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Abstract: In this review, we summarize recent progress from our group with regard to
Pd-catalyzed oxidative amination of alkenes with amines. Intermolecular oxidative amination
of alkenes with secondary anilines was induced using a palladium-complex catalyst combined
with molybdovanadophosphate as a co-catalyst under dioxygen, leading to allylic amines and
enamines in good yields with high selectivities. The reaction proceeded efficiently, using
molecular oxygen as the terminal oxidant. In addition, palladium-catalyzed oxidative
amination of alkenes with anilines as primary amines was achieved using molecular oxygen as
the sole oxidant, producing (Z)-N-alkenyl-substituted anilines in high yields.
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1. Introduction

Nitrogen-containing compounds are ubiquitous in nature, and many are important organic
compounds with applications as medicines, dyes, and electroluminescent materials [1-3]. The
development of synthetic methods for nitrogen-containing compounds is therefore an important topic.

Transition-metal-catalyzed oxidative coupling reactions of olefins through sp?> C—H bond activation is
an important organic transformation and is currently used as an efficient method for introducing various
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functional groups directly connected to the C=C bonds of olefins [4-9]. Oxidative coupling for the
formation of nitrogen-containing compounds such as enamines using metal-catalyzed oxidative
amination of olefins by dioxygen, known as the aza-Wacker reaction, has been the subject of
considerable research [10-18]. Although significant developments in aza-Wacker-type reactions have
been achieved, the existing aza-Wacker process generally requires non-basic nitrogen nucleophiles
such as carboxamides, carbamates, and sulfonamides as amination reagents, under relatively high oxygen
pressures (4-10 atm.) or in the presence of an external oxidant source such as benzoquinone (BQ),
PhBQ, PhI(OACc),, or PhI(OPiv), [19-33]. In contrast, the oxidative amination of olefins using more basic,
simple amines as substrates has been less explored, and is generally limited to intramolecular
reactions [34—-38], because of the strong coordination of amines to Pd, which results in catalyst deactivation.

The oxidative amination of olefins using primary amines was initially reported in 1981 by Hegedus;
the reaction was carried out using an excess of reoxidant and salt [39]. Beller reported the oxidative
amination of olefins with secondary amines using a Rh catalyst [40,41]. In this case, however, various
by-products such as hydroamination and hydrogenation products of the olefins were formed along with
the desired oxidative amination products.

The development of novel and selective catalytic protocols for intermolecular oxidative olefin
amination using simple amines in the absence of stoichiometric, hazardous, toxic, external oxidants is
therefore highly desirable. The achievement of oxidative amination using atmospheric molecular
oxygen (1 atm. O,) is an attractive and practical synthetic method.

Pd(I1)-catalyzed oxidative allylic amination by selective allylic C—H bond functionalization of
alkenes with amines is an alternative efficient methodology for preparing nitrogen-containing
unsaturated compounds [25,42,43]. However, there has been limited work on reactions using non-substituted
simple alkenes. Recently, Pd(I1)-sulfide/Cr(I11)-catalyzed oxidative allylic amination of simple alkenes
with tosylamides, affording allylamines, was reported [26,28,29]. However, these reactions required
stoichiometric amounts of BQ or high O, pressure (6 atm), and a reoxidant, to perform the reactions
efficiently. The development of an innovative method for the intermolecular oxidative allylic
amination of simple alkenes, using molecular oxygen as the oxidant, is therefore also an important
research topic.

In previous attempts to use molecular oxygen as an alternative oxidant in oxidative amination and
to develop the above-mentioned research topics, we found that molybdovanadophosphoric acid
(H3+nPM012.1VO40 H,0: HPMoV) served as a good reoxidant of Pd(0) to Pd(Il) in a homogeneous
catalytic system using O, as the terminal oxidant [44-46]. Our group showed that the
Pd(I1)/HPMoV/O, system was an efficient catalyst for the oxidative alkenylation of coupling reactions
of arenes (known as the direct Mizoroki—Heck reaction) through direct aromatic or alkenyl C—H bond
activation [47-51]. In addition, we recently reported that the oxidative C-H alkenylation of
aminobenzenes was achieved using a PdA/HPMoV/2,4,6-trimethylbenzoic acid catalytic system [52].

Alternatively, complexes of molybdovanadophosphate ((NH4)sH4sPM0gVsO40 NH,O:NPMoV), in
which ammonium cations partly replace the acidic groups in HPMoV, have also been used as efficient
reoxidation co-catalysts for the Pd(ll)-catalyzed oxidation of alkenes [53,54]; this is a better
reoxidation catalyst for oxidative coupling with more basic amines. We reported that a
Pd(I1)/NPMoV/O, or Pd(I1)/NPMoV/HQ/O, (HQ: hydroquinone) system showed effective catalytic
activity for acetoxylation and acetalization of olefins under mild conditions [53,54]. The



Catalysts 2013, 3 796

Pd(I1)/NPMoV/O, catalytic system has been extended to Wacker-type oxidations and
carbomethoxylation of olefins [55,56].

The reactions reported in this review focused on Pd-complex-catalyzed intermolecular oxidative
amination using simple anilines as substrates, and molecular oxygen was used as the terminal oxidant.
The intermolecular aerobic oxidative amination of electron-deficient olefins with secondary aromatic
anilines was successfully achieved using a Pd(I1)/NPMoV/HQ-catalyzed reaction with dioxygen [57].
In addition, intermolecular aerobic oxidative allylic amination of simple alkenes with simple amines
such as diphenylamine was induced by a Pd(OCOCF;),/NPMoV catalytic system, leading to the
corresponding (E)-allylamines in good yields and with good selectivities, through the formation of
(n>-allyl)palladium(ll) trifluoroacetate species as possible key intermediates [58]. Furthermore, the
Pd-catalyzed oxidative amination of olefins with primary anilines has been achieved using molecular
dioxygen as the sole oxidant. Here, the use of ortho-substituted primary anilines such as o-toluidine
was the key development in this reaction, providing the corresponding N-alkenyl-substituted anilines
in high yields and with high selectivities [59].

2. Results and Discussion

2.1. Oxidative Amination of Electron-Deficient Alkenes with Secondary Amines, Catalyzed by
Pd(11)/NPMoV/O, System

First, we focused on aza-Wacker type reactions of secondary amines with electron-deficient olefins,
affording enamines as the products. We found that the PdCI,(PhCN)/NPMoV/O; system combined
with a catalytic amount of HQ had good catalytic activity in oxidative amination reactions, exclusively
affording (E)-enamines in good yields. The reaction of diphenylamine (1) with ethyl acrylate (2) was
chosen as a model reaction. When a mixture of 1 (2 mmol) and 2 (6 mmol) was reacted in the presence
of PdCI,(PhCN), (0.1 mmol, 5 mol%) combined with (NH4)sHsPMogVOs 23H,0 (NPMoV)
(0.02 mmol, 1 mol%) and HQ (0.4 mmol, 20 mol%) in dimethylformamide (DMF) (2 mL), under
atmospheric oxygen (1 atm, balloon) at 60 <C for 6 h, (E)-ethyl-3-(diphenylamino)propenoate (3) was
obtained in 90% yield (Equation 1).

cat. p4Cl,(PhCN),

cat. NPMoV
cat. HQ
Ph,NH + 2N PhoN 2 1
2 COEt  pvE. 60°C. 6 h R (1)
1 2 0, (1 atm) 3
2 mmol 6 mmol 90%

With regard to the Pd catalyst used in this reaction, PdCI,(PhCN), gave the best result (90% vyield),
whereas the use of Pd(OAc), and Pd(acac),, which showed high activities in our previously reported
Pd(I1)/HPMoV/O; [44-52] and Pd(I1)/NPMoV/O, [53-56] catalytic systems, gave only 7-14% of the
desired products 3. Catalyst possessing less acidic counter ion such as PdCl,(PhCN), is preferable to
avoid over-coordination of the aniline nitrogen to Pd center.

This reaction was successfully performed using NPMoV and HQ as co-catalysts. The removal of
either NPMoV or HQ from the catalytic system resulted in a sluggish reaction and low yields of 3.
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In addition, atmospheric oxygen served as the terminal oxidant and the reaction under air or Ar
resulted in yields of 3 of less than 10%, because of the difficulty of regenerating Pd(Il) from the
reduced Pd(0) during the reaction.

With regard to the amine substrate, the oxidative amination reaction only proceeded with amines
possessing aromatic rings under these conditions; the reaction of 2 with primary aliphatic amines such
as hexylamine and secondary aliphatic amines such dibutylamine resulted in exclusive formation of
conjugated addition products instead of the desired oxidative amination products.

The reactions of various olefins with amines were examined under the optimized reaction
conditions (Scheme 1). The reactions of diphenylamine (1) with various electron-deficient olefins such
as methyl acrylate, methyl vinyl ketone, acrylonitrile, and styrene proceeded smoothly to give the
corresponding products in good vyields. The reaction also tolerated secondary aromatic amines such as
3-methyldiphenylamine, 3-methoxydiphenylamine, and n-butylphenylamine, to afford the corresponding
enamines in good yields

Scheme 1. Oxidative amination of secondary aromatic amines (1) and electron-deficient
olefins (2), catalyzed by Pd(I1)/NPMoV/HQ system. Conditions: secondary aromatic
amines (2 mmol) were allowed to react with electron-deficient olefins (6 mmol) in the
presence of PACI,(PhCN), (5 mol%) combined with NPMoV (1 mol%) and hydroquinone
(HQ) (20 mol%) in dimethylformamide (DMF) (2 mL) at 60 <C for 6 h.

Ph,N.__~ Ph,N
PhaN-Zco,me 2ENF"come NP> e PhoN->ppy
74% 76% 53% 41%
MeO N " Ph
e
\@/ \/\COQEt \©/N\/\C02Et \/\/N\/\COZEIZ
81% 70% 60%
(Yield)

In this reaction, the choice of solvent and the substrate ratio (1:2) influenced the selectivity for 3.
During screening the effect of the solvent on the reaction, we observed an unusual formation of
1-amino-2,4-dicarboxylate-substituted 1,3-dienes on changing the solvent in the catalytic system:
when DMF was used as the solvent, enamines 3 were obtained exclusively, whereas the reactions in
DME, PhCN, MeCN, and t-BuOH under these reaction conditions afforded 3 in low yields (34-66%),
with concomitant formation of 1-amino-2,4-dicarboxylate-substituted 1,3-dienes and (2E,4E)-diethyl-
4-[(diphenylamino)methylene]pent-2-enedioate (4), as by-products (8-28% yields).

To achieve selective formation of 4, we focused on further optimization of the reaction conditions
and found that the use of an excess (5 equiv.) of 1 with respect to 2 in PhCN gave the maximum yield
of 4 (57%) with 83% selectivity (Equation 2).
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cat. pqdCl,(PhCN)/ NPMoV/HQ

Ph,NH — + 7 CO,Et
1 ) PhCN, 60 °C, 6 h
O, (1 atm), 69% Total yield

10 mmol 2 mmol
PhoN__~ + Ph,N
2INTN 0,k NN o,k
3 4
selectivity (%) 17 : 83

It was considered that 4 would be formed by sequential reaction of the resulting 3 with 2. The
reaction of 3 with 2 under similar reaction conditions was performed, and, as we anticipated, 4 was
obtained in 43% yield (Equation 3).

cat- PCl,(PhCN) NPMoV/HQ CO,Et
PN coet + A co PhoN_h
PhCN, 60 °C, 6 h COE 3)
3 2 O, (1 atm) 4
0.5 mmol 5 mmol 43%

A plausible reaction pathway is an aza-Wacker-type route, as shown in Scheme 1. The coordination
of olefin (2) to Pd(II) initiates the reaction to produce a Pd(ll)—olefin complex (I). Nucleophilic attack
of amine (1) on intermediate | then occurs, affording the aminopalladation intermediate 11. Subsequent
B-hydride elimination from the resulting intermediate Il affords enamine 3 and an LnPdH(II)
intermediate (111), which liberates HL (L = Cl or ligand) by reductive elimination to Pd(0) [53,60].

In the reoxidation of Pd(0) to Pd(Il), as we previously reported [53,54], BQ functions as an efficient
oxidizing agent for Pd(0), leading to disproportionation, affording Pd(Il) and HQ. HQ
dehydrogenated to BQ by dioxygen and NPMoV (Scheme 2).

Scheme 2. Plausible pathway for reaction of 1 with 2 to give 3, using
Pd(I1)/NPMoV/HQ/O; system.

H,0
1120,
[NPMoV]ox.
[NPMoV]red.
reoxidation step Pd(ll) CO Et
BQ
Pd(0)
( Pd(II)
“>CO,Et
PAH(I) I
/\ / Ph,NH
PhyN
\/\C02 Pd(II)
PhoN__ A
CO,Et

With regard to the reaction mechanism for the formation of 4, we propose that the formation of a
zwitterionic intermediate 1V, a resonance form of 3, serves as a carbon nucleophile for I (instead of
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amine 1) (Scheme 3). Subsequently, aminopalladation takes place by nucleophilic attack of IV on
Pd(I)—olefin I, affording intermediate V, followed by B-hydride elimination, leading to 4 as a product,
via intermediate VI, along with formation of Pd(Il) through a similar reoxidation of Pd(0) by the
NPMoV/HQ/O; system (Scheme 3).

Scheme 3. Plausible reaction pathway for formation of 4 from 3a, using 2.

Z>CO,Et

2
reoxidation/( Pd(Il) {
Pd(0)

Pd(l) |

/ ~
K)\AcozEt 7 C0,E
NPh,
oo Phﬁ ©
I ZINSco,Et
EtO.C  Pd(ll)

b w
CO,Et
PhoN A~

4

€ CO,Et o E\D
gphz v 2 \6‘\(3025
3

CO,Et
2.2. Oxidative Amination of Simple Alkenes with Secondary Amines, Catalyzed by
Pd(I1)/NPMoV/O; System

We then focused on the less-explored intermolecular oxidative amination of amines with simple olefins.
On screening the reaction conditions, we found that Pd(OCOCF3),/NPMoV-catalyzed intermolecular
aerobic oxidative allylic amination of simple aliphatic alkenes with secondary aromatic amines such as
diphenylamine afforded (E)-allylamines in good yields with high regio- and stereo-selectivities.

The reaction of diphenylamine (1) with 1-decene (5) was chosen as a model reaction, and carried
out under various conditions. When 1 (1 mmol) was reacted with 5 (7 mmol) in the presence of
Pd(OCOCF3); (0.1 mmol) and (NH4)sH4sPMogVeO40 23H,0 (NPMoV) (0.02 mmol) in trifluorotoluene
(TFT) (2 mL) under O, (1 atm) at 40 <C for 24 h, (E)-1-diphenylamino-2-decene (6) was obtained in
60% vyield (Equation 4). In further screening of the reaction conditions, when the reaction was
performed under 10 atm of air, the highest yield, 78%, was achieved (Equation 4). The reaction
proceeded with high levels of stereo- and region-selectivity, and exclusive formation of the E isomer
was obtained; no aza-Wacker-type products were detected under these conditions. The use of an excess
(preferably 7 equiv.) of olefin (5) efficiently promoted the reaction. When the molar ratio of 1 to 5 was
changed from 1:7 to 1:3, the yield of 6 decreased from 73% to 41%. In this reaction, the NPMoV
catalyst efficiently serves in the reoxidation step with dioxygen, and the reaction in the absence of
NPMoV from the catalytic system results in a sluggish reaction (15% vyield).

Ph,NH  + _~_Crths °8'Pd(OCOCF3),/NPMoV_ Ph,N.__~X_C7H1s

TFT, 40 °C, 24 h 6
1 5

(4)

1 mmol 7 mmol
under O, (1 atm) 60%

under air (10 atm)  73%
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In this reaction, dioxygen serves as a suitable oxidant for regenerating Pd(ll) from the reduced
Pd(0) during the reaction; the reaction under Ar resulted in only 15% of 6. The reaction proceeded
under atmospheric oxygen (1 atm.), giving 3a in moderate yield (entry 5). It should be noted that the
use of PA(OCOCF3); as a catalyst is crucial for obtaining the highest catalytic activity. Other selected
Pd(Il) catalysts such as Pd(OAc), and Pd(acac),, which were used in previously reported
Pd(I1)/NPMoV/O,-catalyzed aerobic oxidation reactions [53-56], were totally inactive as Pd catalysts
in the present reaction (yields less than 4%). The yield of 6 decreased considerably (to 19%) when a
more acidic HPMoV such as HsPMo011VO4 23H,0 was used as the catalyst for the reoxidation of
Pd(0), because of the formation of an amine salt of HPMoV with 1.

In this reaction, the choice of solvent also significantly influences the reactivity.

Among the solvents examined in this reaction, fluorine-containing solvents such as TFT,
perfluorohexane, and FC-72 (perfluorohexanes,) were found to be most suitable for the formation of 6,
and provided the desired product 6 in 73%, 73%, and 74% vyields, respectively, whereas the use of
conventional solvents such as toluene (55%), DMF (35%), DME (6%), and PhCN (7%) under these
reaction conditions afforded 6 in low yields (yields are shown in parentheses).

Scheme 4. Pd(OCOCF3),/NPMoV/O,-catalyzed oxidative allylic amination of 1 with 5 to
give allylamines (6). Conditions: amines (1 mmol) were allowed to react with olefins
(7 mmol) in the presence of Pd(OCOCF3), (0.1 mmol) and NPMoV (0.02 mmol) in
trifluorotoluene (TFT) (1 mL) under air (10 atm) at 40 <C for 24 h.

PhyN \/\/C7H15 Ph,N \/\/C5H11 Ph,N \/\/\/COZMe
73% 72% 55%
Ph Ph,yN NN
thN\/\/Cy PhoN o~ 2 \/\/\Ph
76% 65%
71%
Ph Rh Ph
Me\©/N\/\/C7H15 ©/N\/\/C7H15 CI\©/NW07H15
E 40% 36%
0,
67% (Yield)

Under the optimized conditions, the reactions of various diarylamines with aliphatic alkenes
afforded the corresponding allylamine derivatives in good yields (Scheme 4). Simple alkenes such as
1-octene, 1-dodecene, allylcyclohexane, allylbenzene, and 4-phenyl-1-butene reacted smoothly with 1,
affording the corresponding (E)-allyamines in good yields with high selectivities. The reaction also
tolerated various secondary aromatic amines such as 3-methyldiphenylamine and 3-fluorodiphenylamine,
and the reaction with 5 produced the corresponding allylic amines in moderate to good yields (Scheme 4).
However, the reactions with aliphatic amines such as hexylamine and dibutylamine were sluggish,
because strong coordination of these more basic amines to the Pd center deactivates the Pd and
NPMoV species.

With regard to the reaction mechanism, it is known that n*-allylpalladium intermediates are formed
by the reaction of alkenes with Pd(Il) through allylic C—H bond activation [26,27,29]. To confirm
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the participation of the n*-allylpalladium intermediate as the key in the catalytic cycle, and in order to
obtain further insights into the specific role of the Pd(OCOCFs;), catalyst in this reaction, the
(n3-cinnamyl)palladium trifluoroacetate dimer (7) and (n’-cinnamyl)palladium acetate dimer (8) were
synthesized independently as model intermediates, according to the literature methods [61,62].
Stoichiometric reactions with diphenylamine (1) were carried out under the conditions shown in
Equation 5, using the complexes 7 and 8. The stoichiometric reaction of the trifluoroacetate-substituted
n’-allylpalladium 6 with 1 produced the desired allylic amine 9 in substantial yield, but almost no
coupling product was obtained in the reaction with the acetate-substituted n?>*-allylpalladium 7. These
results indicate that the formation of n-allylpalladium species is an important factor in the present
catalytic cycle, and the more electrophilic n*-allylpalladium trifluoroacetate is a suitable intermediate
for further transformations with amines, affording allylic amines.

/\/Ph
Ph,NH + dh Ph,N . _Ph
2 FI’dR I PhCF5 (1 mL) N
1 under Ar
0.5 mmol 40 °C, 24 h 9 ©)
0.5 mmol
R = OCOCF; (7) 44 %
R = OCOCCHj (8) <1%

Based on these results, the most plausible reaction pathway is shown in Scheme 5. First, Pd(ll)
reacts with alkene 2 to form an n-allylpalladium intermediate V11, along with trifluoroacetic acid,
through allylic C—H bond activation. The trifluoroacetate group on the Pd(Il) complex smoothly
abstracts the allylic hydrogen to form n>-allylpalladium bearing a trifluoroacetate group. Then, VII is
subjected to nucleophilic attack by amine 1 to afford the oxidative allylic amination product and Pd(0).
The trifluoroacetate group facilitates the amination step, as we demonstrated in the stoichiometric
reaction of 7 with 1 (see Equation 5). The resulting Pd(0) species is smoothly reoxidized by the
NPMoV/O; system to generate Pd(I1) (Scheme 5).

Scheme 5. Most plausible reaction mechanism (through allylic C—H activation).

CrH1s
Pd(OCOCF3), A/
5H

)
Reoxidation by
NPMoV/O2 system
Pd(0)

PhN___CrHis
6 /1\/07H15
Pd(OCOCF5)
vil

CO,H

Ph,NH 1

However, another reaction pathway, through aminopalladation/B-hydride elimination (aza-Wacker
process), cannot be ruled out completely, and is also a possible reaction mechanism (Scheme 6).
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Scheme 6. Another possible reaction mechanism (aza-Wacker process).

Reoxidationby
NPMoV/O, system Pd(OCOCF;), /\/C7H15

Pd(0) \(
CF,COOH P\/

(FsCOCO),Pd .
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thNH
Pd(Il)
Ph,N C/Hys
~ X Ph,N \)\/C7H

6 CF,COOH

2.3. Palladium-Catalyzed Z-Selective Oxidative Amination of Ortho-Substituted Primary Anilines with
Olefins under Open Air Atmosphere

In this review, we report Pd(Il)-catalyzed oxidative aminations of electron-deficient olefins and
simple alkenes to afford enamines and allylic amines, respectively. However, these reactions have two
drawbacks. The first drawback is that the amine substrate is limited to secondary amines. The second
is that a catalytic amount of NPMoV and/or HQ as a co-catalyst is still needed for the oxidation using
molecular oxygen.

In the final part of this review, we report the Pd-catalyzed oxidative amination reaction of
electron-deficient olefins using aromatic primary anilines in the presence of air (O,) as the sole
oxidant, without the need for an external reoxidant, to give the corresponding enamine derivatives in
high yields.

As an initial attempt, the reaction of aniline (10, 3 mmol) and n-butyl acrylate (11, 1 mmol) was
carried out. Screening of the reaction conditions showed that the reaction proceeded efficiently in the
presence of Pd(OAc), (0.03 mmol, 3 mol%) and pivalic acid (PivOH, 0.25 mmol) in N-methyl-2-
pyrrolidone (NMP; 0.5 mL) under ambient air at 60 <C for 15 h, affording the corresponding enamine
in 38% yield, with a mixture of E and Z isomers (E:Z = 1:4).

To increase the yield, and the selectivity for the target reaction, we further screened the reaction.
We found that the use of ortho-substituted primary amines was particularly important for promoting
the reaction and giving the desired enamines in high yields with high selectivities.

Based on these our findings, and to confirm the optimum reaction conditions for this
transformation, the reaction of o-toluidine (12) with n-butyl acrylate (11) was selected as a model
reaction, and conducted under a variety of different reaction conditions. The best result was observed
when the reaction of o-toluidine (12, 3 mmol) with n-butyl acrylate (11, 1 mmol) was performed in the
presence of Pd(OACc), (0.03 mmol, 3 mol%) and PivOH (0.25 mmol) in NMP (0.5 mL) under ambient
air at 60 <C for 15 h. The corresponding enamine (13) was obtained in 90% yield (Equation 6). It is
worth noting that the reaction proceeded with a high level of Z selectivity, affording the (Z)-enamine
exclusively. In this reaction, the use of an additive, PivOH, substantially enhanced the catalytic
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activity; however, the reaction in the absence of PivOH afforded 13 in 80% vyield. In contrast, the
addition of Lewis acids such as p-toluenesulfonic acid and AlCIs considerably suppressed the catalytic
activity. In this reaction, dioxygen serves as the sole oxidant and no external reoxidation agent such as
NPMoV is necessary. Needless to say, when the reaction was conducted under an Ar atmosphere, a
low yield of 13 (3%) was observed, indicating that the oxygen in the air serves as the sole oxidant.

CO2nBU
NH, cat. pd(OAc),/PivOH HJ
/\COQnBu + @ > Z
NMP, 60 °C, 15 h (6)
Open air
11 12 13
1 mmol 3 mmol 90%

Under the optimized conditions, various primary anilines and electron-deficient olefins were
tolerated in the oxidative amination (Scheme 7). As mentioned above, the use of ortho-substituted
anilines such as o-toluidine, o-isopropylaniline, and o-anisidine gave high yields (71-81%) of the
corresponding enamines, with high levels of regio- and stereo-selectivity (E:Z = 1:>20). In contrast,
when m- and p-toluidine were used, the yields of the corresponding enamines decreased (30-42%), but
high levels of Z selectivity were retained. These results suggest that the bulky o-methyl substituent
effectively hampered over-coordination (or saturation) of the aniline nitrogen to the Pd center, preventing
deactivation of the catalyst in the catalytic cycle. Under these conditions, various electron-deficient olefins
were tolerated, and gave the corresponding enamines in good yields. When acrylonitrile and styrene were
used as the olefins, the yields of the desired products were low (15-40%), and lower stereoselectivities of
the desired products were observed. These results suggest that the carbonyl group plays an important
role in determining the stereoselectivity during the course of the reaction. Under these reaction
conditions, the use of amides such as phthalimide (as less-basic amide), cyclooctylamine (as
more-basic aliphatic amine) are totally inactive toward the oxidative amination.

Scheme 7. Pd-catalyzed oxidative amination of primary anilines with olefins. Conditions: anilines
(3 mmol) were reacted with electron-deficient olefins (1 mmol) in the presence of a Pd(OAC),
(0.03 mmol) and PivOH (0.25 mmol) in NMP (0.5 mL) at 60 <C for 15 h under open air.

H CO,nBu H CO,nBu H CO,nBu H CO,nBu
©:N\/ @EN\/ : N Me. : N
Me iPr OMe
o % n » CO,tB
CO,nBu CO,nBu CO,Me H 250
H H H N
o O crr o
Me Me Me Me
42 89 67 58
O NMeZ
g COCy ! y ‘
[ IN\/ N~ [ ;[N\/%CN [ j ~"pp
Me ©:Me Me Me
69 43 40 (E: Z=T7:3) 15 (E: Z=3:7)

(Yield)
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A plausible reaction mechanism for this reaction is shown in Scheme 8. Similar to the reactions
reported in Sections 2.1 and 2.2, the coordination of olefin 2 to Pd(I1) leads to a Pd(Il) complex VIII.
The intermediate V111 is subjected to nucleophilic attack by the primary amine, followed by formation
of a six-membered Pd complex IX, possibly by hydrogen bonding between the carbonyl oxygen atom
and the hydrogen atom of the primary amine [63]. Subsequently, B-hydride elimination from
intermediate VII1 generates Pd—H and the Z amination product. The palladium hydride species then
readily undergoes reductive elimination to give Pd(0), and the resulting Pd(0) species is smoothly
reoxidized by O, to Pd(II).

Scheme 8. Plausible reaction mechanism for oxidative amination of ortho-substituted
amines with olefins.

A(OBU
Pd(Il) o 11
Reoxidation
/ Pd(ll)
BuO /)
N
Pd(0) f Vil

NH
OBu ©/\ 2
=
CY -
H 12
CC™
Pd(Il)

H—Pd(Ilk m/OBu
I

X

3. Experimental Section
3.1. General

GLC analysis was performed with a flame ionization detector using a 0.22 mm % 25 m capillary
column (BP-5). *H and *C NMR spectra were obtained at 400 and 100 MHz, respectively, in CDCl;
with Me,Si as the internal standard. The products were characterized using *H NMR, **C NMR, and
GC-MS.

3.2. Reaction of 1 and 2 (Equation 1)

A mixture of 1 (338 mg, 2 mmol) and 2 (600 mg, 6 mmol) was reacted in the presence of
PdCI,(PhCN), (38 mg, 0.1 mmol, 5 mol%), (NH4)sHsPMogVsOs 23H,0 (NPMoV) (35 mg,
0.02 mmol, 1 mol%), and HQ (44 mg, 0.4 mmol, 20 mol%) in DMF (2 mL) under atmospheric oxygen
(1 atm.) at 60 <C for 6 h in a 30 mL round-bottomed flask. The conversions and yields of the products
were estimated from peak areas, based on an internal standard, using GC; product 3 was obtained in
90% yield.
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3.3. Reaction of 3 with 2 (Equation 3)

A mixture of 3 (182 mg, 0.5 mmol) and 2 (500 mg, 5 mmol) was reacted with PdCI,(PhCN),
(19 mg, 0.01 mmol, 10 mol%), (NH4)sH4PMo0gVs04 23H,0 (NPMoV) (18 mg, 0.01 mmol, 2 mol%),
and HQ (22 mg, 0.2 mmol, 40 mol%) in PACN (1 mL) at 60 <C for 6 h under atmospheric oxygen (1 atm.)
in a 30 mL round-bottomed flask. The conversions and yields of the products were estimated from
peak areas, based on an internal standard, using GC; product 4 was obtained in 43% vyield.

3.4. Reaction of 1 with 5 (Equation 4)

A mixture of 1 (169 mg, 2 mmol) and 5 (980 mg, 7 mmol) was reacted with Pd(OCOCFs3), (33 mg,
0.1 mmol, 10 mol%) and (NHz)sHsPM0gVO4 23H,0 (NPMoV) (35 mg, 0.02 mmol, 2 mol%) in TFT
(2 mL) at 40 <C for 24 h under air (10 atm) in a 50 mL stainless-steel autoclave. The conversions and
yields of the products were estimated from peak areas, based on an internal standard, using GC;
product 3a was obtained in 73% yield.

3.5. Reaction of 1 with 7 (Equation 5)

A mixture of 1 (85 mg, 0.5 mmol) and 7 (168 mg, 0.5 mmol) was allowed to react in TFT (1 mL) at
40 <C for 24 h under Ar in a Schlenk flask. The conversions and yields of the products were estimated
from peak areas, based on an internal standard, using GC; product 9 was obtained in 44% yield.

3.6. Reaction of 11 with 12 (Equation 6)

A mixture of 11 (128 mg, 1 mmol) and 12 (322 mg, 3 mmol) was reacted with Pd(OAc), (6.7 mg,
0.03 mmol, 3 mol%) and PivOH (26 mg, 0.25 mmol) in NMP (0.5 mL) at 60 <C for 15 h under open
air in a 30 mL round-bottomed flask. The crude reaction mixture was cooled to room temperature.
EtOAc (30 mL) was added to the dark solution. The residue was purified using column
chromatography on silica gel (EtOAc/hexane = 1:40) to provide (Z2)-butyl 3-(o-tolylamino)acrylate
(3a) (210 mg, 90%).

4. Conclusions

In this review, we reported our recent work on efficient catalytic systems for intermolecular
aza-Wacker reactions of olefins and secondary aromatic anilines, using a Pd(I1)/NPMoV/HQ/O;
system, affording oxidative amination products in good yields. In addition, by tuning the reaction
solvent and the substrate ratio, we obtained 1-amino-2,4-dicarboxylate-substituted 1,3-dienes as the
major adducts.

In addition, we reported the Pd(I1)/NPMoV/O,-catalyzed oxidative allylic amination of simple
alkenes with simple amines to afford (E)-allylamines. Pd(Il) catalyzes the reactions of olefins and
aromatic secondary amines in both intermolecular aerobic allylic amination and oxidative C-H
olefination of aromatic secondary amines to give (E)-allylamines and olefin-substituted aromatic
amines, respectively, in good yields, with high regioselectivities. We also demonstrated the aerobic
oxidative amination of o-substituted primary anilines with olefins, catalyzed by Pd, using dioxygen as
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the sole oxidant. The reactions proceeded to give the desired N-alkenyl-substituted anilines with high
levels of regio- and stereo-selectivity using primary anilines. All the presented oxidative amination
reactions in this review uses molecular oxygen as external oxidant. Therefore, these reactions provide
useful organic transformations to access enamines and allylic amines from an environmental and
economical point of view.
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