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ABSTRACT

The unactivated carbon�nitrogen bond of various aryl hydrazines was cleaved under very mild conditions by Pd(0) with the assistance of Pd(II).
The in situ generated aryl palladium complex readily takes part in the C�C bond formation with olefins. This study offered a new mode of C�Pd
bond formation, which will spur the development of palladium-catalyzed cross-coupling in the future.

Palladium-catalyzed cross-coupling reactions via selective
cleavage of unreactive bonds such as carbon�hydrogen,1

carbon�carbon,2 andcarbon�nitrogen3bondsare versatile
and powerful tools for organic chemists because they pro-
vide unique organic transformations which are difficult to
be carried out using othermethods. Among these strategies,
the cross-coupling reaction involving carbon�nitrogen
bond cleavage is the least explored, especially for the non-
reactive carbon�nitrogen bond.3 Generally, the carbon�
nitrogen bonds are activated by conversion to diazonium
salts,3a�c ammonium salt,3d�f or aza heterocycles.3g,h How-
ever, existing methods are still plagued with problems such
as limited substrate scope, harsh reaction conditions, the
explosive and unstable nature of the substrates, the need to
use strong acids and an air-sensitive nickel catalyst, etc. In
view of this, there is still a need to develop new methods
to cleave carbon�nitrogen bonds. Recently, Kakiuchi and
co-workers developed a carbon�carbon bond formation
strategy via the ruthenium-catalyzed unactivated carbon�
nitrogen bond cleavage of anilines.4 However, as far as we
know the transition-metal-catalyzed cleavage of carbon�
nitrogen bonds in arylhydrazine has not been reported.5
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Herein we report the first palladium-catalyzed C�C bond
formation of arylhydrazines via aryl carbon�nitrogen bond
cleavage with olefins under very mild conditions.

The pioneering work of palladium-mediated unacti-
vated carbon�nitrogen bond cleavage involving aryla-
mine and arylhydrazine had been done by Fujiwara et al.
by employing stoichiometric amounts of palladium salts,
albeit low reaction efficiency was observed.5 Their work
demonstrated the feasibility of cleavage of an unactivated
carbon�nitrogen bond by palladium. However, the me-
chanism of this reaction is still unclear and there is much
room for its improvement. Recently, we are interested in
palladium catalyzed aerobic transformations, especially
whenmolecular oxygen or air was used as the sole oxidant.6

Inspired by Fujiwara’s work and based on the development

of palladium oxidase catalysis,7 we envisioned that the
catalytic version of this reaction might be realized by the
combination of Pd(II)-catalyzed C�C bond formation and
ligand assisted dioxygen-coupled reoxidation of Pd(0).
Initially, aniline was chosen as the cross-coupling part-

ner and treated with the tert-butyl acrylate in the presence
of 5 mol % of Pd(OAc)2, 6 mol % of ligand A (1,10-
phenanthroline), and 5 equiv of HOAc in open air. How-
ever, no desired cross-coupling product involving C�N
bondcleavagewas observed (see Supporting Information).
Interestingly, the target cross-coupling product was ob-
tained in 68% yield when phenylhydrazine was treated
under the same conditions (Table 1, entry 3).
With this encouraging result in hand, we evaluated other

palladium(II) salts as well as palladium(0) complexes and
found that Pd(OAc)2 offered the best yield. Further investi-
gation demonstrated that the ligand plays an important role
in the reaction (Table 1). Both air and acetic acid are crucial
for the reaction because no reaction was observed in the
absence of either of them. This transformation proceeded
smoothly at room temperature although higher efficiency
was observed at 40 �C. Solvent also had some effect on the
reaction, andwe found that amixture of PhCl andMeOH is
the optimal choice of solvent (for the details of reaction
condition optimization, see Supporting Information). The
catalyst loading could be decreased to 3 mol%without any
loss of the yield, and it could be further decreased to 1mol%
with a slightly decreasedyield (Table 1, entry 14). Finally, the
best result was obtained with 3 mol % of Pd(OAc)2 and 3.6
mol%of ligandD as the catalyst and amixture of PhCl and
MeOH as the solvent under air.
The generality of this novel process was explored with

various arylhydrazines under the optimal reaction condi-
tions, and the results are summarized inTable 2.Asalready
outlined, a wide range of arylhydrazines gave the desired
products in good yields, including ortho-, para-, andmeta-
substituted arylhydrazines. Both the electron-withdrawing
and -donating groups on the para-substituted aromatic
hydrazines are tolerated (Table 2, entries 2�11). Gener-
ally, electron-poor arylhydrazines are more reactive than
electron-rich ones. A longer reaction time was required to
get the product in good yield when an electron-donating
group was present in the substrates (Table 2, entries 2, 17).
The electron-poor 4-hydrazinylbenzoic acid (1i) gave an
almost quantitative yield at room temperature (Table 2,
entry 9). The ortho-substituted arylhydrazines also pro-
ceeded readily to give the cross-coupling product in good
yields (Table 2, entries 15, 16, 20). The tolerance of ortho-
substituted arylyhydrazines is an advantage over the
palladium-catalyzed diazonium salts chemistry, which is
frequently sensitive to steric hindrance. It is notable that
excellent chemoselectivities were observed when chloro-
(Table 2, entries 4, 18, 19), bromo- (Table 2, entries 6 and
13), and iodophenylhydrazine (Table 2, entry 7) were
involved in this coupling reaction. This feature affords an

Table 1. Palladium-Catalyzed Cross-Coupling of
Phenylhydrazine (1a) with tert-Butyl Acrylate (2a)a

entry Pd ligand solvent

time

(h)

yield

(3a) (%)b

1 Pd(OAc)2 No DCE 4 22%

2 No No DCE 4 trace

3 Pd(OAc)2 A DCE 2 68%

4 PdCl2 A DCE 2 61%

5 Pd(CO2CF3)2 A DCE 2 57%

6 Pd(dba)2 A DCE 2 41%

7 Pd(OAc)2 B DCE 2 72%

8 Pd(OAc)2 C DCE 2 81%

9 Pd(OAc)2 D DCE 2 83%

10 Pd(OAc)2 E DCE 2 23%

11 Pd(OAc)2 F DCE 2 77%

12c Pd(OAc)2 D PhCl/

MeOH

2 91%

13d Pd(OAc)2 D PhCl/

MeOH

2 91%

14e Pd(OAc)2 D PhCl/

MeOH

2 75%

aUnless noted otherwise, the reactions were carried out on a 0.30
mmol scale of 1a with 4.0 equiv of HOAc (1.2 mmol), and 2.0 equiv 2a

(0.6 mmol) in solvent (0.5 mL). b Isolated yield. c 50 mg 4 Å MS was
added. dWith 3 mol % Pd(OAc)2 .

eWith 1 mol % Pd(OAc)2.
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opportunity for further selective functionalization at the
halide group. The carboxylic acid and sulfonamide groups
on the aromatic ring are also compatible and these sub-

strates were more reactive owing to their electron defi-
ciency (Table 2, entries 9, 11, 14).
To further illustrate the utility of this coupling reaction,

different acrylates and olefins were evaluated under the
optimal reactionconditions (Table 3).As shown inTable 3,
the ester moiety of acrylate has little influence on the
reaction efficiency. The β-substituent can be present and
provide the coupling product with good stereoselectivity
(Table 3, entries 7 and 8). Interestingly, acrylic acid as well
as acrylamide works well for this reaction to give cross-
coupling products in good yields (Table 3, entries 9 and 10).
Unactivated olefins such as cyclopentene and 3-buteneni-
trile are also viable coupling partners suggesting that this
reaction is not limited to the activated carbon�carbon
double bond (Table 3, entries 12 and 13).
In terms of the mechanism of this transformation, the

later stageof it looks like theHeckcouplingwhich involved
the aryl palladiumcomplex. It is assumed that the formation
of the aryl palladium complex might involve cleavage of
the aryl carbon�nitrogen bond.However our initial attempts
to obtain the aryl palladium intermediates by using

stoichiometric amounts of palladium acetate and ligand
in the absence of an olefin partner failed. Fortunately,
an analogous palladium chloro complex 1h0 (Scheme 1)
was isolated as a stable solidwhich could be crystallized for
the X-ray diffraction study when 1h was treated with 1.2

Table 2. Palladium-Catalyzed Cross-Coupling of Various
Arylhydrazines with tert-Butyl Acrylate (2a)a

entry R1

temp

(�C)
time

(h) yield (%)b

1 Ph(1a) 40 2 91% (3a)

2 4-MeO-C6H4 (1b) 40 6 90% (3b)

3 4-Me-C6H4(1c) 40 2 92% (3c)

4 4�F-C6H4(1d) 40 2 85% (3d)

5 4-Cl-C6H4 (1e) 40 2 85% (3e)

6 4-Br-C6H4 (1f) 40 2 81% (3f)

7 4-I-C6H4 (1g) 25 10 80% (3g)

8 4-CN-C6H4 (1h) 40 3 93% (3h)

9 4-CO2H-C6H4 (1i) 25 8 98% (3i)

10 4-CF3-C6H4 (1j) 25 8 85% (3j)

11 4-SO2NH2-C6H4 (1k) 25 8 85% (3k)

12 3-Me-C6H4 (1l) 40 3 93% (3l)

13 3-Br-C6H4 (1m) 40 4 93% (3m)

14 3-CO2H-C6H4 (1n) 25 8 94% (3n)

15 2-Me-C6H4 (1o) 40 3 73% (3o)

16 2-NO2-C6H4 (1p) 40 4 75% (3p)

17 3,4-(MeO)2-C6H3 (1q) 40 3 88% (3q)

18 3-Cl-4-F-C6H3 (1r) 40 2 82% (3r)

19 3,5-Cl2-C6H3 (1s) 40 3 85% (3s)

20 2,5-F2-C6H3 (1t) 40 4 73% (3t)

aUnless noted otherwise, the reactions were carried out on arylhy-
drazine (0.3 mmol), tert-butyl acrylate (0.6 mmol) with 3.6 mol % of
ligand D (0.0108 mmol), and 3 mol % of Pd(OAc)2 (0.009 mmol) in
PhCl/MeOH (0.4 mL/0.1 mL). b Isolated yield.

Table 3. Palladium-Catalyzed Cross-Coupling of Arylhydrazine
(1) with Various Olefinsa

aUnless noted otherwise, the reactions were carried out on arylhy-
drazine (0.3 mmol), alkene 2 (0.6 mmol) with 3.6 mol % of ligand D

(0.0108 mmol), and 3 mol% of Pd(OAc)2 (0.009 mmol) in PhCl/MeOH
(0.4 mL/0.1 mL). b Isolated yield. cUsed cyclopentene. dTotal yield.

Scheme 1. Stiochiometric Reaction of 1h with Pd(OAc)2 and
Ligand C
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equiv of Pd(OAc)2 and 1 equiv of ligand C in CDCl3. In
addition, this complex readily undergoes a cross-coupling
reaction with tert-butyl acrylate in excellent yields. The
X-ray structure of 1h0 clearly demonstrated that the C�N
bond was replaced by a C�Pd bond and provided solid
evidence that this reaction involved C�N bond cleavage.
A plausible mechanism involving both Pd(0) and Pd(II)

was proposed to rationalize the C�N bond cleavage
process (Scheme 2). The existence of palladiaziridine com-
plex Iwas establishedbyMu~niz et al.’swork.8 It is assumed
that both the C�N and N�N bonds in palladiaziridine
complex I are activated by palladium(II).9 The formation
of palladiaziridine complex I is crucial for the catalytic
cycle because there is no reaction at allwhenbothnitrogens
of phenylhydrazine were protected while single terminal

protected phenylhydrazine could give the coupling pro-
duct inmoderate yields (see Supporting Information). The
oxidative addition of palladium(0) to the initially formed
palladiaziridine complex I cleaved the C�N bond to give
the two palladium(II) centered complex II. Protonolysis of
the in situ formed complex II released the aryl palladium
complex IV and the palladiaziridine complex III, which
collapsed to give palladium(0), nitrogen gas, and water in
the presence of oxygen. The aryl palladium complex IV

stabilized by two ligandD is the major peak in the absence
of olefin. It could be transformed to intermediate V in the
presence of olefin. Degeneration of intermediate V gave a
coupling product and regenerated [L2Pd(0)]. The catalytic
cycle is closed upon reoxidation of Pd(0) to Pd(II) by air
with the assistance of a ligand.
In summary, we have developed the first palladium-

catalyzed C�C bond formation of arylhydrazines via aryl

C�N bond cleavage with olefins. A possible mechanism

involving both Pd(0) and Pd(II) was proposed to rationalize

the C�N bond cleavage. This reaction proceeded readily

with various aryl hydrazines and acrylates as well as unac-

tivated olefins under very mild conditions. By using the

commercially available aryl hydrazines as the coupling

partner and 1 atm of air as the environmentally benign

oxidant, this cost-effective methodology will be very attrac-

tive for bothacademia and industry. It is foreseeable that this

new mode of C�Pd complex formation will spur the devel-

opment of palladium-catalyzed cross-coupling in the future.
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Scheme 2. Proposed Mechanism
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