FIG. 28: Entry 3d
[0494]
OH 1. [Cu(CH2CN)4]PF4(8 mol%),

DBED (15 mol%), O5(1 atm),
,4h

2. pyrrolidine (2.0 equiv.),
50°C.,4h
3. NaBHy4 (2.0 equiv.),
PhHIN MeOH (3 mL),0°C. -1t, 2 h
e}

Chemical Formula: C1gH;7NO;
Molecular Weight: 255.3117

OH

PhN

¢}

Chemical Formula: C5oH7,N,0,
Molecular Weight: 322.4009

Mar. 9, 2017

Scope of Phenol (Di-Substituted Phenols):

[0495] The following compounds were produced accord-
ing to general procedure E:

FIG. 23: Entry 1

[0496]

OH

1. [Cu(CH,CN)4]PF(8 mol%),
DBED (15 mol%), O5(1 atm),
4h

2. BnNH,(2.0 equiv.)
Cl then O,(1 atm), 2 h

Chemical Formula: C1gH;¢CLL,O
Molecular Weight: 295.20
19

N/:/
(6]
Cl +
Cl

Chemical Formula: Co3HoCL,NO
Molecular Weight: 396.31

27
:\\N
O,
Cl
Cl

Chemical Formula: Co3HgCILNO
Molecular Weight: 396.31
25
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FIG. 23: Entry 2

[0497]
OH
1. [Cu(CH,CN)4]PF (8 mol%),
DBED (15 mol%), O,(1 atm),
4h
2. BnNH,(2.0 equiv.)
Cl then Ox(1 atm), 2 h
Chemical Formula: CgH4CIFO
Molecular Weight: 278.75
20
Ne==
O
F +
Cl

Chemical Formula: Cy3HoCIFNO
Molecular Weight: 379.86
28

Cl

Chemical Formula: Cy3HgCIFNO

Molecular Weight: 379.86
26

FIG. 23: Entry 3
[0498]

OH

1. [Cu(CH,CN)4]PFg(8 mol%),
DBED (15 mol%), O(1 atm),
4h

2. BnNH,(2.0 equiv.)
then Ox(1 atm), 2 h

Chemical Formula: C7H500
Molecular Weight: 240.35

62
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-continued

Chemical Formula: C24H>3NO
Molecular Weight: 341.45

[0499] The following compounds were produced accord-
ing to general procedure K:

FIG. 23: Entry 4

[0500]
OH
1. [Cu(CH,CN)4]PF(8 mol%),
DBED (15 mol%), O,(1 atm),
2. 3-pyrroline (2.0 equiv.
MeO PY. (2.0 equiv.)

1t,2h
Chemical Formula: C,,H;,0,
Molecular Weight: 318.42

)

N

OH

MeO

Chemical Formula: Co¢H,5NO,
Molecular Weight: 383.49

FIG. 23: Entry 5

[0501]
OH
cl 1. [Cu(CH,CN)4]PF4(8 mol%),
DBED (15 mol%), O,(1 atm),
1t,4h
2. 3-pyrroline (2.0 equiv.)
MeO' 1t,2h

Chemical Formula: CoH4C1,0;
Molecular Weight: 345.22
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-continued

0 O

N

N
OH
Cl

gy

-continued

Cl  MeO

Chemical Formula: Cy3H7CLLNO, Chemical Formula: C2,Hz/NOSi,
Molecular Weight: 387.71

Molecular Weight: 410.29

FIG. 23: Entry 8
FIG. 23: Entry 6

[0504]
[0502]
OH
1. [Cu(CH,CN)4PFq (8 mol %),

OH DBED (15 mol %), O (1 atm),

1. [Cu(CH,CN),JPF4(8 mol%), cl t4h
DBED (15 mol%), Ox(1 atm), 2. 3-pyrroline (2.0 equiv.),

1t,4h 1,2 h

\Si Si/ 2. 3-pyrroline (2.0 equiv.)
t,2h
/\ /\ a

Chemical Formula: C1gH;¢CLL,O

Chemical Formula: Cj3H,08i,
Molecular Weight: 238.48 Molecular Weight: 295.20
N
OH , HO
OH cl cl

\Si Si/
/\ /\ o o

Chemical Formula: CgHysNOSi, ) )
Molecular Weight: 303.55 Chemical Formula: C,oHoCl,NO Chemical Formula: CooHoCLLNO
Molecular Weight: 360.28 Molecular Weight: 360.28
S50 S51

FIG. 23: Entry 7
FIG. 23: Entry 9

[0503] 10505]

OH

oH
1. [Cu(CH,CN)4]PFg (8 mol %),
1. [Cu(CH>CN)4]PFg(8 mol%), DBED (15 mol %), O, (1 atm),
L J DBED (15 mol%), Ox(1 atm), F .4
g g 4k 2. 3-pyrroline (2.0 equiv.),
, > <{ ,2h

2. 3-pyrroline (2.0 equiv.)
1t,2h

Cl

Chemical Formula: CgH3408i, Chemical Formula: CgH¢CIFO
Molecular Weight: 322.64 Molecular Weight: 278.75
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-continued -continued

N
OH + HO
F F
(0]
NZ
Cl Cl 0 N
Chemical Formula: CooH 1oCIFNO Chemical Formula: Cy0HgCIFNO cl
Molecular Weight: 343.83 Molecular Weight: 343.83
S52 S53
Cl

FIG. 23: Entry 10
[0506] Chemical Formulal: CpqH 1oCLNO,
Molecular Weight: 424.32
S54

1. [Cu(CH,CN)4]PFs (8 mol %),

DBED (15 mol %), O, (1 atm),
1t,4h
2. 3-pyrroline (2.0 equiv.),
1t,2h
MeO O,
\ N
Chemical Formula: C7H390»
Molecular Weight: 256.35 o)
/i\ Cl
N
OH
Cl

Chemical Formula: CoyH9CI,NO»
Molecular Weight: 424.32

S55
MeO
Chemical Formula: C;Hy3NO,
Molecular Weight: 321.42 FIG. 23: Entry 12
[0509]

[0507] The following compounds were produced accord-
ing to general procedure F:

FIG. 23: Entry 11

[0508]
OH
o 1. [Cu(CH,CN)4]PFs (8 mol %),
0,

1. [Cu(CH,CN)4]PF¢ (8 mol %), F EEED (15 mol %), 0, (1 atm),

DBED (15 mol %), O, (1 atm),
Cl 4h 2. phenylglycine methyl ester
- (2.0 equiv.), MeOH,

2. phenylglycine methyl ester 50°C..4h
(2.0 equiv.), MeOH, ’
50°C.,4h Cl

Cl Chemical Formula: CgH;¢CIFO

Chemical Formula: CgHeCLO Molecular Weight: 278.75

Molecular Weight: 295.20
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-continued

z
o A
o)
5] O

Chemical Formula: Co4H 1oCIFNO;
Molecular Weight: 407.87
S56

/
Z

Cl

Chemical Formula: Co4H9gCIFNO;
Molecular Weight: 407.87
S57

FIG. 23: Entry 13

[0510]

oH
1. [Cu(CH,CN)4]PFs (8 mol %),
DBED (15 mol %), O, (1 atm),
4h

2. phenylglycine methyl ester
(2.0 equiv.), MeOH,
50°C.,4h

MeO

Chemical Formula: C;7H,00,
Molecular Weight: 256.35

Mar. 9, 2017
65
-continued
N ©
(0]
MeO

Chemical Formula: CsH>3NO3
Molecular Weight: 385.46

FIG. 23: Entry 14

[0511]

1. [Cu(CH,CN)4]PF¢
(8 mol %),
DBED
(15 mol %),
0O, (1 atm),
4h

OH

2. phenylglycine
methyl ester
(2.0 equiv.),
MeOH,
50°C.,4h

MeO

Chemical Formula: C2H»,05
Molecular Weight: 318.42

MeO

Chemical Formula: C30H,;5NO3
Molecular Weight: 447.53
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[0512] The following compounds were produced accord- -continued
ing to general procedure E:
FIG. 23: Entry 15
[0513] Ne== o {
X(/O‘ + ><(/N‘
1. [Cu(CH,CN),]PF4 MeO MeO
OH
(8 mol %), )
DBED Chemical Formula: C_24H23N02 Chemical Formula: Co4Hy3NO»
(15 mol %), Molecular ‘;Vseé@t- 35745 Molecular Weight: 357.45
0; (1 atm), 59
4h
2. BnNH,
(2.0 equiv.)
then O; Scheme 9b
(1atm),2h =

Chemical Formula: C14H,0O

OH

Molecular Weight: 204.31 1. [Cu(CH,CN)4]PF¢
(8 mol %), DBED
(15 mol %), O,
(1 atm),4 h

2. BnNH, (2.0 equiv.)
then O, (1 atm),2 h
MeO

Chemical Formula: C2,H»,0,
Molecular Weight: 318.42

N/:’
O
+
Chemical Formula: C,;HysNO
Molecular Weight: 305.42
MeO

Chemical Formula: Cy0H,5NO,
Molecular Weight: 419.52
S60

Scheme 9a

1. [Cu(CH,CN),4]PF¢ o)
(8 mol %), \
DBED N
(15 mol %),
0O, (1 atm),
4h

2. BnNH,
(2.0 equiv.) McO
then O, (1 atm),
2h Chemical Formula: C59H,5NO,
Molecular Weight: 419.52
S61

OH

MeO

Chemical Formula: C7H390»
Molecular Weight: 256.35
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-continued

1. [Cu(CH,CN)4]PF¢
(8 mol %), DBED
(15 mol %), O,

(1 atm),4h

_—

2. BnNH,; (2.0 equiv.)
then O, (1 atm),2 h
Cl  MeO
Chemical Formula: CgH 4CL,0,
Molecular Weight: 345.22

N/:/
O
Cl
+
Cl  MeO

Chemical Formula: CogH 7CI,NO»
Molecular Weight: 446.33
S62

Cl  MeO
Chemical Formula: CogH 7CILNO,

Molecular Weight: 446.33
563

Confirmation of Regiochemistry:

3,5-Di-Substituted Phenols

[0514] As can be seen in FIG. 24: (a) 3,5-Di-Substituted
phenols, 19 and 20, afford two regio-wasomeric quinones
resulting in two benzoxazoles; and (b) 29 produces one
quinone intermediate and produces one benzoxazole
wasomer.

General Procedure L (ortho-Oxygenation)

[0515] A flame-dried, 25-m[ Radley tube, equipped with
a Teflon-coated stir bar and a rubber septum, was charged
with phenol (1.0 mmol, 1.0 equiv.). The reaction vessel was
then purged with a steady stream of N, for 2 min prior to the
addition of dry and degassed CH,Cl, (8.0 mL). A separate,
flame-dried test tube (16x125-ml.) was charged with [Cu
(CH;CN),L](PFy) (29.8 mg, 0.08 mmol, 0.08 equiv.), N,N'-
di-tert-butylethelenediamine (25.8 mg, 32.3 pl, 0.15 mmol,
0.15 equiv.), and CH,Cl, (2.0 mL) to afford a homogeneous,
pink solution. This solution was then added to the Radley

Mar. 9, 2017
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tube via syringe to afford a final volume of 10.0 mL and a
concentration of 0.1 M with respect to the phenol. The
rubber septum was then rapidly removed and replaced with
a Radley cap, which was connected to a tank of O, and
pressurized to 1 atm. Under a constant O, pressure (1 atm),
the reaction was vented 3 times for 10 s to eliminate N,. The
reaction mixture was then stirred at room temperature for 4
h, depressurized by opening to the atmosphere, quenched by
the addition of NaHSO, (20 mL, 10% by weight aqueous
solution), phases were separated, and the aqueous phase was
extracted with CH,Cl, (3x20 mL). The combined organic
fractions were then dried over MgSQO,, filtered and concen-
trated in vacuo to afford a residue which was analyzed
directly by "H-NMR. The crude reaction mixture was then
purified using a Biotage Isolera™ One (15% EtOAc in
hexanes) to afford the quinone product.

[0516] The following compounds were produced accord-
ing to general procedure L:

OH

[Cu(CH,CN)4]PF (8 mol%),
DBED (15 mol%), O, (1 atm),
i, 4h

Chemical Formula: C7H,,0
Molecular Weight: 240.35

Cl

Chemical Formula: C7H 50>
Molecular Weight: 254.33

OH

Cl
[Cu(CH,CN)4]PF¢ (8 mol%),
DBED (15 mol%), O, (1 atm),

1t,4h
Cl
Chemical Formula: CgH;,CL,0
Molecular Weight: 295.20
e}
O
Cl
+
Cl

Chemical Formula: C;¢H4CLO,
Molecular Weight: 309.19
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-continued

Cl

Cl

Chemical Formula: C;¢H4CL,0,
Molecular Weight: 309.19

OH
Cl
[Cu(CH,CN)4]PF¢ (8 mol%),
DBED (15 mol%), O» (1 atm),
1t,4h
F
Chemical Formula: C;¢HcCIFO
Molecular Weight: 278.75
e}
O
Cl
+
F
Chemical Formula: CgH4CIFO,
Molecular Weight: 292.73
e}

Cl

F

Chemical Formula: CgH4CIFO,
Molecular Weight: 292.73

General Procedure M (ortho-Quinone to Benzoxazole)

[0517] A flame-dried, 25-ml Radley tube, equipped with
a Teflon-coated stir bar and a rubber septum, was charged
with quinone (1.0 mmol, 1.0 equiv.), [Cu(CH;CN),|(PFy)
(29.8 mg, 0.08 mmol, 0.08 equiv.), and CH,Cl, (10 mL).
The reaction vessel was then purged with a steady stream of
N, for 2 min prior to the addition of N,N'-di-tert-butylethe-
lenediamine (25.8 mg, 32.3 ul, 0.15 mmol, 0.15 equiv.) and
benzylamine (214.3 mg, 2.0 mmol, 2.0 equiv.). The rubber
septum was then rapidly removed and replaced with a
Radley cap, which was connected to a tank of I, and
pressurized to 1 atm. Under a constant O, pressure (1 atm),
the reaction was vented 3 times for 10 s to eliminate N,. The
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reaction mixture was then stirred at room temperature for 2
h, depressurized by opening to the atmosphere, quenched by
the addition of NaHSO, (20 mL, 10% by weight aqueous
solution), phases were separated, and the aqueous phase was
extracted with CH,Cl, (3x20 mL). The combined organic
fractions were then dried over MgSQO,, filtered and concen-
trated in vacuo to afford a residue which was analyzed
directly by *H-NMR. The crude reaction mixture was then
purified using a Biotage Isoleram One (15% EtOAc in
hexanes) to afford the benzoxazole product.

[0518] The following compounds were produced accord-
ing to general procedure M:

cl
[Cu(CH,CN)4]PF (8 mol%),
DBED (15 mol%), 0, (1 atm),

BnNH, (2 equiv.),
Cl it,2h

Chemical Formula: C¢H 4Cl,0»
Molecular Weight: 309.19

Ph

N%<
O
Cl

Cl

Chemical Formula: Co3HoCLLNO
Molecular Weight: 396.31

e}
O,
Cl
[Cu(CH,CN)4]PF¢ (8 mol%),
DBED (15 mol%), O, (1 atm),
Cl BnNHj; (2 equiv.),
t,2h
Chemical Formula: C¢H 4Cl,0»
Molecular Weight: 309.19
Ph
>§N
O,
Cl
Cl

Chemical Formula: C>3H¢CI,NO
Molecular Weight: 396.31
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[Cu(CH,CN)4]PF (8 mol%),
DBED (15 mol%), 0, (1 atm),

BnNH, (2 equiv.),

Cl
1,2h
Chemical Formula: C;¢H4CIFO,
Molecular Weight: 292.73
Ph
N;<
O
F
Cl

Chemical Formula: Cy4HoCIFNO
Molecular Weight: 379.86

[Cu(CH,CN),]PF (8 mol%),
DBED (15 mol%), O, (1 atm),

BnNH; (2 equiv.),

Cl
1t,2h
Chemical Formula: CgH4CIFO,
Molecular Weight: 292.73
Ph
>:N
O,
F
Cl

Chemical Formula: Cy4HoCIFNO
Molecular Weight: 379.86

General Procedure N (ortho-Quinone to Benzoxazinone)

[0519] A flame-dried, 25-ml. round bottom flask,
equipped with a Teflon-coated stir bar and a rubber septum,
was charged with the quinone (1.0 mmol, 1.0 equiv.),
phenylglycine methyl ester (330.4 g, 2.0 mmol, 2.0 equiv.),
and CH,C1,:MeOH (1:1, v/v, 10 mL). The reaction vessel
was capped, and was purged with a steady stream of N, for
2 min to eliminate O,. The reaction mixture was then stirred
50° C. for 4 h, quenched by the addition of NaHSO,, (20 mL,
10% by weight aqueous solution), phases were separated,
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and the aqueous phase was extracted with CH,Cl, (3x20
mL). The combined organic fractions were then dried over
MgSO,, filtered and concentrated in vacuo to afford a
residue which was analyzed directly by 'H-NMR. The crude
reaction mixture was then purified using a Biotage Isoleram
One (10% EtOAc in hexanes) to afford the benzoxazinone
product.

[0520] The following compounds were produced accord-
ing to general procedure N:

Cl

[Cu(CH,CN),]PF (8 mol%),
DBED (15 mol%), O, (1 atm),

phenylglycine methyl ester
(2 equiv.), 1t,2 h

Cl

Chemical Formula: C¢H 4Cl,0»
Molecular Weight: 309.19

P

A

h
O
(0]
Cl
Cl

Chemical Formula: Co4H;oC,NO,
Molecular Weight: 424.32

Cl

[Cu(CH,CN)4]PFg (8 mol%),
DBED (15 mol%), O, (1 atm),

phenylglycine methyl ester
(2 equiv.), 1t,2 h

Cl

Chemical Formula: C;¢H4CL,0,
Molecular Weight: 309.19

O

Cl

Chemical Formula: Co4H;oC,NO,
Molecular Weight: 424.32
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[Cu(CH,CN),]PF (8 mol%),
DBED (15 mol%), O, (1 atm),

phenylglycine methyl ester
(2 equiv.), 1t,2 h

Cl

Chemical Formula: CgH4CIFO,
Molecular Weight: 292.73

Ph
(6]
N
(6]
F
Cl

Chemical Formula: Co4H9gCIFNO,
Molecular Weight: 407.87

[Cu(CH,CN),]PF (8 mol%),
DBED (15 mol%), O, (1 atm),

phenylglycine methyl ester
(2 equiv.), 1t,2 h

Cl

Chemical Formula: CgH4CIFO,
Molecular Weight: 292.73

Cl

Cl

Chemical Formula: Cy4HgCI[,NO,
Molecular Weight: 424.32
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Intramolecular Cyclization to Benzoxazole

[0521]

OH

MsCl, DIPEA
_— Y =

Chemical Formula: C17H,00
Molecular Weight: 240.35

OMs

Chemical Formula: CgH»,03S
Molecular Weight: 318.43

[0522] A flame-dried 50-mL round bottom flask, equipped
with a Teflon coated stir bar, was charged with phenol 29
(240.4 mg, 1 mmol, 1.0 equiv.) and CH,CL, (20 mL). Using
a syringe, methanesulfonyl chloride (116 pl, 171.8 mg, 1.5
mmol, 1.5 equiv.) and N,N-diwasopropylethylamine (350
ul, 258.0 mg, 2.0 mmol, 2.0 equiv.) were added, and the
reaction mixture was stirred overnight at room temperature.
Then, the reaction mixture was quenched by the addition of
distilled H,O (20 mL), and diluted with EtOAc (100-mL).
Then, the phases were separated and the organic phase was
washed with brine (3x50-mL). The organic fraction was
dried over MgSO,, filtered and concentrated in vacuo to
afford a crude residue, which was purified using flash
column chromatography (silica gel with 15% EtOAc in
hexanes as eluant) to afford a white powder in 99% isolated
yield.

OMs
Pd(OAc); (1 mol %),

tBuBrettPhos (2.2 mol %),
Cs;CO3 (1.4 equiv.),

benzamide (1.4 equiv.),
H,0 (8 mo %),
110°C,12h

Chemical Formula: CgH»,03S
Molecular Weight: 318.43
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Chemical Formula: C24H>sNO
Molecular Weight: 343.47

[0523] SXX was synthesized using a modified procedure
reported by Buchwald et al.: Dooleweerdt, K.; Fors, B. P.;
Buchwald, S. L. Org. Lett. (2010), 12, 2350-2353. A flame-
dried 25-mL pressure vessel, equipped with a Teflon coated
stir bar, was charged with mesylate (318.4 mg, 1.0 mmol, 1
equiv.), Pd(OAc)2 (2.2 mg, 0.01 mmol, 1.0 mol %), tBu-
BrettPhos (10.7 mg, 0.022 mmol, 2.2 mol %), Cs,CO;,
(456.1 mg, 1.4 mmol, 1.4 equiv.), benzamide (170.0 mg, 1.4
mmol, 1.4 equiv.) distilled H,O (2.0 pL, 0.08 mmol, 8 mol
%) and tert-butanol (15 mL). The reaction mixture was
sealed and stirred overnight at 110° C. Then, the reaction
mixture was quenched by the addition of distilled H,O (20
mL), and diluted with EtOAc (100-mL). Then, the phases
were separated and the organic phase was washed with brine
(3x50-mL). The organic fraction was dried over MgSO,,
filtered and concentrated in vacuo to afford a crude residue,
which was purified using flash column chromatography
(silica gel with 20% EtOAc in hexanes as eluant) to afford
a white powder in 75% isolated yield.

Ph

.

Cu(OTH), (50 mol %),
140°C., 72 h

Chemical Formula: Co4HysNO
Molecular Weight: 343.47

Chemical Formula: Co4Hp3NO
Molecular Weight: 341.45
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[0524] Phenols were synthesized using a modified proce-
dure reported by Nagasawa et al.: Ueda, S.; Nagasawa, H.
Angew. Chem. Int. Ed. (2008), 129, 6511-6513 A flame-
dried 25-mL Radley tube, equipped with a Teflon coated stir
bar, was charged with 32 (100 mg, 0.29 mmol, 1 equiv.),
Cu(OTHf), (52.6 mg, 0.3 mmol, 50 mol %), o-xylene (1.0
mL). The reaction vessel was capped, pressurized with O, (1
atm) and heated to 140° C. whilst stirring for 3 days (72 h).
The reaction mixture was depressurized, cooled to room
temperature and diluted with distilled H,O (20 mL) and
CH,CI1, (30 mL). The phases were then separated and the
aqueous phase was extracted with CH,Cl, (3x20 mL). The
combined organic fractions were then dried over MgSO,,
filtered and concentrated in vacuo to afford a crude residue,
which was purified using flash column chromatography (5%
EtOAc in hexanes) to afford SXX (61.6 mg, 0.18 mmol)
compound in 62% yield.

3,5-Di-Substituted Phenols with ortho-Methoxyphenyl Sub-
stituent

[0525] Substrates with ortho-methoxy phenyl substituent
produce a single ortho-quinone intermediate, but generates
two regioisomeric benzoxazoles. This suggest that the amine
condenses with both carbonyl moiety, but shows preference
with the least hindered carbonyl.

[0526] See FIG. 1: Confirmation of regiochemwastry for
phenols with 3-(ortho-methoxy) phenyl substituent

ortho-Oxygenation

[Cu(CH,CN),]PF
oH (8 mol %),
DBED
(15 mol %),
0; (1 atm),
i, 4h

_—

MeO

Chemical Formula: C;7H,00,
Molecular Weight: 256.35

MeO

Chemical Formula: C;7Hg03
Molecular Weight: 270.33

[0527] The synthesis was carried out in accordance with
general procedure L. using 33 (256.3 mg, 1.0 mmol, 1.0
equiv) to afford the pure product in 78% isolated yield.
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ortho-Quinone to Benzoxazole

OH [Cu(CH,CN)4]PF,

(8 mol %),
DBED Q

(15 mol %), o

05 (1 atmy),
1t,4h [Cu(CH,CN)4]PF¢ (8 mol %),

- DBED (15 mol %), O, (1 atm),
BnNH; (2 equiv.),
MeO 2 h
Chemical Formula: Cy,H,0, MeO
Molecular Weight: 318.42 Chemical Formula: Cy7H ;503
Molecular Weight: 270.33
e}

Ph Ph

’ -y —~

(0] N
+
MeO
Chemical Formula: C25H903
Molecular Weight: 332.40 MeO' MeO'

Chemical Formula: Cy4H3NO, Chemical Formula: C,4Hy3NO,
Molecular Weight: 357.45 Molecular Weight: 357.45
[0528] The synthesis was carried out in accordance with
general procedure L. using S25 (318.4 mg, 1.0 mmol, 1.0
equiv) to afford the pure product in 92% isolated yield. [0530] The synthesis was carried out in accordance with

general procedure N using 33 (270.3 mg, 1.0 mmol, 1.0
equiv) to afford a mixture of 34 and 35 (60:40) in 92%
isolated yield.

OH
[Cu(CH,CN)4]PFg [Cu(CH,CN)4]PFq

cl (8 mol%), DBE(]S)I(HIOSI :ﬁgl o
DBED (15 mol %), 0);
0, (1 atm), 0 (1 atm),
,4h BnNHz (2 equiv.),
B 1,24
Cl  MeO

Chemical Formula: C;oH4Cl,0,
Molecular Weight: 345.22 Chemical Formula: C2yH003
Molecular Weight: 332.40
S61

Cl

N%<
O
Cl  MeO
Chemical Formula: CgH,CL,03
Molecular Weight: 359.20
MeO

Chemical Formula: C29H»sNO»
[0529] The synthesis was carried out in accordance with Molecular Weight: 419.52
general procedure L using S24 (345.2 mg, 1.0 mmol, 1.0 562
equiv) to afford the pure product in 81% isolated yield.
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MeO
Chemical Formula: C29H»sNO»

Molecular Weight: 419.52
S63

[0531] The synthesis was carried out in accordance with
general procedure M using S61 (332.4 mg, 1.0 mmol, 1.0
equiv) to afford a mixture of S62 and S63 (60:40) in 88%
isolated yield.

e}
o [Cu(CH,CN)4]PF¢
al (8 mol %),
DBED (15 mol %),
0O, (1 atmy),
_—
BnNH, (2 equiv.),
1,2h
Cl  MeO
Chemical Formula: C;oH;,Cl,03
Molecular Weight: 359.20
S64
Ph
N;<
O
Cl
+

Cl  MeO

Chemical Formula: Co6H 7C[,NO,
Molecular Weight: 446.33
S65

~

Cl  MeO
Chemical Formula: Co4H;;C,NO,

Molecular Weight: 446.33
S66

[0532] The synthesis was carried out in accordance with
general procedure S64 using S24 (359.2 mg, 1.0 mmol, 1.0
equiv) to afford a mixture of S65 and S66 (60:40) in 89%
isolated yield.
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Intramolecular Cyclizaion
[0533]
OH
OMe
MsCl, DIPEA
D ———
Chemical Formula: C17H»005
Molecular Weight: 256.35
OMs
OMe

Chemical Formula: CgH2,04S
Molecular Weight: 334.43

[0534] A flame-dried 50-mL round bottom flask, equipped
with a Teflon coated stir bar, was charged with phenol 33
(256.4 mg, 1.0 mmol, 1 equiv.) and CH,CL, (20 mL). Using
a syringe, methanesulfonyl chloride (116 pl, 171.8 g, 1.5
mmol, 1.5 equiv.) and N,N-diwasopropylethylamine (350
ul, 258.5 mg, 2.0 mmol, 2.0 equiv.) were added, and the
reaction mixture was stirred overnight at room temperature.
Then, the reaction mixture was quenched by the addition of
distilled H,O (20 mL), and diluted with EtOAc (100-m L).
Then, the phases were separated and the organic phase was
washed with brine (3x50-mL). The organic fraction was
dried over MgSQ,, filtered and concentrated in vacuo to
afford a crude residue, which was purified using flash
column chromatography (silica gel with 20% EtOAc in
hexanes as eluant) to afford a white powder in 99% isolated
yield.

OMs

Pd(OAc); (1 mol %),
OMe tBuBrettPhos (2.2 mol %),
Cs;CO3 (1.4 equiv.),

benzamide (1.4 equiv.),
H,0 (8 mo %), 110° C.,
12h

Chemical Formula: CgH»5048
Molecular Weight: 334.43
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Chemical Formula: Co4HysNO;
Molecular Weight: 359.47

[0535] SSk was synthesized using a modified procedure
reported by Buchwald et al.: Dooleweerdt, K.; Fors, B. P.;
Buchwald, S. L. Org. Lett. (2010), 12, 2350-2353. A flame-
dried 25-mL pressure vessel, equipped with a Teflon coated
stir bar, was charged with mesylate (256.4 mg, 1.0 mmol, 1
equiv.), Pd(OAc), (2.2 mg, 0.01 mmol, 1.0 mol %), tBu-
BrettPhos (10.7 mg, 0.022 mmol, 2.2 mol %), Cs,CO;,
(456.1 mg, 1.4 mmol, 1.4 equiv.), benzamide (170.0 mg, 1.4
mmol, 1.4 equiv.) distilled H,O (2.0 pL, 0.08 mmol, 8 mol
%) and tert-butanol (15 mL). The reaction mixture was
sealed and stirred overnight at 110° C. Then, the reaction
mixture was quenched by the addition of distilled H,O (20
mL), and diluted with EtOAc (100-mL). Then, the phases
were separated and the organic phase was washed with brine
(3x50-mL). The organic fraction was dried over MgSO,,
filtered and concentrated in vacuo to afford a crude residue,
which was purified using flash column chromatography
(silica gel with 20% EtOAc in hexanes as eluant) to afford
a white powder in 71% isolated yield.

Ph

NH,

HN (6]

Br.
Br
BzCl
—_—
CH,Cl,

Chemical Formula:

CoH4BrN Chemical Formula:
Molecular Cy7HgBrNO
Weight: 228.13 Molecular

Weight: 332.24

2-bromo-4-tert-butylaniline S67 was synthesized according
to literature procedure: Chi, Y., Clifford, J. N.; Chou, P.-T. et
al. Angew. Chem. Int. Ed. (2014), 53, 178-183.

[0536] A flame-dried 50-mL pressure vessel, equipped
with a Teflon stir bar, was charged with aniline S67 (2.0 g,
8.77 mmol, 1 equiv.) and CH,Cl, (50-mL). The reaction
mixture was cooled to 0° C., followed by the dropwise
addition of benzoyl chloride (1.48 g, 10.5 mmol, 1.2 equiv.),
and the resulting reaction mixture was stirred at room
temperature for 12 h. The reaction mixture was quenched by
the addition of distilled H,O (100-mL), and the phases were
separated. The aqueous phase was washed with CH,Cl,
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(3x50-mL). The combined organic fractions were dried over
MgSO,, filtered and concentrated in vacuo to afford a crude
residue, which was purified using flash column chromatog-
raphy (silica gel with 15% EtOAc in hexanes as eluant) to
afford a white powder in 99% isolated yield.

Ph
/g (Ph3P),PdCl; (10 mo %),
HN 0 MeCN:H,0 (1:1),
o-tolueneboronic acid

Br
(1.5 equiv),
K>CO;3 (2 equiv.),
100°C., 12h
Chemical Formula:
C17H13BI‘NO
Molecular
Weight: 332.24
Ph
HN/KO
e}

/

Chemical Formula: Co4Hy5NO,
Molecular Weight: 359.47

[0537] A flame-dried 50-ml pressure vessel, equipped

with a Teflon stir bar, was charged with anilide (1.0 g, 3.0
mmol, 1 equiv.), (Ph;P),PdCl, (211.3 mg, 0.3 mmol, 10 mol
%), o-tolueneboronic acid (613.8 mg, 4.51 mmol, 1.5
equiv.), K,CO; (2 equiv.), and degassed MeCN:H,O (50-
mL). The reaction mixture was capped, and stirred at 100°
C. for 12 h. Then, the reaction was quenched with H,O (20
mL), diluted with EtOAc (50-mL), phases were separated,
and the aqueous phase was washed with EtOAc (3x50-mL.).
The combined organic fractions were dried over MgSO,,
filtered and concentrated in vacuo to afford a crude residue,
which was purified using flash column chromatography
(silica gel with 10% EtOAc in hexanes as eluant) to afford
a white powder in 80% isolated yield.

Ph

Cu(OTH, (50 mol %),
140°C., 72 h

Chemical Formula: C24H>sNO»
Molecular Weight: 359.47
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N§<
(0]
OMe

Chemical Formula: Co4Hy3NO,
Molecular Weight: 357.45

[0538] Phenols were synthesized using a modified proce-
dure reported by Nagasawa et al.: Ueda, S.; Nagasawa, H.
Angew. Chem. Int. Ed. (2008), 129, 6511-6513. A flame-
dried 25-mL Radley tube, equipped with a Teflon coated stir
bar, was charged with 36 (50 mg, 0.14 mmol, 1 equiv.),
Cu(OTf), (25 mg, 0.070 mmol, 50 mol %), o-xylene (0.5
mL). The reaction vessel was capped, pressurized with O, (1
atm) and heated to 140° C. whilst stirring for 3 days (72 h).
The reaction mixture was depressurized, cooled to room
temperature and diluted with distilled H,O (20 mL) and
CH,Cl, (30 mL). The phases were then separated and the
aqueous phase was extracted with CH,Cl, (3x20 mL). The
combined organic fractions were then dried over MgSO,,
filtered and concentrated in vacuo to afford a crude residue,
which was purified using flash column chromatography (5%
EtOAc in hexanes) to afford SXX compound in 51% yield.

O, Ph
NH
Cu(OTH); (50 mol %),
140°C.,72h
MeO
Chemical Formula: Co4Hy5NO,
Molecular Weight: 359.47
Ph
O;<
N

OMe

Chemical Formula: Cy4H,3NO,
Molecular Weight: 357.45

[0539] Phenols were synthesized using a modified proce-
dure reported by Nagasawa et al: Ueda, S.; Nagasawa, H.
Angew. Chem. Int. Ed. (2008), 129, 6511-6513. A flame-
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dried 25-mL Radley tube, equipped with a Teflon coated stir
bar, was charged with 37(100 mg, 0.28mmol, 1 equiv.),
Cu(OTH), (50.3 mg, 0.14 mmol, 50 mol %), o-xylene (0.5
mL). The reaction vessel was capped, pressurized with O, (1
atm) and heated to 140° C. whilst stirring for 3 days (72 h).
The reaction mixture was depressurized, cooled to room
temperature and diluted with distilled H,O (20 ml) and
CH,CI1, (30 mL). The phases were then separated and the
aqueous phase was extracted with CH,Cl, (3x20 mL). The
combined organic fractions were then dried over MgSO,,
filtered and concentrated in vacuo to afford a crude residue,
which was purified using flash column chromatography (5%
EtOAc in hexanes) to afford SXX compound in 77% yield.

Supporting Information regarding Example 3

General Experimental

[0540] Chemicals and solvents were purchased from
Sigma Aldrich, Alfa Aesar, Strem Chemicals or TCI. Sol-
vents were dried and purified using a PureSolv MD 7 (from
Innovative Technology) or MB SPS 800 (from MBraun). All
phenol and amine substrates were purified prior to use:
liquids were distilled using a Hickman apparatus immedi-
ately prior to use and solids were recrystallized. N,N'-di-
tert-butylethylenedimaine (DBED) were distilled over CaH,
under N,. [Cu(MeCN),](PF,) was purchased from Sigma
Aldrich or Strem. Unless otherwise noted, reactions were
performed in flame-dried glassware under a positive pres-
sure of N, using standard synthetic organic, inert atmosphere
techniques. All oxidation reactions were set-up in flame-
dried, 25-ml. Radley tubes with a Teflon-coated stir bar
under a nitrogen atmosphere (Praxair, N, pre-purified). The
reaction vessels were then connected to a cylinder of O,
(Praxair), purged three times with O, and then pressurized to
+1.0 atm (see experimental section for details).

[0541] Proton and carbon nuclear magnetic resonance (*H
NMR and *C NMR) spectra were acquired using Varian
Inova 400 MHz, Varian Mercury 300 MHz spectrometers,
Bruker 400 MHz, and Bruker 500 MHz. Chemical shifts (6)
are reported in parts per million (ppm) and are calibrated to
the residual solvent peak. Coupling constants (J) are
reported in Hz. Multiplicities are reported using the follow-
ing abbreviations: s=singlet; d=doublet; t=triplet; q=quartet;
m=multiplet (range of multiplet was given). Carbon nuclear
magnetic resonance (*>C NMR) spectra were acquired using
Varian Inova 100 MHz and Varian Mercury 75 MHz spec-
trometers. Chemical shifts (3) are reported in parts per
million (ppm) and are calibrated to the residual solvent peak.
High resolution mass spectra (HRMS) were recorded using
a Bruker maXis Impact TOF mass spectrometer. Fourier-
transform infrared (FT-IR) spectra were recorded on a
Perkin-Elmer FT-IR ATR spectrometer.

[0542] Analytical thin-layer chromatography was per-
formed on pre-coated 250 [Om layer thickness silica gel 60
F,s, plates (EMD Chemicals Inc.). Visualization was per-
formed by ultraviolet light and/or by staining with potassium
permanganate or iodine. Purifications by column chroma-
tography were performed using either a Biotage Isoleram
One (Snap Ultra, particle size 25 pum, 230-400 mesh), or
standard column chromatography using silica gel (40-63
pm, 230-400 mesh).
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Synthesis of Phenolic Synthesis of Phenolic Substrates
[0543]

S1
@
)
oH
O F
cl
3
oH
O cl
cl
S4
oH
S5

OH
Et:8i” i ~SiEt;

[0544] Phenolic substrates (S1-S5) were synthesized
according to procedures outlined in manuscript entitled, “A
General Platform for the Synthesis of 1,2-Oxy-Amino
Arenes by a Bio-Inspired Coupling of Phenols and Amines”
K. V. N. Esguerra, W. Xu, and J. P. Lumb.

0 0
0
OFt
Z F
(1.2 equiv.)
O CsCO; (2.0 equiv.),
CH;CN (0.20M),
130°C., 6h

Chemical Formula: C21H;¢0O
Molecular Weight: 284.36
S6
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Chemical Formula: C54H;g0
Molecular Weight: 322.41
S7

[0545] S6 was synthesized according to literature proce-
dure: Lu, S. M.; Bolm, C. Angew. Chem. Int. Ed. (2008), 47,
8920-8923

[0546] A flame-dried 100-mL high-pressure vessel,
equipped with a Teflon coated stir bar was charged with the
appropriate S6 (2.0 g, 7.03 mmol, 1 equiv.), ethyl 2-fluoro-
acetoacetate (1.53 g, 8.44 mmol, 1.2 equiv.) cesium carbon-
ate (4.58 g, 14.06 mmol, 2 equiv.), and degassed CH;CN (35
ml, 0.2 M with respect to the chalcone). The reaction vessel
was capped with a Teflon screw cap, and heated to 130° C.
for 3 h. The reaction mixture was then cooled to room
temperature, quickly depressurized, capped with a Teflon
screw cap and heated to 130° C. for 3 h. Then, the reaction
mixture was cooled to room temperature, quenched by the
addition of H,O (100 mL) and diluted with EtOAc (50 mL).
The phases were then separated and the organic phase was
extracted with NaHSO, (10% by weight aqueous solution,
3x20 ml). The organic fractions were then dried over
MgSO,, filtered and concentrated in vacuo to afford a crude
residue, which was purified using flash column chromatog-
raphy (15% EtOAc in hexanes) to afford a S7 in 71%
isolated yield.

[0547] 'HNMR (500 MHz, CDCl,): 8=7.15-7.13 (m, 7H),
7.07-7.05 (m, 5H), 6.96 (m, 3H), 6.93 (d, 2H), 5.24 (brs, 1H)
ppm. *C NMR (125 MHz, CDCL,): 8=154.2, 143.5, 141.6,
139.2,132.2,131.9,129.8,127.5,127.1,126.3, 125.6, 116.3
ppm. Analytical data matches that reported in the literature:
Li, C.; Zheng, Y; Zhang, H.; Feng, J.; Zhang, Y; Wang, J.
Angew. Chem. Int. Ed. (2010), 49, 6413-6417.

Synthesis of Push-Pull Azophenols

General Procedure A

[0548] A flame-dried, 25-mL Radley tube, equipped with
a Teflon-coated stir bar and a rubber septum, was charged
with phenol (1.0 mmol, 1.0 equiv.). The reaction vessel was
then purged with a steady stream of N, for 2 min prior to the
addition of dry and degassed CH,Cl, (8.0 mL). A separate,
flame-dried test tube (16x125-ml.) was charged with [Cu
(CH5CN),](PFy) (29.8 mg, 0.08 mmol, 0.08 equiv.), N,N'-
di-tert-butylethelenediamine (25.8 mg, 32.3 pl, 0.15 mmol,
0.15 equiv.), and CH,Cl, (2.0 mL) to afford a homogeneous,
pink solution. This solution was then added to the Radley
tube via syringe to afford a final volume of 10.0 mL and a
concentration of 0.1 M with respect to the phenol. The
rubber septum was then rapidly removed and replaced with
a Radley cap, which was connected to a tank of O, and
pressurized to 1 atm. Under a constant O, pressure (1 atm),



US 2017/0066711 Al

the reaction was vented 3 times for 10 s to eliminate N,. The
reaction mixture was then stirred at room temperature for 4
h, depressurized by opening to the atmosphere, and argon
gas was bubbled through the reaction mixture for 2 minutes
to eliminate O,. Then, a solution of hydrazine or hydrazide
(2 mmol, 2.0 equiv.) in MeOH (5 mL) was added to the
reaction mixture via a syringe, and stirred for 4 h. The
reaction mixture was quenched by the addition of NaHSO,
(20 mL, 10% by weight aqueous solution), phases were
separated, and the aqueous phase was extracted with CH,Cl,
(3x20 mL). The combined organic fractions were then dried
over MgSQ,, filtered and concentrated in vacuo to afford a
residue which was analyzed directly by 'H-NMR. The crude
reaction mixture was then purified using a Biotage Isoleram
One (15% EtOAc in hexanes) to afford the azophenol
product.

FIG. 31: Entry 1—Large Scale Synthesis:

[0549] A flame-dried, 500-mL Radley round-bottom flask,
equipped with a Teflon-coated stir bar and a rubber septum,
3,5-di-tert-butylphenol (4.13 g, 20.0 mmol, 1.0 equiv.). The
reaction vessel was then purged with a steady stream of N,
for 5 min prior to the addition of dry and degassed CH,Cl,
(180 mL). A separate, flame-dried 25-ml. round-bottom
flask was charged with [Cu(CH,CN),](PFy) (570.0 mg, 1.60
mmol, 0.08 equiv.), N,N'-di-tert-butylethelenediamine
(517.4 mg, 0.65 mL, 3.0 mmol, 0.15 equiv.), and CH,Cl, (20
mL) to afford a homogeneous, pink solution. This solution
was then added to the Radley tube via syringe to afford a
final volume of 200 mL and a concentration of 0.1 M with
respect to the phenol. The rubber septum was then rapidly
removed and replaced with a Radley cap, which was con-
nected to a tank of O, and pressurized to 1 atm. Under a
constant O, pressure (1 atm), the reaction was vented 3 times
for 10 s to eliminate N,. The reaction mixture was then
stirred at room temperature for 4 h, depressurized by open-
ing to the atmosphere, and argon gas was bubbled through
the reaction mixture for 2 minutes to eliminate O,. Then, a
solution of 2,4-dinitrophenylhydrazine (7.93 g, 40.0 mmol,
2.0 equiv.) in MeOH (50 mL) was added to the reaction
mixture via a syringe, and stirred overnight. The reaction
mixture was quenched by the addition of NaHSO, (100 mL,
10% by weight aqueous solution), phases were separated,
and the aqueous phase was extracted with CH,CI, (3x100
mL). The combined organic fractions were then dried over
MgSO,, filtered and concentrated in vacuo to afford a
residue which was analyzed directly by "H-NMR. The crude
reaction mixture was then purified using a Biotage Isoleram
One (15% EtOAc in hexanes) to afford S8 in 87% isolated
yield.

Synthesis of Diazobenzoquinone
[0550]

on CuPFs, DBED,

0,, CH,Cly, 4 h, 1t

then

I
O
(6]

Chemical Formula: C14H»>0,
Molecular Weight: 206.33
S1
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Chemical Formula: C4HyoN,O
Molecular Weight: 232.33
S35

[0551] A flame-dried, 25-m[ Radley tube, equipped with
a Teflon-coated stir bar and a rubber septum, was charged
with 3,5-di-tert-butylphenol (206.32 mg, 1.0 mmol, 1.0
equiv.). The reaction vessel was then purged with a steady
stream of N, for 2 min prior to the addition of dry and
degassed CH,Cl, (8.0 mL). A separate, flame-dried test tube
(16x125-mL) was charged with [Cu(CH,CN),](PFy) (29.8
mg, 0.08 mmol, 0.08 equiv.), N,N'-di-tert-butylethelenedi-
amine (25.8 mg, 32.3 ul, 0.15 mmol, 0.15 equiv.), and
CH,Cl, (2.0 mL) to afford a homogeneous, pink solution.
This solution was then added to the Radley tube via syringe
to afford a final volume of 10.0 mL and a concentration of
0.1 M with respect to the phenol. The rubber septum was
then rapidly removed and replaced with a Radley cap, which
was connected to a tank of O, and pressurized to 1 atm.
Under a constant O, pressure (1 atm), the reaction was
vented 3 times for 10 s to eliminate N,. The reaction mixture
was then stirred at room temperature for 4 h, depressurized
by opening to the atmosphere, and argon gas was bubbled
through the reaction mixture for 2 minutes to eliminate O,.
Then, a solution of para-toluenesulfonyl hydrazide (372.4
mg, 2.0 mmol, 2.0 equiv.) in MeOH (5 mL) was added to the
reaction mixture via a syringe, and stirred for 4 h. The
reaction mixture was quenched by the addition of NaHSO,
(20 mL, 10% by weight aqueous solution), phases were
separated, and the aqueous phase was extracted with CH,Cl,
(3x20 mL). The combined organic fractions were then dried
over MgSO4, filtered and concentrated in vacuo to afford a
residue which was analyzed directly by 'H-NMR. The crude
reaction mixture was then purified using a Biotage Isoleram
One (15% EtOAc in hexanes) to afford the diazobenzoqui-
none S35 in 83% isolated yield.

Synthesis of Azophenol from Diazobenzoquinone (General
Procedure B)

[0552] A flame-dried 50-mL round-bottom flask, equipped
with a Teflon stir bar, was charged with S35 (232.3 mg, 1.0
mmol, 1 equiv.). Then, the reaction vessel was purged with
a steady stream of N, for 2 min prior to the addition of dry
and degassed CH,Cl, (20 mL). The reaction mixture was
cooled to —78° C. using an acetone/dry ice bath. Grignard
reagent (1.2 mmol, 1.2 equiv.) was added to this reaction
mixture via a syringe and the reaction was stirred at -78° C.
for 1 h. Then, the reaction mixture was allowed to warm to
room temperature and was stirred at this temperature over-
night. The reaction mixture was quenched by the addition of
distilled H,O (50 mL), and the phases were separated. The
aqueous phase was washed with CH,Cl, (3x20 mL). The
combined organic fractions were dried over MgSO,, filtered
and concentrated in vacuo to afford a crude residue, which
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was purified using flash column chromatography (silica gel
with 15% EtOAc in hexanes as eluant) to afford a red
residue.

[0553] The scope of the claims should not be limited by
the preferred embodiments set forth in the examples, but
should be given the broadest interpretation consistent with
the description as a whole.
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1. A method for producing an arene with an aromatic
C—N bond ortho to an aromatic C—O bond from a hydroxy
arene comprising said aromatic C—O bond, the method
comprising the following steps:

a. ortho-oxygenating a hydroxy arene of Formula (I) to
produce an ortho-quinone of Formula (I):

@ an
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b. condensating the ortho-quinone of Formula (II) with a
nitrogen nucleophile of

Formula (Il1a):
R! R? or
/
NH
R3
(1IIb):
RIO

NH—NH,

to generate a compound of Formula (IVa) or (IVb), respec-
tively:

R3 R!
) ) \r
o N

Step b

Sepd Sp2oor
(M (IVa)

RIO,
) HIl\I/
Z N

(IVb)

and
c. allowing 1,5-hydrogen atom shift of the compound of
Formula (IVa) or (IVD), thereby producing arenes with
a C—N bond ortho to a C—O bond of Formula (Va)
and (Vb), respectively:

R3 R! RI0
0 \r 0 HIII/
+
N\ & N
RZ
Step ¢
or —_—

(IVa) avb)

(Va) (Vb)

2. The method of claim 1, wherein the nitrogen nucleo-
phile is of Formula (I11a) and wherein R', R?, and R® each
independently represent:

a hydrogen atom,

alkyl unsubstituted or substituted with one or more one or

more substituents selected from the group consisting
of:
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aryl unsubstituted or substituted with one or more
hydroxy,

hydroxy,
alkoxy unsubstituted or substituted with one or more
aryl,
aminoalkyl or aminodialkyl,
alkoxy carbonyl,
alkylthio,
heterocycloalkyl, and
halogen atom,
cycloalkyl,
alkenyl,
hydroxyl,
—C(=0)—0—R?"), wherein R* is aliphatic or aro-
matic (preferably alkyl, aryl or an amino acid) unsub-
stituted or substituted, or

aryl or heteroaryl unsubstituted or substituted with one or
more one or more substituents selected from the group
consisting of:

alkyl unsubstituted or substituted with one or more
halogen atoms,

alkoxy,

aryl unsubstituted or substituted with one or more
alkyl, the alkyl being unsubstituted or substituted
with one or more halogen atoms,

nitro,
sulfonamine, and
halogen atom; or
R! and R? together with the carbon atom to which they are
attached form a ring; or
R' and R? together with the carbon and nitrogen atoms to
which they are attached form a ring, that:
is saturated or unsaturated;
is unsubstituted or substituted with one or more hydroxy;
optionally comprises, in addition to the nitrogen atom to

which R? is attached, one or more additional heteroa-
tom; and

is optionally fused with an aromatic ring that is unsub-
stituted or substituted with one or more alkyloxy.

3. The method of claim 2, wherein R? represents a
hydrogen atom.

4. The method of claim 3, wherein R® represents a
hydrogen atom and wherein the compound of Formula (Va)
spontaneously forms an oxazole arene of Formula (VI):

Rr!

o~

N.
=

5. The method of claim 3, wherein R* does not represent
a hydrogen atom.
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6. The method of claim 5, further comprising hydrolysis
to produce an ortho-amino-hydroxy arene of Formula (X):

o
o
f NIL.

7. The method of claim 5, further comprising reaction
with an organometallic reagent of formula R*-M to yield an
a,o,0-trisubstituted compound of Formula (XI):

H

R4

R3 R
~ o \{/
f NH

8. The method of claim 5, wherein R> represents
—C(=0)—0—R?° and the method further comprises lac-
tonization to produce an oxazinone arene of Formula (IX):

o]
)S/Rl.
]
@ N

9. The method of claim 8, wherein R in the oxazinone
arene of Formula (IX) comprises a hydroxy arene and steps
a) to ¢) followed by lactonization are repeated multiple times
to produce a heterocyclic polymer.

10. The method of claim 2, wherein R® represents a
hydrogen atom and R' and R? together with the carbon and
nitrogen atoms to which they are attached form a ring.

11. The method of claim 10, wherein said ring is pyrro-
lidine, piperazine, morpholine, indoline, iso-indoline, tetra-
hydroisoquinoline, piperidine, 2,5-dihydropyrrole, dihydro-
pyrrolidine, dihydroindoline, or dihydroisoindoline or one
of their substituted derivatives.

12. The method of claim 10, further comprising quench-
ing the reaction mixture to produce a dihydrooxazole arene
of Formula (XII):
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13. The method of claim 12, further comprising reducing
the dihydrooxazole arene of Formula (XII) to yield to yield
an ortho-amino-hydroxy arene of Formula (XIII):

o RS RI
~o

N—R2Z

14. The method of claim 14, further comprising reacting
with an aryl boronic acid to yield a compound of Formula
XV):

Ar R!
\O \r

N—R2.

15. The method of claim 2, wherein arene A is benzene
unsubstituted or substituted by one or more substituents
selected from the group consisting of:

alkyl unsubstituted or substituted with one or more:

aryl,

sulfoamidoaryl unsubstituted or substituted with one or
more alkyl,

hydroxy, and/or

aryl carbamoyl,

cycloalkyl,

alkenyl, and

aryl unsubstituted or substituted with one or more:

alkyl,

alkyloxy,

halogen atom,
trialkylsilyl, and/or
halogen atoms.

16. The method of claim 1, wherein the nitrogen nucleo-
phile is of Formula (IIIb) and wherein R'° represents:

aryl substituted with one or more substituents selected

from the group consisting of:
—NO,,
—S0,,
halogen atom, and
perfluorinated alkyl,
heteroaryl unsubstituted or substituted with one or more:
—NO,,
—50,,
halogen atom, and
perfluorinated alkyl, or
—C(=0)—R*", wherein R represents:
aryl or heteroaryl unsubstituted or substituted with one
or more aryl, or
alkyloxy
with the proviso that nitrogen nucleophile is Formula
(I1Ib) is not
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F
I X
N ~
NI
\NHz, Oi 2,
Cl Cl
N
/©/ \NHZ, or
Cl F;C

17. The method of claim 16, wherein nitrogen nucleophile
of Formula (IIIb) is

s
N\f N o .

Zi
/
Z
&

/

Z

Il\TH
, NH, ,
Y@ OYCH3 ’
CH;
@ S
NH
NH,
()
/
Il\TH
NH, , NH, ,
F
k. F
NO, . -
NH
NH, 1|\1H2
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-continued 18. The method of claim 16, wherein arene A is benzene
CF; 50, unsubstituted or substituted by one or more substituents

selected from the group consisting of:

FsC CF3
NO,,
alkyl,
Cl Cl Cl trialkylsilyl, and/or
aryl substituted with one or more alkyl and/or halogen
NH NH

NH atoms.
wherein arene A is optionally fused with a cycloalkyl, the
cycloalkyl being optionally substituted with one or
more alkyl.
19. The method of claim 1, wherein step a) comprises
A reacting the hydroxy arene of Formula (I) in a reaction
| mixture with a solvent with [Cu(CH;CN),]PH, and N,N'-
N di-tert-butyl-ethylene diamine at about room temperature in
the presence of O,.
NH NH 20. The method of claim 19, wherein step b) comprises
NH | mixing the nitrogen nucleophile of Formula (IIla) or (I1Ib)
5 , or NH, . N N A
in the reaction mixture.

NI, , NH, , NH, .
NO,

#* #* #* #* #*



