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ABSTRACT: A palladium-catalyzed intermolecular hydroamination of
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amination pathway of anilines is distinct from that of palladium- NH,
catalyzed hydroamination reactions that proceed to give sec-arylethyl-

~H
90-100 °C, 18 h O/
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amine and arylethylamine derivatives, identifying a longstanding
missing reaction pathway, Wacker-type amination, to N-arylketimines using anilines. The ready availability of both starting
materials, vinylarenes and anilines, offers an attractive and facile synthetic route to N-arylketimines in good to excellent yields.

mine derivatives continue to be a major source of
innovation in the chemical sciences as they serve as
basic scaffolds for the preparation of fine chemicals,
pharmaceuticals, and natural products. One of the most direct
synthetic methods to amine derivatives is the intermolecular
addition of amines to unsaturated C—C multiple bonds, also
known as hydroamination." However, the development of
hydroamination catalysts that defy the repulsive forces between
m-electrons of C—C unsaturated bonds and lone-pair electrons
of the amine nitrogen has met with significant challenges in the
catalyst control over regioselectivity between Markovnikov and
anti-Markovnikov products.” In general, the hydroamination of
alkenes is more problematic than alkynes because of their lower
reactivity and electron density. Thus, the intermolecular
addition reactions between aniline and unactivated alkenes
such as styrene are the hallmark of catalyst-controlled divergent
hydroamination strategies (Scheme 1).
The pioneering work of Hartwig disclosed the palladium-
catalyzed hydroamination of vinylarenes with anilines where the
anti-Markovnikov products were exclusively obtained in the

Scheme 1. Divergent Hydroamination Pathways of
Vinylarenes Using Anilines
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presence of an acid cocatalyst (Scheme 1, path A).” In contrast,
the base-catalyzed Markovnikov hydroaminations of anilines to
vinylarenes were observed by the groups of Hultzsch® and
Doye,” demonstrating the possibility of complementary
regiodivergent hydroamination of anilines (Scheme 1, path
B). Nevertheless, the catalytic hydroamination of styrenes with
anilines via oxidative addition remains an unsolved problem.
Previously, the laboratory of Brunet in 1993 first reported the
rhodium-catalyzed oxidative hydroamination of styrene using
lithium anilide to give a 2:1 mixture of phenylketimine and sec-
phenylethylamine.” Complementary to Brunet's work, the
group of Beller in 2000 postulated the intermediacy of an
anti-Markovnikov product from the rhodium-catalyzed oxida-
tive hydroamination of styrenes using anilines (Scheme 1, path
D),” where the formation of quinolines was observed in 13—
48% yields. In 2003, the group of Stahl reported the palladium-
catalyzed aerobic oxidative hydroamination of vinylarenes using
amines with a relatively acidic N—H group in the presence of
base. However, Stahl’s oxidative hydroamination chemistry
failed to work for aniline (Scheme 1, path C).® As a result, there
exists a significant knowledge gap in the oxidative hydro-
amination of alkenes using less “nucleophilic” anilines, the only
missing reaction pathway in the general realm of hydro-
amination of alkenes with anilines. Herein, we for the first time
report a regioselective, simple, and general method for the
synthesis of N-arylketimines from vinylarenes via a palladium-
catalyzed aerobic oxidative hydroamination using anilines. The
developed catalyst system represents a formal Wacker process,”
an oxidation of the alkenes, where the hydrolysis of the
ketimines leads to the Wacker oxidation products.

Our initial studies began by attempting the intermolecular
reaction between styrene la and aniline 2a under different
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palladium salts, solvents, and reaction temperatures, where we
observed the formation of phenylketimine 3a and acetophe-
none 4a, a hydrolyzed form of 3a, as the only identifiable
products in <5% yields at 100 °C."” With no apparent solvent
effect in the oxidative hydroamination reaction, we opted for a
neat reaction under aerobic conditions to re-evaluate the
palladium salts (Table 1). Among palladium salts we screened

Table 1. Selected Optimization Conditions of Pd(II)-
Catalyzed Aerobic Oxidative Hydroamination of Styrene
Using Aniline”

[Pd] moI %

N NH; additive
+
[ j 100°C, 181 ©)\’ [ j
1a 2a

additive yield of 3a/4a”

entry Pd (mol %) (mol %) base (%)

1 PdCl, (10) 0/0

2 Pd(dppf)Cl, (10) 0/0

3 Pd(PPh,),Cl, (10) 2/0

4 Pd,(dba); (10) 13/2

5 Pd(TFA), (10) 0/0

6 Pd(OAc), (10) 32/6

7 Pd(OAc),(PPh,), 13/7

(10)

8 Pd(OAc), (10) pyr (30) 40/7

9 Pd(OAc), (10) pyr (60) 28/22

10  Pd(OAc), (10) pyr 30/27
(100)

11 Pd(OAc), (10) 3AMS pyr 47/4
(100)

12°  Pd(OAc), (5) 3AMS pyr 58/2
(100)

13 Pd(OAc), (5) 3AMS pyr 67/1
(100)

14°  Pd(OAc), (S) 3AMS pyr 72/6
(100)

15%  Pd(0Ac), (5) 3AMS pyr 67/3
(100)

167 Pd(0Ac), (3) 3AMS pyr 47/3
(100)

17 Pd(OAc), (5) 3AMS pyr 0/0
(100)

“Reaction conditions: 1a (6.0 mmol), 2a (0.6 mmol), Pd catalyst (mol
%), base (mol %), powdered molecular sieves (20 mg/mmol), neat
under O, balloon at 100 °C. “Yield was determined by 'H NMR
relatlve to internal standard, 1,3,5-trimethoxybenzene. “Reaction for 48
h. “Reaction using 20 equiv of la. “Reaction using 40 equiv of la.
fReaction at 90 °C. $Reaction without 2a.

(entries 1—7), the use of PA(OAc), led to the formation of 3a/
4a in a combined yield of 38% (entry 6). Speculating an
inadvertent acid formation during the reaction that resulted in
the formation of a hydrolyzed product 4a from 3a, we
examined the role of base.'" The addition of pyridine to the
reaction mixture provided slightly improved yields of 3a/4a to
47— S7% yields (entries 8—10); however, the formation of the
hydrolyzed product 4a could not be prevented with the use of
pyridine. Next, we employed 3 A molecular sieves to sequester
water, a byproduct of dioxygen reduction.'” Gratifyingly, the
formation of 4a was significantly reduced to less than 5% while
the reaction yields were maintained at 51% (entry 11). Further
optimization studies using the increased amount of styrene la
and the reduced amount of Pd(OAc), led to yields of 3a/4a to
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60—78% (entries 12—14). Thus, the aerobic oxidative hydro-
amination of aniline 2a using 20 equiv of styrene la in the
presence of S mol % of Pd(OAc),, 100 mol % of pyridine, and
20 mg/mmol of 3 A MS at 90—100 °C was adopted as the
optimal conditions (entries 13 and 15). '3 Further control
experiments of the reaction confirmed the optimal amount of
Pd(OAc), (entry 16), the importance of 3 A MS, not 4 A MS,
(entry 16),'* the dual action between Pd(OAc), and
dioxygen,15 and the absence of Wacker oxidation product, 4a,
in the absence of aniline 2a (entry 17).

With the optimized reaction conditions in hand, the scope of
the Pd-catalyzed aerobic oxidative hydroamination was
investigated using various vinylarenes and anilines (Scheme
2). The examination of vinylarenes with different electronic

Scheme 2. Scope of Pd(II)-Catalyzed Aerobic Oxidative
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properties indicated no significant influence of the electronic
nature of vinylarenes, although the presence of an electron-
donating methoxy group facilitated the hydrolysis of phenyl-
ketimines 3c to acetophenone derivative 4c. The use of 2-
vinylnaphthalene 1f under our optimized conditions only led to
the formation of 3f in 20% yield. However, the reduced amount
of 1f from 20 equiv to 5 equiv provided ketimine 3f in an
improved yield of 54%. Next, we examined various aniline
derivatives with different electronic and steric properties. While
the presence of aryl chloride did not affect the current Pd-
catalyzed reaction (3b), aryl bromide was not tolerated in the
oxidative hydroamination conditions, providing a complex
mixture with only 18% yield of 4-bromophenylketimine 3g.
Anilines with different electronic properties also provided the
desired phenylketimines (3h—j) in good yields. The steric
effect of anilines was minimal (3k]), but the use of 2,6-
dimethylaniline gave the corresponding ketimine 3m in about
30% yield. Among the tested aniline derivatives, the use of 2-
methylaniline proved to be suitable for further substrate

DOI: 10.1021/acs.orglett.7b02532
Org. Lett. 2017, 19, 5264—-5267



Organic Letters

screening. Indeed, 2-methylaniline smoothly underwent the
intermolecular aerobic oxidative hydroamination with various
vinylarenes to give the desired phenylketimine derivatives in
excellent yields.

While the detailed reaction mechanism for the Wacker-type
amination is yet to be studied,'® it is reasonable to speculate the
involvement of the Markovnikov addition of aniline to Pd(II)—
styrene complexes followed by a sequential dioxygen-mediated
regeneration of active Pd(II) catalysts (Scheme 3). As such, the

Scheme 3. Plausible Catalytic Cycle for the Pd-Catalyzed
Aerobic Oxidative Hydroamination Using Anilines
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Pd—styrene complex A undergoes a ligand exchange with
aniline to give the complex B. A subsequent action of pyridine
helps the removal of acetic acid to give the Pd—anilide complex
C."” A migratory insertion, controlled by a sterically congested
palladium complex, occurs to give Pd—alkyl complexes D/D’
that undergo a hydride elimination to give the enamine and the
palladium hydride E. The enamine product isomerizes to
ketimine,'® and the palladium hydride species E oxidatively
regenerates the active catalyst A.'” The proposed catalytic cycle
is supported by our key experimental observations: (1) the high
concentration of styrene positively influences the reaction
conversion; thus, the high ratio between styrene and Pd catalyst
is preferred;”” (2) the control experiment without aniline did
not provide the Wacker oxidation product, acetophenone 4a,
illustrating the involvement of aniline in the catalytic cycle; (3)
the presence of pyridine improves the catal?fric activity, thus
pyridine may serve as both ligand and base;*' and (4) the 3 A
MS primarily absorbs water to prevent the phenylketimine 3a
from hydrolyzing to acetophenone; thus, the 3 A MS does not
significantly influence the reaction rate.””

To investigate our mechanistic proposal in Scheme 3, we
have performed the kinetic studies, where we found the
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palladium catalyst with the first order reaction from the initial
rate experiments (see the Supporting Information). However,
the reaction after about 70% conversion appeared to be almost
zero order with respect to Pd(OAc),. This scenario might be
interpreted for the presence of alternative reaction pathways:
(1) the possibility of hydroamination activity of the palladium
hydride, E, to give sec-phenylethylamines® or (2) the reduction
activity of E to reduce styrene to ethylbenzene derivatives.”” A
close inspection of the reaction mixtures did not yield any sec-
phenylethylamine product, and only on one occasion with the
use of 4-fluorostyrene did we observe the formation of a
reduced form, 1-ethyl-4-fluorobenzene, in <5%. Alternatively,
the zero-order reaction rate at the later stage could be
considered as the ineffective catalyst regeneration, Pd(II) from
Pd(0) (Scheme 3, F to A). The formation of Pd(0) black was
visible after the reaction, and the presence of ketimine products
could competitively compete with aniline to coordinate to the
metal center. Thus, the kinetic data as well as the experimental
findings support the depletion of active Pd(II) catalyst for the
observed kinetic profile. Furthermore, the kinetic isotope effect
of 1.6 (k"/kP) using aniline-d, suggests the active involvement
of aniline in the catalyst-turnover processes.”> Previously, in the
hydroamination of vinylarenes using anilines, Hartwig proposed
the migratory insertion of vinylarene into a palladium hydride
to give catalytic intermediates that reacted in the presence of
excess aniline.”* In his studies, the presence of both
phenylketimine byproduct and palladium hydride intermediate
was observed in an almost identical ratio to the palladium
catalyst used. The reason why palladium hydride intermediate
E did not initiate a typical hydroamination pathway of
vinylarenes is not clear at this time. However, the high
concentration of ligands such as styrene, pyridine, and
phenylketimine should improve the short lifetime of the
palladium hydride intermediate E, limiting the reaction with
aniline to give sec-phenylethylamines.”®

In summary, we have identified a novel aerobic oxidative
hydroamination pathway of vinylarenes using anilines to mimic
the Wacker-type amination process. The current oxidative
hydroamination pathway is substantially different from the
status quo of the hydroamination pathways of alkenes, where
the formations of phenylethylamines and sec-phenylethylamines
are achieved under metal and base catalysis. Defying the known
hydroamination pathways of anilines is perhaps due to the
higher concentration of vinylarenes that increased the Pd—
styrene complexation in combination with a coordinatively
non-innocent pyridine additive and 3 A MS. Using structurally
unaltered anilines, the palladium-catalyzed aerobic oxidative
hydroamination of vinylarenes has been achieved for the first
time. While more detailed mechanistic studies are needed, the
current palladium catalyst system might be modulated for the
complementary Wacker-type amination to anti-Markovnikov
enamine products.”® Additional studies to understand the
mechanistic details and to extend the substrate scope to other
amines are currently underway, and our results will be reported
in due course.
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