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A palladium(i)/norbornene cooperative catalysis enabled redox-neutral ortho-C—H amination of pinacol
aryl- or heteroarylborates for the synthesis of structurally diverse anilines is reported. This method is
scalable, robust (tolerance of air and moisture), phosphine ligand-free, and compatible with a wide range
of functionalities. These practical features make this reaction amenable for industry. A plethora of
synthetically very useful halogenated anilines, which often cannot be prepared via other transition-
metal-catalyzed aminations, are readily produced using this method. Particularly, the orthogonal

reactivity between pinacol arylborates and aryl iodides is demonstrated. Preliminary deuterium-labeling
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Accepted 22nd July 2019 studies reveal a redox-neutral ipso-protonation mechanism of this process, which will surely inspire the

future development of this field. Overall, the exceptionally broad scope (47 examples) and reliability of
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Functionalized anilines have attracted considerable attention
as a result of their widely applications in the pharmaceutical
industry and medicinal chemistry." For example, popular mar-
keted medicines aripiprazole (antipsychotics),"” repaglinide
(anti-type II diabetes),' linezolid (antibacterial),"’ and EphB4
kinase inhibitors' all contain an aniline motif as the pharma-
cophore (Fig. 1). Therefore, general methods for the assembly of
these motifs are highly desirable. Synthesis of anilines through
C-N bond formation is the most widely adopted strategy, and
substantial progress has been made over the past two
decades.”® Among these approaches, palladium-catalyzed
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Fig. 1 Biologically important aniline scaffolds.
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addition to the existing methods for aniline synthesis.

aminations play a significant role.>* For example, the famous
Buchwald-Hartwig ipso-amination® that allows the facile
synthesis of anilines from aryl halides and nucleophilic amines
(Scheme 1A). In 2013, the Dong group reported an elegant
palladium(0)/norbornene (NBE) cooperative catalysis (the Cat-
ellani reaction)® enabled ortho-C-H amination of aryl iodides
(the Dong amination), utilizing electrophilic O-benzoyl
hydroxylamines as the amination reagents and isopropanol as
the proton source for ipso-termination.* Later on, they extended
this chemistry to ortho-C-H amination of aryl bromides
(Scheme 1B).” The Dong amination represents a nice comple-
ment to the Buchwald-Hartwig ipso-amination for the prepa-
ration of meta-substituted anilines, while it requires
a stoichiometric reductant for the recovery of the palladium(0)
catalyst. Recently, the group of Zhang and our group concur-
rently reported the ortho-C-H alkylation of the arylboronic acids
and their derivatives (instead of aryl halides) via the palladiu-
m(u)-initiated Catellani-type reaction (Borono-Catellani reac-
tion).” Therein, a stoichiometric oxidant (Cu(OAc),, air or
oxygen) is required for regenerating the palladium(u) catalyst.
Based on the chemistry, we envisaged a redox-neutral “Borono-
Catellani amination” process for the facile preparation of
anilines, with widely accessible arylboronic acids or their
derivatives and O-benzoyl hydroxylamines as the reactants
(Scheme 1C). Prior to the start of this project, redox-neutral
Borono-Catellani reactions had not been reported. Until
recently, the group of Dong reported elegant related research
(Scheme 1D).® As shown in Scheme 1C, it is surmised that the

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Palladium-catalyzed amination strategies for aniline

synthesis.

reaction is initiated through transmetalation between the pal-
ladium(n) catalyst and arylboronic acid derivative 1 to deliver
the aryl palladium(u) intermediate I. The following steps involve
insertion of NBE to I and subsequent ortho-C-H activation,
generating the aryl/NBE palladacycle complex (ANP) II. The
oxidative addition of amination reagent 2 to II gives the palla-
dium(iv) complex III,° which then undergoes reductive elimi-
nation and successive release of NBE to afford palladium(u)
species IV. The final reaction termination by protonation® of IV
provides the desired aniline 3 and regenerate the palladium(u)
catalyst. The intrinsic advantage of this “Borono-Catellani
amination” lies in its “redox-neutral” property: this process
involves a Pd(u)-Pd(iv)-Pd(u) catalytic cycle,* thus no external
oxidant and reductant are needed. This feature constitutes
a nice extension of previous Catellani-type reactions.' In addi-
tion, the widely accessible arylboronic species versus aryl
halides will guarantee promising synthetic potential of this
process for diversified aniline preparation. Although the above
process is intriguing and mechanistically feasible, multiple
challenges are foreseeable. First, protodepalladation can occur
to arylpalladium species (I, I and IV) of the catalytic cycle,
which may result in a selectivity issue. Second, transmetalation
of arylborates and the following ortho-C-H activation are
generally promoted by a base, while the final proto-
depalladation step requires an acid. Hence, the compatibility of
these paradoxical steps could be another issue. Third, other
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competing side reactions related to arylboronic species (e.g
direct ipso-amination,™ protolytic deboronation,™ and homo-
coupling®) will also constitute formidable challenges.

To address the aforementioned challenges and realize this
intriguing process, a model reaction was set up for the opti-
mization of reaction conditions, with readily available 1-naph-
thylboronic acid pinacol ester (1a) and morpholino benzoate
(2a) as the reactants. Selected results are summarized in Table
1. Initially, Pd(OAc), was chosen as the catalyst (10 mol%), 2-
norbornene (NBE) as the mediator, K,CO; as the base (2.5
equiv.), and DMF as the solvent. Gratifyingly, when the reaction
was run at 70 °C in air for 16 h, the desired product 3a was
obtained in 15% yield (entry 1). The following studies focused
on screening of the reaction solvent, which was demonstrated
to play a critical role in this process (entries 1-4). Only a trace
amount of 3a was detected when nonpolar solvent toluene was
used. In contrast, while switching to the polar solvent DMSO,
a dramatic increase of yield of 3a was realized (56%, entry 3). In
addition, the screening of other polar solvents did not provide
further improvement in the reaction efficiency (see ESI for the
detailst). The use of DMSO as the solvent was beneficial for the
desired reaction on the one hand, but on the other hand,
a severe protodeboronation™ side reaction to yield naphthalene
as well as quick decomposition of the amination reagent 2a also
occurred. This was why an overall moderate yield (56%) was
obtained. To our delight, after intensive optimizations, this
problem was nicely solved by simply employing 1,4-dioxane as
the cosolvent (DMSO/dioxane = 2 : 5), and the yield of 3a was
improved to 82% (entry 4). Additional optimizations regarding
the base and palladium catalyst did not provide any significant
improvement (entries 5-8). Thus, entry 4 was identified as the
optimal conditions for this transformation. It is worth
mentioning that these optimization studies were all performed
in air,”” and a following control experiment revealed that air was

Table 1 Optimization of reaction conditions®

Bpin Pd(OAC), (10 mol%) H (\ o

OO o8z NBE (2.0 equiv.) "\)

base (2.5 equiv.)
solvent, air, 70°C, 16 h

1a ( 1.5 equiv.) 2a (1.0 equiv.) 3a
Entry [Pd] Base Solvent Yield (%)
1 Pd(OAc), K,CO; DMF 15
2 Pd(OAc), K,CO; Toluene 1
3 Pd(OAc), K,CO;4 DMSO 56
4 Pd(OAc), K,CO, DMSO/dioxane* 82 (84)7
5 Pd(OAC), KHCO, DMSO/dioxane* 46
6 Pd(OAc), KOH DMSO/dioxane® 70
7 PdCl, K,CO; DMSO/dioxane® 51
8 Pd(TFA), K,CO3 DMSO/dioxane® 74
9¢ Pd(OAc), K,CO; DMSO/dioxane® 75

“ The reaction was performed on a 0.1 mmol scale.  GC yleld with
biphenyl as an internal standard. ¢ DMSO/dioxane = 2 : 5. ¢ Isolated
yield in parentheses on a 0.2 mmol scale. °The reaction was
performed under argon. TFA = trifluoroacetoxyy, DMF = N,N-
dimethylformamide, and DMSO = dimethylsulfoxide.
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beneficial since a tangible drop of yield was observed when
running the reaction in argon (entry 9). This interesting
phenomenon indicates that on the one hand the desired
transformation is indeed a redox-neutral process (no external
oxidant is needed). On the other hand, it shows that the pres-
ence of air could prohibit the possible palladium(0)-involved
side reactions,* thus favoring the expected reaction. Addition-
ally, allowing us to perform the reaction in air is very attractive
from both the practical and economic perspective. Moreover,
this process does not require any phosphine or arsine ligand”™*
which is pivotal for previous palladium-catalyzed amina-
tions.*>>7%#* Overall, these practical features make this reaction
amenable for industry.

With the optimized conditions in hand, we first examined
the scope of pinacol arylborates, employing 2a as the reaction
partner. The results are summarized in Table 2. For ortho-
substituted pinacol arylborates, both electron-donating (1f-h,
1j-k, 1q, and 1t) and electron-withdrawing substitutions (1i, 11-
p, 1r, and 1u) on the aromatic rings were compatible, providing
meta-substituted anilines in moderate to good yields (38-77%).
Polycyclic pinacol arylborates (la-e) were also suitable
substrates to deliver the corresponding anilines in good yields
(62-84%). Notably, pinacol heteroarylborates (1x-1z) reacted
well with 2a to afford the desired heteroanilines (3x-3z) in 43%,
44% and 74% yield, respectively. For pinacol arylborates
without ortho substituents, the diaminated products (3aa-3ad)
were obtained in moderate yields. In particular, the tyrosine-
derived pinacol arylborate (1ad) could be applied to this reac-
tion, delivering the corresponding unnatural amino acid-type
product (3ad) in 26% yield. Furthermore, this transformation

Table 2 Substrate scope of pinacol arylborates®

R Bpin o Pd(OAC); (10 mol%) R "
N\) NBE (2.0 equiv.)
H Bz0” K,CO3 (2.5 equiv.) N/j
1 2a DMSO/dioxane, air, 70 °C 3 K/o
(1.5 equiv.) (1.0 equiv.)
(70 3a:R1=H, 84% 3f: R'= Me, 70%°
\) 3b: R'= Me, 68% 39 R'=Et, 61%°
OO 3c: R'= OMe, 62% 3h: R'=Pr, 44%
3d: R'= Br, 68% 3i: R'= CF3, 39%
R! 3e: 70%
. 3n: R' = 3.F 54%° B ?
H 0 3j: R'= OMe, 67%° H O Rty B N
R! N 3k: R'= OCF3, 38% Me NoJl J0R =4F, "
31 R"= CO,Me, 75% Spi R S cl b2k
RIS Né Al 3 3q: R' = 4-Me, 60%° 1
2i LE0, R4 1=
3r.R'=4.C0,Me, 74% 5 " poo

Meo\érv«(\)o Me020\¢(N\) Q\ /\©/ 1{)0

OMe 3v: X = Br, 55% ¥
3t: 52% 3u: 50% 3w: X=1,51% 3x: 43%
H (\0 0/\ H (\o
H o O H o K/N N\)
e | = N\) Z "O Q O
Y N 3aa: R'=F, 42%°
Me N 3ab: R' = CI, 47%° CO:Me

R!

3z 74% 3ac: R'=Br, 44%°  3ad: 26%°Y NBoc,

“All reactlons were performed on a 0.2 mmol scale. Isolated yields were
reported. ? 2awas added in two portions. ¢ 2.0 equiv. of 2a and 4.0 equiv.
of K,CO; were used. ¢ The reaction was performed at 80 °C.
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possesses excellent chemoselectivity, and a variety of functional
groups were tolerated, including fluoro (3n-3o, 3s, 3u, 3x, and
3aa), chloro (3p and 3ab), bromo (3d, 3v, and 3ac), even iodo
(3w), methoxyl (3¢, 3j, 3t, and 3y), trifluoromethyl (3i), tri-
fluoromethoxyl (3k), ester (31, 3r, 3u, and 3ad), bis-Boc-
protected amino (3ad), and nitro (3m). The compatibility of
various functional groups is intriguing, since it would allow
further manipulation of the obtained anilines. It is especially
noteworthy that a variety of halogenated anilines (3d, 3p, 3v, 3w,
and 3ab-3ac), which often cannot be prepared via other
transition-metal-catalyzed aminations,*® enable further metal-
catalyzed cross coupling reactions.®

To illustrate the synthetic utility of this protocol, the scope of
the amination reagent 2 was then investigated, with pinacol
arylborate 1a as the reaction partner (Table 3). O-Benzoyl
hydroxylamines derived from common cyclic amines, such as
morpholine (2a), piperidine (2b-2k), piperazine (21-2n), thio-
morpholine (20), pyrrolidine (2p) and azepane (2q) can all be
used in the reaction to afford the corresponding products in
moderate to good yields (29-84%). A gamut of functional groups
in these amination reagents were tolerated during the process,
such as primary alcohol (2g), secondary alcohol (2e), tertiary
alcohol (2h), TBS ether (2f), ketal (2i), ester (2j and 2k), ben-
zoylamino (21) and carbamate (2m and 2n) groups. In addition,
the uncyclized amination reagent N-benzyl N-benzoyl hydrox-
ymethylamine (2r) also reacted uneventfully albeit with
a moderate yield, which may serve as an alternative way to
access the secondary aryl amines through a following deben-
zylation. It is worth mentioning that the incorporated hetero-
cyclic motifs, e.g morpholine, piperidine, piperazine,
pyrrolidine and azepane, are ubiquitous and essentially
important in small molecule drug discovery."”

The practicality and robustness of this amination process are
demonstrated by the 6.0 mmol scale experiment between 1a and
2a, as depicted in Scheme 2A, wherein application of the stan-
dard reaction conditions afforded product 3a in a good yield

Table 3 Substrate scope of O-benzoyl hydroxylamines®

Bpin H R!
H RL _R? Pd(OAc); (10 mf)l%) ’!‘\
OO . N NBE (2.0 equiv.) OO R2
OBz K,CO3 (2.5 equiv.)
1a 2a-r DMSO/dioxane, air, 70 °C 3A-3R
(1.5 equiv.) (1.0 equiv.)

(\0 Me Ph OH OTBS
BzO” \) BzO” BzO” BzO” Bz0” BzO”

2a: 84% 2b: 66% 2¢:70% 2d: 72% 2e:73% 2f: 45%

Ph_Ph CO,Et

P oo

2g: 83%

NS NBoC
szo’O EzO'O
2m: 50% 2n: 60%

2h: 53% 2i: 57% 2j: 71%

BzO” ’(\) BzO” D O CHJ

20: 56% 2p: 42% 2q: 29%

2k: 59% 21: 43%

2r: 35%

@ All reactions were performed on a 0.2 mmol scale, and 2 was added in
two portions. Isolated yields are reported.

This journal is © The Royal Society of Chemistry 2019
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A) Scale-up experiment
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C) Synthetic application
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9
EphB4 kinase inhibitor

Scheme 2 Scale-up experiment and synthetic applications. Reagents
and conditions: (1) Pd(OAc),, (2-furyl)sP, NBE, Cs,COs3, toluene, 80 °C,
Ar, 20 h; (2) Pd(OAc),, P(pOMe-CgH4)s, NBE, Cs,COs3, toluene, 100 °C,
Ar, 24 h.

(72%, 0.92 g). The tolerance of the iodo group in the current
Borono-Catellani amination process prompted us to investigate
the possible orthogonal reactivity between pinacol arylborate
and aryl iodides. The bifunctional reagent 1w was chosen as the
model substrate to verify this hypothesis. Firstly, 1w reacted
with 2a under the standard Borono-Catellani amination
conditions, and the product 3w was indeed afforded in 51%
yield while no classic Catellani-type product was observed.
Then, the intact iodo group in 3w enabled a traditional Cat-
ellani reaction'® to provide the polysubstituted arene 4 in 71%
yield. In stark contrast, subjecting 1w and 2a to traditional
Catellani reaction conditions,** the intramolecular Suzuki-
Miyaura coupling product 5 was isolated as the major compo-
nent, alongside the minor Catellani-type amination product 6
formed through intramolecular Suzuki-Miyaura termination.*®
The Catellani-type ortho-C-H amination product 7 generated by
protonation termination was not isolated (Scheme 2B). Hence,
the orthogonal reactivity between these two types of Catellani
reactions was demonstrated.

Furthermore, the synthetic utility of the obtained ortho-C-H
amination products is shown in Scheme 2C. The 3,5-diami-
nated aryl halides 3ab and 3ac from Table 2 were readily
transformed to 3,5-di(morpholino)aniline 8, the useful
common intermediate to prepare various potent EphB4 kinase
inhibitors,” in good yields through the Ullmann-Ma amina-
tion.?® It is noteworthy that 8 was previously prepared in three
steps from expensive starting materials.*

Finally, to probe the proton source of the termination step
and gain mechanistic insights into this reaction, deuterium-

This journal is © The Royal Society of Chemistry 2019
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Pd(OAc), (10 mol%) (<0.01 D)

e NBE (2.0 equiv) HID °
KyCO3 (2.5 equiv)
+ 2a (A)
DMSO-dg/dioxane, air, 70 °C
82% 3a d
i Pd(OAc), (10 mol%) (<0.01 D)
B NBE (2.0 equiv) HID °
KoCOj3 (2.5 equiv)
+ 2a (B)
DMSO/dioxane-dg, air, 70 °C
61% 3a d
(0.20 D)

= Bpm Pd(OAG), (10 mol%)

NBE (2.0 equiv) D HD O
K2CO3 (2.5 equiv)
+ 2a ()
DMSO/dioxane, air, 70 °C
61%
1a- d7 3a d
D  Bpin Pd(OAc), (10 mol%) b (Oﬁ)D) o
D b NBE (2.0 equiv) (\
K,CO3 (2.5 equiv) D N\)
+ 2a (D)
D D DMSO/dioxane, air, 70 °C D "
D D D,0 (4.0 equiv) L
1a-d; 56% 3a-d

Scheme 3 Preliminary mechanistic studies.

labeling experiments were performed (Scheme 3). First, an
experiment regarding the reaction between 1a and 2a in DMSO-
de instead of normal DMSO under the standard reaction
conditions led to the isolation of product 3a without any
deuterium incorporation (eqn (A)); the same deuterium results
were obtained when the 1,4-dioxane-dg instead of 1,4-dioxane
was used as the cosolvent (eqn (B)). These results indicated that
the termination step didn't involve reductive elimination of
[ArPdH] species with hydride from the solvents.?* Then, the fully
deuterated 1a-d; (ref. 23) was used as the substrate (see ESI for
its preparationt), and 20% deuterium incorporation at the ipso
position of product 3a was found (eqn (C)). Lastly, when 1a-d,
reacted with 2a under the standard reaction conditions with 4.0
equiv. of D,0O as the additive, 3a was isolated in a lower yield
(56%) but with a significantly increased deuterium incorpora-
tion (65%) at the ipso position (eqn (D)). These experimental
results indicated that both the protons from the ortho-C-H of
pinacol arylborate and the adventitious water in the reaction
system are the sources for the Catellani termination step, but
not the solvent DMSO. The reduction of the deuterium incor-
poration ratio in eqn (C) and (D) was probably due to the facile
H-D exchange with water in the reaction system.® Thus, these
results support the redox-neutral ipso-protonation mechanism
proposed in Scheme 1C.

Conclusions

In summary, we have developed a palladium(u)/norbornene
cooperative catalysis enabled redox-neutral ortho-C-H amina-
tion of pinacol aryl- or heteroarylborates for the synthesis of
structurally diverse anilines. This method is scalable, robust
(tolerance of air and moisture), phosphine ligand-free, and
compatible with a wide range of functionalities. These practical
features make this reaction amenable for industry. It is espe-
cially noteworthy that a plethora of synthetically very useful
halogenated anilines, which often cannot be prepared via other

Chem. Sci,, 2019, 10, 8384-8389 | 8387
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transition-metal-catalyzed aminations, are readily produced
using this method. Particularly, the tolerance of the iodo
function enables the orthogonal reactivity between pinacol
arylborate and aryl iodides. Preliminary deuterium-labeling
studies reveal a redox-neutral ipso-protonation mechanism of
this process, which will surely inspire the future development of
this research field. Overall, the exceptionally broad scope and
reliability of this procedure, together with the wide availability
of pinacol arylborates, make this chemistry a valuable addition
to the existing methods for aniline synthesis.
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