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ABSTRACT: A Pd and norbornene-catalyzed ortho-arene
amination via Catellani-type C—H functionalization is
reported. Aryl halides are used as substrates; N-
benzoyloxyamines and isopropanol are employed as the
amine source (oxidant) and reductant respectively.
Examples are provided in 50—99% vyields with high
functional group tolerance. This method gives comple-

mentary site selectivity at the ortho- instead of ipso-position
of aryl halides.

G iven the broad application of aromatic amines found in
pharmaceutical, agrochemical, and materials industries,"
arene amination holds a pivotal position in organic synthesis. To
date, numerous arene amination approaches have been
developed,” whereas the Buchwald—Hartwig amination® (a Pd-
catalyzed direct substitution of aryl halides with amine groups)
represents one of the most widely utilized methods to synthesize
aromatic amines. This is likely due to its use of readily available
aryl halides, broad functional group tolerance, and controlled site
selectivity (compared to the aryne-mediated amination®?). It is
well-known that Buchwald—Hartwig reaction forms C—N bonds
at the ipso-carbon of aryl halides;* thus, the type of amine
products is limited by the position of the halogen that can be
introduced (Scheme 1). Hence, site-selective arene amination at

Scheme 1. Amination with Aryl Halides

twig

I? R R

I Fel-
e G base q
H "

FG: functional group

ipso substitution

this work
R Pd catalyst R
x  R'R®N-OBz (1.1 equiv) H
FeiL = norbornene (25 mol %) Fell = ortho substitution
FH IPrOH (1.2 equiv) Fy-R*
X=1Br Cs;C0; (2.5 equiv) ﬁ}

toluene, 100 °C, 24h

different (other than ipso) positions of aryl halides would be
significant and complementary to the Buchwald—Hartwig
reaction. Undoubtedly, direct amination of aryl C—H bonds
would be an ideal alternative solution; however, control of the
site selectivity is nontrivial and largely relies on the use of
sterically/electronically biased substrates® or employing direct-
ing groups.6 Considering the wide availability of aryl halides,
herein, we describe our development of a Pd and norbornene
(NBE) cocatalyzed ortho-amination strategy with aryl halides
based on a reductive Catellani reaction pathway (Scheme 2).

-4 ACS Publications  ©2013 American Chemical Society

Scheme 2. Proposed Reaction Design
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The Catellani reaction’ offers a unique approach to activate
the ortho C—H bonds of aryl halides and to provide dual
functionalizations at both the ipso- and ortho-positions.® A key for
this transformation is capture of the aryl-Pd intermediate (I,
Scheme 2) with NBE via a syn migratory insertion (step B)
followed by an intramolecular palladation at the ortho-position
(step C).” Seminal work by Catellani and Lautens show that a
variety of functional groups, including hydrogen,'® can be
introduced at the ipso-carbon using different nucleophiles. *¥""
However, to our knowledge, functionalization at the ortho-
position via this approach has only been restricted to carbon
substituents (using alkyl or aryl halides) to date.”®

Our proposed strategy for the ortho-amination (Scheme 2) is
focused on developing a new ortho-C—N bond forming
transformation. We hypothesize that if a proper N-based oxidant
can be employed through either a Pd(IV) intermediate (IV) or
direct electrophilic substitution of the palladacycle (III),"> C—N
bond formation at the ortho-position would be realized. Also, if a
proper reductant can be employed to quench the aryl-Pd
intermediate VII (after -C elimination of NBE), the desired
ortho-amination product would be afforded and the Pd(0)
catalyst would be regenerated (step H). Nevertheless, two
challenges must be met: (1) the oxidant not only needs to
provide the amine group but also has to be stronger than aryl
halides (to avoid homo-Catellani coupling®'**®) for oxidizing
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IIL. However, it cannot be too strong to destroy the labile NBE or
the Pd(0) catalyst. (2) A reductant needs to be orthogonal to the
oxidant and capable of introducing a hydrogen at the ipso-
position, but not too strong to reduce the aryl Pd I (direct arene
reduction) or the alkyl Pd II intermediate (reductive Heck
reaction).”

Stimulated by the aforementioned challenges, 2-iodotoluene
(1a) was used as the model substrate, and a number of Pd
precatalysts, ligands, oxidants, reductants, additives, and solvents
were extensively examined. Ultimately, N-benzoyloxyamine
(2a)"* and isopropanol*® were found to be the optimal oxidant
and reductant combination. For example, use of N-chloromor-
pholine'® gave a complex mixture of products; use of benzyl
alcohol or ethyl formate gave significant over-reduction.'” To our
delight, when 10 mol % Pd(OAc), with 25 mol % tris(4-
methoxyphenyl)phosphine and 25 mol % NBE were employed
as the catalysts, the ortho-C—H amination product was obtained
in 89% yield in the presence of only 1.1 equiv of 4-
(benzoyloxy)morpholine (2a), 1.2 equiv of isopropanol, and
2.5 equiv of cesium carbonate (Table S1, entry 1). It is worthy to
note that previous Catellani reaction conditions often used
stoichiometric to superstoichiometric NBE,” while here only 25
mol % NBE is needed. In addition, the oxidant (N-benzoyloxy-
amine) and the reductant (isopropanol) are well compatible, as
no large excess of either reagent or slow addition is required for
this transformation.

Control experiments were subsequently conducted to under-
stand the role of each reactant (Table S1). In the absence of
either Pd precatalyst, phosphine ligand, NBE, or the base, no
desired product was observed (entries 2—4 and 6). Interestingly,
without isopropanol the desired amination product was still
obtained in 29% yield (entry $)."® Using a Pd(0) precatalyst
instead of Pd(OAc), resulted in a lower yield (entry 7). From a
number of mono- and bidentate phosphine ligands (entries 8—
11), tris(4-methoxyphenyl)phosphine was found to be most
efficient. Weaker bases such as potassium carbonate dramatically
decreased the yield (entry 12). Use of norbornadiene (NBD)
instead of NBE still gave the desired product, albeit in 23% yield
(entry 13). Increasing the polarity of solvents from toluene to
1,4-dioxane to DMF led to decreased yields (entries 14 and 15),
likely due to more polar solvents enhancing the background
reactions between the base and N-benzoyloxyamine.'® When the
reaction was diluted from 0.1 to 0.05 M, a slightly higher yield
(91%) was observed (entry 16). Lowering the Pd catalyst loading
to S mol % resulted in an 80% yield (entry 17).

The substrate scope is shown in the Table 1. First, we
examined different substitutions at the ortho-position of the aryl
halides using 2a as the amine partner. Substrates containing
electron-donating and -withdrawing groups worked well
providing meta-substituted aromatic amines in good to excellent
yields. When electron-deficient arenes were used, the more
electron-poor tri(2-furyl)phosphine was found to be a better
ligand to prevent homodimerization of the arene.*'****° One
important feature of this method is that many functional groups,
including methoxy ethers, fluorides, chlorides, TBS-silyl
protected benzyl alcohols, methyl esters, sulfonamides, nitro,
and trifluoromethyl groups, are all compatible. Amination of the
ortho, para-disubstituted aryl iodides also proceeded smoothly
affording 1,3,5-trisubstituted arenes (3i, 3j). Note that electron-
rich trisubstituted olefins, which are generally sensitive to
oxidants, were tolerated under the reaction conditions (3i).
Moreover, high yields were obtained with naphthalene- and
quinoline-derived substrates (3k and 3l). Next, aryl iodides
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Table 1. Substrate Scope with Different Aryl Iodides”

R OBz 10 mol %Pd(OAc), R
L N 25 mol % P(pOMe-CgHy)s o
FGL * 00 25 mol % norbornene FG{I
#~y o~ 12equivPrOH, S T
g 22 25equivCs,CO; 3ar L_a
1 equiv 1.1 equiv  toluene, 100 °C, 24h 0.05M, 0.2mmol scale
OMe
3a,86% 3b, 72% 30.67% 3d,88%
OTeS CO,Me NO; CFy
H i H i H H
N ~ N..h\i N~ '\; e
. O l\,- l _,C l‘“ L)
le, 04% 3, B1%° 3g, 76%" 3h, B3%°
Me H N
/@H @N‘
0N SN xZ
k0 X=CH: 3k, 91%
Me 3i, 69% X=N: 31, 88%

3q,81% 3, 63%°

3p, 67%E

“All yields are isolated yields. “25 mol % tri(2-furyl)phosphine and 2.0
equiv of 2a and 3.0 equiv of Cs,CO; were used. “50 mol %
norbornene and 2.5 equiv of 2a and 4.0 equiv of Cs,CO; were used.

without an ortho-substituent were tested. Although selectively
forming the monoaminated products is difficult,®* the 1,3-
diaminated arenes can be obtained in good to excellent yields. It
is encouraging to note that sensitive functional groups, such as
nitriles, aldehydes, methyl ketones, free tertiary alcohols, and
protected indoles, are all compatible.

The scope of the amine coupling partner was investigated next
(Table 2). Piperidine, azepane, diethylamine, pyrrolidine, and
Boc-protected piperazine all provided the desired amination
products in moderate to excellent yields. Primary amine
derivatives (e.g., "BuNHOBz) do not couple under these
conditions; however, the benzyl-protected N-benzoyloxyamines
reacted uneventfully (3u), which may serve as an alternative way
to access the secondary aryl amine products.**

In comparison with aryl iodides, aryl bromides are known to be
the more challenging substrates for Catellani reaction because
they are weaker oxidants and often less competltlve toward
Pd(0) oxidative addition than other oxidants.*** Our preliminary
study shows that, simply by adding a silver salt (Ag,CO,) and
using dppe as the ligand, aryl bromide 4 can be coupled providing
the desired ortho-amination product (eq 1). In addition, this
protocol is also readily scalable, and when operated on a gram
scale, the Pd loading can be lowered to 4 mol % (eq 2).
Furthermore, to gain mechanistic insights into this reaction, a
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Table 2. Substrate Scope with Different Amines”

R 10 mol % Pd(OAc), R
:\_‘ l OBz 25 mol % P(pOMe-CgHy)s "_\ H
| + 25 mol % norbornene FGll
FGi— R" N s —— L = R!
#FH 1.2 equiv 'PrOH, N
1a,k, | 2s-x 2.5 equiv Cs5;C0; sk R2
1 equiv 1.1equiv  toluene, 100 °C, 24h 0.05M, 0.3mmol scale
Me e Me
N _»\_] e "'w\\ N Me
|'\\_\././ I\__,”l Bn
3s, 84% 3t, 58% 3u, 70%
H r Me H .r___\'\ H l__,/-\ N® Boc
N/
~N._Me E\/@/ = S N~
O . (.
3v, 55%" 3w, 50% 3x, 99%

“All yields are isolated yields. 220 equiv of BzZO—NEt, and 4.0 equiv
of Cs,CO; were used.

Aryl bromide 10 mol %Pd(OAC)s
CO,Me OBz 12 mol % dppe CO;Me

Br N 25 mol % norbornene
* ] L2equivPron
Lo~ 25equivCe,COs K 0
1.0 equiv Ag,CO, | ]
o 23 toluene, 100 °C, 24h # O
equv 1A equiv g 1M, 0.3 mmol scale 539,
Sram seale oz 4mol %Pd(OAC), o
! ; 10 mol % P(pOMe-CgHy)s [ %

N 25 mol % norbornene
Oe + [ 1.1equiv PrOH
0" 25 equiv Cs,C0;

.. N._A @

1k 2a 3k
1 equiv 1.1 equiv toluene, 100 °C, 48h, 0.1M 80%
1.17g, 4.6mmol
Deuterjum-labeling study
Me oB 10 mol % Pd(OAc), Me
| 52 25 mol % P(pOMe-CgHy)s DH
/@/ N 1 25 mol % norbornene (3)
+ A ——————. -
O “g  25eauivCs,CO; o.M T"
11equiy toluene. 100°C, 24h, 0.05M 84% ~_O

with 1.2 equiv (CD3);CDOD, > 95% D
with 1.2 equiv (CH3);CHOD, no D was found

deuterium-labeling study was performed (eq 3). When dg-
isopropanol was used as the reductant, >95% deuterium was
incorporated at the ipso-position. In contrast, when d-
(CH,),CHOD was employed, no deuterium incorporation was
observed (confirmed by HRMS and 'H NMR). This study
supports our proposed hydride-transfer mechanism (step H,
Scheme 2) instead of a proton-transfer mechanism.

To fully demonstrate the applicability of this methodology, we
prepared a key aryl amine intermediate (7), which was used in a
synthesis of a P70S6 kinase inhibitor (Scheme 3).>® Our strategy
employed the inexpensive 3-chloroanisole (5) ($1.0/gram) as
the starting material. Iodination gave an inseparable mixture of
regioisomers (6a/6b) ;% nevertheless, this mixture can be
directly subjected to the ortho-amination reaction offering a
single regioisomer of amine 7 in 88% yield. It is worth noting that
this approach provided a unique net meta-amination of arenes
(from S). In contrast, the corresponding 3-chloro-S-bromoani-
sole (8), a potential precursor for the direct amination, costs
$262/gram due to the difficulty in its preparation.”® Therefore,
this Pd and NBE cocatalyzed ortho-amination reaction is
synthetically useful and complementary to the existing amination
methods.

In summary, we have developed a distinct arene-amination
strategy with aryl halides using Pd and NBE as the cocatalysts.
Compared to the Buchwald—Hartwig reaction, this approach

Scheme 3. Synthetic Application
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provides amination products exclusively at the ortho-position
instead of ipso. In addition, this method represents the first
example of forming C—N bonds at the ortho-carbon via
Catellani-type C—H activation which provides broad implica-
tions for developing various dual functionalizations of arenes that
involve ortho-C—X (X#C) bond formation. While the efficiency
of the catalytic system (e.g.,, Pd and NBE loading) remains to be
further improved, this method is scalable and chemoselective
with good functional group tolerance. Efforts toward expanding
the reaction scope (e.g., generalization with aryl bromides) and
detailed mechanistic studies to understand the C—N bond
formation step are underway.
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