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Abstract

The catalytic acvtivity of dimeric and monomeric ortho-palladated complexes
[Pd{CcH2(CH,NH>-(OMe)»,3.,4} (1-C)]2(2) and [Pd{CsH2(CH>NH,-(OMe),,3,4}CI(PPh3)](3),
were investigated in Heck cross-coupling reaction. These complexes are more active and effi-
cient catalysts for Heck cross-coupling reaction. The palladium complexes 2 and 3 are employed
in the Heck cross-coupling reaction between styrene and acrylate with several aryl halides. High
yields of corresponding C—C products, low catalyst loadings, mild reaction conditions and short
reaction times are important features of these homogeneous reactions. The cross-coupled prod-
ucts were produced in high yields using catalytic amounts of [Pd{CsH,(CH,NH;,-(OMe),,3,4} (u-
CD]; or [Pd{CcH2(CH,;NH;-(OMe),,3,4} CI(PPh3)] as a thermally stable and oxygen insensitive
complexes in NMP at 130 °C.

Keywords: Orthopalladated, catalyst, Heck cross-coupling.

Introduction

One of the most important starting mate- many areas including organic synthesis [5—8],
rials in organometallic chemistry is cyclopalla- material science [9] and also as biologically
dated complexes [1,2]. Palladacycles have active compounds [10]. The mentioned finding
been known over 30 years [3,4] and have broke one of the Cope’s rules stating that pri-

gained great interest due to their applications in mary benzylamines cannot be ortho-metalated
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by palladium(II) salts. Interestingly, the ortho-
palladation of primary amines by Pd(II) acetate
occurs readily in acetonitrile. The interest in
cyclopalladated complexes derived from N-
donor ligands has increased considerably and it
is due to their extremely high catalytic activity
in a variety of important C—C coupling reac-
tions including Heck reactions, Stille coupling
and Suzuki coupling [11,12]. The ortho-
palladation of secondary amines has been re-
ported by Fuchita et al. [13-15] and Vicente et
al. [16]. For the first time, Vicente et al. [16]
reported the crystal structure of a cyclopalla-
dated complex of secondary benzylamine. Var-
ious aryl halides can be used in these reactions.
Thus, for several years, only aryl iodides and

aryl bromides were employed in the Heck reac-

tion. As aryl chlorides are cheaper, more readi-

ly available and practical, they can be consi-
dered as the best substrates for coupling reac-
tions in comparison with their bromide or
iodide analogs. The aryl chlorides react very
slowly with palladium catalysts due to the
strength of the C—Cl bond which delays the
oxidation addition to Pd(II) complexes [17,18].
However, cyclopalladated Pd(II) complexes as
thermally stable catalysts can activate aryl
chlorides [17,19-23]. In this research, we re-
port the synthesis of the mono- and di-nuclear
complexes from secondary benzylamine, as
efficient, non-sensitive to air and moisture, and
thermally stable catalysts for Heck coupling
reaction of various types of aryl halides under

traditional heating (Scheme 1).

NH,
NHz MeO Pd
MeO M, MeO AcO
OMe C7H8/(50-60 0C) 24 h 1) 2
NaCl
acetone, RT
NH2 NH2
/ 2 PPh3 Pd
MeO [ CH2CI2 RTMeOMeO C/'Q
MeO  Ph,P : 3

3)

)

Scheme 1. Synthesis of dimeric and monomeric ortho-palladated complexes
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Experimental

General

Materials and Instruments: NMR spectra
('H, and "C) were recorded on a 400 MHz
Bruker in CDCl; or DMSO-d6 as solvent at
room temperature. Chemical shifts () are re-
ported according to internal TMS (1H, and
13C) and external. Elemental analysis for C, H
and N atoms were performed using a perkin-
Elmer 2400 series II analyzer. Melting points
were measured on a SMPI apparatus. IR spec-
tra were recorded on a Shimadzu FT IR 435-
U-04 spectrophotometer (KBr pellets). All sol-
vents were distilled before use. Besides, all
reactions were carried out under a nitrogen
atmosphere. Benzylamine, palladium(Il) ace-
tate and solvents were purchased from Merck

and Acros and used as receive.

Synthesis of complex 2

[CsH2(CH,NH,-(OMe),,3,4] (0.250 g, 1.5
mmol) was stirred with palladium(Il) acetate
(0.334 g, 1.5 mmol) in toluene (15 mL) at 50-
60 °C for 24 h under N». The resulting yellow
suspension or solution was concentrated, and
diluted with n-hexane to give complex 1 as a
pale yellow microcrystals (Yield: 70%). A
sloution of complex 1 (0.230 g, 0.38 mmol)
was stirred with NaCl (0.045 g, 0.77 mmol) in

H,O/acetone (1:10, 20 mL) for 24 h at room
temperature. The product 2 was filtered,
washed with water and diethyl ether and dried
in vacuo. (Yield: 64%). Decomp.: 212 °C. 'H
NMR (400 MHz, CDCls, ppm); 9, 6.91-6.85
(br m, 1H, C¢H>), 6.71-6.63 (br m, 1H, C¢H,),
3.90 (s. 3H, OMe), 3.85 (s, 3H, OMe), 2.90-
2.81 (m, 2H, NH,), 2.79-2.68 (m, 2H, CH,)
ppm. IR (KBr, cm™): 310 and 270 (Vu-c),
3247-3304 (vnp). "C NMR (ppm): 152.0,
149.8, 133.0, 120.0, 110.1, 55.0, 43.2, 27.0
Anal, Calc for C;gH»4C;pN,O4Pd,: C, 35.09; H,
3.93; N, 4.55, Found: C,35.31; H, 4.17; N,
4.52%.

Synthesis of complex 3

PPh; (0.057 g, 0.22 mmol) was added to
the dimeric complex 2 (0.067 g, 0.11 mmol) in
CH)Cl, (10 mL). After stirring at room tem-
perature for 1 h, the reaction mixture was con-
centrated. Addition of n-hexane afforded the
monomeric complex 3 as a yellow solid
(Yield: 66%). Decomp.: 180 °C. "H NMR (400
MHz, CDCls, ppm): 7.83-7.86 (m, 6H, PPh3),
7.68-7.53 (m, 9H, PPhs), 6.97 (br d, 1H,
Ce¢Hy), 6.68 (br d, 1H, C¢Hy), 3.91 (s, 3H,
OMe), 3.81 (s, 3H, OMe), 3.17-3.07 (m, 2H,
NH,), 2.87-2.80 (m, 2H, CH,), 2.55-2.45. >'P
NMR: 32.66 ppm. IR (KBr, cm™'): 32503324
(N-H). Calcd for

Color: yellow. Anal.
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Cz7H27C1NPOdeZ C, 5686, H, 4.77; N, 2.46.
Found: C, 56.69; H, 4.82; N, 2.68.

General procedure for the Heck reaction of

aryl halides with olefin

Under nitrogen atmosphere, a mixture of
K,CO;3 (2.2 mmol), olefin (5 mmol), aryl ha-
lide (2 mmol), and NMP (5 mL) were added
respectively to a Schlenk tube equipped with a
magnetic stirring bar. 0.2 mol% of complex 2
or 0.4 mol% of complex 3 was added to the
Schlenk tube. The mixture was stirred at 130
°C in an oil bath and monitored by TLC
(EtOAc: n-hexane, 20:80). The reaction mix-
ture was then cooled to room temperature and
then the solvent was removed under reduced
pressure. The combined organic extracts were
washed with brine and dried over MgSO4. The
products were characterized by comparing

their m.p., IR, IH, BC NMR spectra.

trans-Stilbene (1)

M.p. 122-123 °C; found 121-124 °C. 'H
NMR (400 MHz, ppm, CDCL3): 8= 7.55 (d,
2H, J=5.9 Hz), 7.44 (t, 2H, J= 6.1 Hz), 7.34 (t,
1H, J= 6.1 Hz), 7.24 (s, 1H). >C NMR (400
MHz, ppm, CDCL) &= 137.7,129.4, 126.7,
124.9, 123.8. IR (KBr, cm™): v 3075, 1602,
1494,

trans—4—Acetylstilbene (2)

M.p. 140-144 °C; found 137-140 °C. 'H
NMR (400 MHz, ppm, CDCl;): & = 7.87 (d,
2H, J = 6.7 Hz), 7.75 (d, 2H, J= 6.7 Hz), 7.53
(d, 2H, J= 6 Hz), 7.42 (t, 2H, J= 6.1 Hz), 7.33
(t, 1H, J= 5.7 Hz), 7.28 (d, 1H, J= 13 Hz), 6.90
(d, 1H, J= 13 Hz). °C NMR (400 MHz, ppm,
CDCls) &= 198.7, 139.0, 135.7, 135.0, 131.4,
128.9, 127.4, 127.0, 126.5, 126.3, 126.0. IR
(KBr, cm™): v 3022, 2961, 1676, 1600.

trans—4—Cyanostilbene (4)

M.p. 117-119 °C; found 114-116 °C. 'H
NMR (400 MHz, ppm, CDCls): 8= 7.65 (d,
2H, J = 8.5 Hz), 7.62 (d, 1H, J= 8.3 Hz), 7.59
(d, 2H, J = 7.6 Hz), 7.45 (t, 2H, J= 7.2), 7.36
(br d, 1H), 7.32 (d, 1H, J= 146.4), 6.95 (d, 1H,
J=16.4). >*C NMR (400 MHz, ppm, CDCI3)
5= 143.7, 135.4, 129.7, 128.7, 128.0, 127.4,
127.0, 126.4, 126.3, 117.0, 110.5. IR (KBr,

cm™): v 3044, 2955, 2323, 1600.

trans—4—Methoxystilbene (6)

M.p. 135.5-137.1 °C; found 133-136 °C.
'H NMR (400 MHz, ppm, CDCl;): & = 7.79-
7.44 (m, 4H), 7.42-7.30 ( br t, 3H), 7.14 (d,
1H, J=16.2 Hz), 7.05 (d, 1H, J=16.2), 6.90 (d,
1H, J= 8), 3.85 (s, 3H). °C NMR (400 MHz,
ppm, CDCl;) &= 161.7, 147.6, 128.9, 128.7,
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128.0, 127.4, 127.2, 126.4, 126.2, 114.2, 51.8.
IR (KBr, cm™): v 3044, 2956, 1590.

trans-Methyl cinnamate (8)

'"H NMR (400 MHz, ppm, CDCly): &=
7.64 (d, 1H, J= 16.2 Hz), 7.54-7.53 (m, 3H,),
7.39-7.33 (m, 2H), 6.40 (d, 1H, J= 16 Hz),
3.70 (s, 3H). °C NMR (400 MHz, ppm,
CDCls) &= 197.1, 158.7, 142.4, 129.7, 128.9,
128.0, 126.4, 123.0, 109.3, 49.8. IR (KBr, cm™
": v 3050, 2940, 1720, 1580.

Methyl trans-4-acetylcinnamate (9)

M.p. 30-33 °C. "H NMR (400 MHz, ppm,
CDCls): &= 7.92 (d, 1H, J= 12.8 Hz), 7.84 (d,
2H, J= 6.7 Hz), 7.64 (d, 2H, J= 6.7 Hz), 6.49
(d, 1H, J= 12.8 Hz), 3.76 (s, 3H), 2.65 (s, 3H).
BC NMR (400 MHz, ppm, CDCl;) 8= 199.2,
166.5, 143.7, 138.0, 130.9, 128.8, 124.3, 51.9,
29.7. IR (KBr, cm™): v 3036, 2946, 1720, 1655

Methyl trans-4-cyanocinnamate (11)

M.p. 119-121 °C. '"H NMR (400 MHz,
ppm, CDCls): 6= 7.64 (t, 2H, J= 8 Hz), 7.49
(d, 1H, J= 8.2 Hz), 6.39 (d, 1H, J= 16 Hz),
3.78 (s, 3H). °C NMR (400 MHz, ppm,
CDCls) &= 166.5, 141.4, 139.4, 126.4, 121.4,
118.0, 111.4, 52.0. IR (KBr, cm™): v 3044,
2956, 2228, 1723, 1637.

Methyl trans-4-methoxycinnamate (13)

M.p. 81-83 °C. "H NMR (400 MHz, ppm,
CDCls): &= 7.64 (d, 1H, J=16.2 Hz), 7.42 (d,
2H, J= 8.8 Hz), 7.08 (d, 2H, J= 8.8 Hz), 6.39
(d, 1H, J=16.2 Hz), 3.85 (s, 3H), 3.79(s, 3H).
13C NMR (400 MHz, ppm, CDCl3) &= 168.5,
143.7, 129.4, 127.5, 121.4, 118.3, 114.4, 558,
52.0. IR (KBr, cm™): v 3040, 2946, 1723,
1590.

(E)-Methyl 2-methyl-3-phenylacrylate (14)

'"H NMR (400 MHz, ppm, CDCl;): &=
7.84 (s, 1H), 7.68-7.59 (m, 2H), 7.43-7.36 (m,
3H), 3.88 (s, 3H), 2.11 (d, 3H, J= 1.2). 13C
NMR (400 MHz, ppm, CDCl;) 6= 167.7,
137.7, 132.4, 128.5, 126.4, 51,8, 29.0. IR
(KBr, cm™): v 3056, 2956, 1720, 1636.

trans-3-Chlorostilbene (15)

M.p. 60—65 °C. "H NMR (400 MHz, ppm,
CDCls): &= 7.59 (d, 1H, J= 7.2 Hz), 7.44-7.30
(m, 3H), 7.20-7.30 (m, 5H), 6.99 (d, 1H, J=
16.2 Hz), 6.91 (d, 1H, J= 16.2 Hz). >*C NMR
(400 MHz, ppm, CDCl;) &= 137.3, 134.7,
1342, 128.7, 128.0, 127.9, 127.4, 12628,
126.2, 124.8, 124.5. IR (KBr, cm™): v 3064,
2955, 1590.

trans-1-Styrylnaphthalene (16)

M.p. 58-62 °C. 'H NMR (400 MHz, ppm,
CDCly): 5= 8.27 (d, 1H, J= 6.7 Hz), 7.93 (d,
1H, J= 8.3 Hz), 7.86 (d, 1H, J= 12.6 Hz), 7.83
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(d, 1H, J= 6.7 Hz), 7.60 (d, 2H, J= 5.8 Hz)
7.56-7.50 (m, 3H), 7.42 (t, 2H, J= 6 Hz), 7.32
(t, 1H, J= 5.8 Hz), 7.14 (d, 1H, J= 12.8 Hz).
B3C NMR (400 MHz, ppm, CDCl;) 8= 135.6,
1352, 134.2, 133.5, 132.0, 131.0, 12828,
128.0, 127.4, 1263, 126.0, 125.7, 12428,
124.0, 123.4, 123.0. IR (KBr, cm™): v 3030,
1590.

trans-3-Acetylstilbene (17)

M.p. 7275 °C. "H NMR (400 MHz, ppm,
CDCls): 8= 8.31 (s, 1H), 7.79 (d, 1H, J= 6.2
Hz), 7.63 (d, 1H, J= 6.2 Hz), 7.46 (d, 2H, J=
6.2 Hz), 7.42 (t, 1H, J= 6.4 Hz) 7.37 (d, 2H, J=
6.2 Hz), 7.30 (t, 1H, J= 6.4 Hz), 7.24 (t, 1H, J=
6.3 Hz), 6.99 (d, 1H, J= 12.8 Hz). °C NMR
(400 MHz, ppm, CDCl;) &= 197.3, 136.2,
1352, 133.5, 132.0, 130.0, 129.8, 128.7,
128.6, 128.0, 127.4, 127.0, 126.4, 125.0, 29.3.
IR (KBr, cm™): v 3055, 2951, 1670, 1590.

trans-1-(4-Methylstyryl)naphthalene (19)

M.p. 58-62 °C. "H NMR (400 MHz, ppm,
CDCls): 8= 8.00 (d, 1H, J= 8 Hz), 7.96 (d, 1H,
J=7 Hz), 7.82 (d, 2H, J= 7.5 Hz), 7.53 (d, 1H,
J= 1.7 Hz), 7.48.7.30 (m, 7H) 7.21 (d, 1H, J=
16 Hz), 2.41 (s, 3H). °C NMR (400 MHz,
ppm, CDCl;) &= 137.6, 135.4, 134.9, 133.5,
131.1, 129.9, 129.5, 128.8, 127.4, 126.6,
126.3, 125.8, 124.3, 123.8, 123.0, 21.1. IR
(KBr, cm™): v 3034, 2956, 1520.

trans-1-Chloro-3-(4-methylstyryl)benzene
(20)

M.p. 97.5-102 °C. '"H NMR (400 MHz,
ppm, CDCls): 6= 7.68 (s, 1H), 7.44-7.30 (m,
4H), 7.29-7.20 (m, 3H), 7.10-.6.96 (m, 2H),
223 (s, 3H). °C NMR (400 MHz, ppm,
CDCls) &= 139.7, 135.4, 134.6, 132.5, 130.1,
129.9, 129.5, 127.8, 127.4, 126.0, 1253,
125.8, 124.3, 21.4. IR (KBr, cm"): v 3034,
2948, 1590.

Methyl trans-4-formylcinnamate (23)

M.p. 80.5-84.5 °C. '"H NMR (400 MHz,
ppm, CDCls): 6= 9.89 (s, 1H), 7.92 (d, 2H, J=
8.2 Hz), 7.76 (d, 1H, J= 8.2 Hz), 7.54 (d, 2H,
J=8.2 Hz), 6.69 (d, 1H, J=8 Hz), 3.62 (s, 3H).
B3C NMR (400 MHz, ppm, CDCl;) &= 191.3,
169.8, 143.7, 141.3, 131.0, 129.8, 128.0,
118.2, 52.0. IR (KBr, cm™): v 3034, 2946,
1720, 1710.

Results and discussion

Synthesis and characterization of the palla-

dacycle 2 and 3.

The synthesis pathway starting from the
[CeH2(CH,NH,-(OMe)2,3,4] and leading to
the formation of complexes 1 and 2, and final-
ly, to the triphenylphosphine mononuclear ad-
duct 3 is shown in (Scheme 1). Treating palla-
dium(II) [CsH2(CH,NH,-

acetate  with
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(OMe)2,3,4] in a 1:1 molar in toluene at 50-
60 °C for 24 h produced the acetate cyclopal-
ladated dimer of benzylamine 1. Metathesis
reaction of this acetate-bridged cyclopalla-
dated complex 1 with NaCl (1:2 molar ratio) in
H20 and acetone gave chloro-bridged cyclo-
palladated complex 2 as yellow powder. Addi-
tion of triphenylphosphine to this dimeric or-
thopalladate complex [Pd{C¢H,(CH2NH?2)-
(OMe),,3,4}(n-CD)]> 2
gave the monomeric orthopalladate complex 3

[Pd {CsHo(CH2NH2)-(OMe),,3,4} CL(PPh3)]

in dichloromethane

as a yellow powder. As this was our case, pure
palladacycle 2 was produced in 81.6% yield as
an yellow powder by reacting crude complex 1
with NaCl in acetone. The structure of this pal-
ladacycle was determined by elemental analy-
sis and 'H NMR spectroscopy. Palladacycle
complexes 2 and 3 were prepared according to
the literature and its application in Heck coupl-

ing reaction was studied.

Heck coupling reaction of aryl halides

The application of palladacycle 2 and 3 as
catalysts for the Heck cross-coupling reaction
was examined by optimizing both base and
solvent effects. The activity of this complex 2
in Heck—Mizoroki C-C

was investigated

cross-coupling reactions and compared with

the dimeric palladacycle 2. The monomeric
complex contains mixed phosphorus— nitrogen
(P—N) donors and was found to be more active
in Heck reactions (Scheme 2) than the dimer.
It can be noted that it contains only a single
nitrogen donor. First of all, we carried out a
model reaction to optimize the reaction condi-
tions. Various parameters including solvents
and bases were investigated. To study the ef-
fects of different solvents in our catalytic sys-
tem, the reaction of 4-bromoacetophenone
with styrene (Scheme 3) using palladacycles 2
and 3 as catalysts were carried out in various
solvents and organic and inorganic bases under
conventional heating at 130 °C, as shown in

(Table 1).

After an optimization process, we found

that K,CO; as base and N-methyl-2-
pyrrolidone (NMP) as solvent gave the best
results (Table 1, entry 4). For catalysts 2 and 3,
various catalysts concentrations were also
tested (Table 2, entry 6, and Table 3, entry 7).
The best results for catalysts 2 and 3 were 0.2

and 0.4 mol%, respectively.

The optimized reaction conditions were
applied in the Heck reaction for series of aryl
halide with different olefins. The results are

summarized in Table 4.
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H O
Rl

| = H, Me Palladacycles 2 or3

// NMP 1300C R"

" | O
X=Br, I, Cl R"
R=OMe, CHO, COMe, CN, H L_ 1 R

Scheme 2.
Br X O
N Palladacycles 2 or 3
(0] + » O
Base, Solvent, N2
CH, CHs
Scheme 3.

Table 1. Optimization of base and solvent under conventional heating in an oil bath®

Entry Solvent Base Temperature Time catalyst Conversion
(°C) (min) (%)
1 NMP EtN 130 240 2 0
3 0
2 NMP CS,CO0O;, 130 240 2 30
3 40
3 NMP Na,CO; 130 240 2 35
3 30
4 NMP K,COs 130 40 2 100
3 100
5 DMF K,COs 130 240 2 70
3 90
6 CH;CN K,COs 80 240 2 0
3 0
7 Toluene  K,CO; 130 240 2 63
3 63

? Reaction conditions: 1 mmol 4-bromoacetophenon, 2.2 styrene, 1.1 mmol base, 0.2 mol% palla-

dacycle 2 and 0.4 mol% palladacycle 3.
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Table 2. Optimization of catalyst 2 concentration under conventional heating”

Mol% catalyst2  Time (min) Temperature (°C) Conversion (%)
None 120 130 0

0.01 120 130 40

0.03 120 130 65

0.05 120 130 93

0.1 80 130 100

0.2 40 130 100

0.3 60 130 100

0.4 60 130 100

* Reaction conditions: 1 mmol 4-bromoacetophenon, 2.2 styrene, 1.1 mmol K,COs, 3 mL NMP and

palladacycle.

Table 3. Optimization of catalyst 3 concentration under conventional heatinga

Mol% catalyst 3 Time (min) Temperature Conversion (%)
O

None 120 130 0

0.01 120 130 45

0.03 120 130 60

0.05 120 130 100

0.1 80 130 100

0.2 80 130 100

0.4 60 130 100

0.6 60 130 100

* Reaction conditions: 1 mmol 4-bromoacetophenon, 2.2 styrene, 1.1 mmol K,COs, 3 mL

NMP and palladacycle.
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Table 4. Heck reaction of aryl halides under conventional heating condition® in an oil bath®

Entry Ar-X Olefin Product catalyst Time Yield
(min) (%)
Br AN O 80 92
9 \
1 O 60 96
o O °
Br
CH,
2 e O N O 120 73
180 90
I N
(U L
3 O 50 97
35 94
| AN CN
Jogue e
4 NC O 30 95
20 95
Br AN CN
JOSNOA e
5 NC O 35 94
110 85
Jomeh
6 H;CO 75 90
100 93
Br AN CH,
9 e
7 HsC O 140 85
80 91
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*Reaction condition: aryl bromids; 2 mmol: K,COs: 1.1 mmol, catalyst; 2 0.2 mol% and catalyst 3 0.4 mol%, temperature’ 130°C
®Isolated yield.
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Conclusion

In this research, we described synthesis
and characterization of new series of chelate
palladium(II) complexes derived from palla-
dium acetate. We used dimeric and monomeric
ortho-palladate complexes as highly active and
efficient catalysts for promoting the Suzuki
cross-coupling reaction of various aryl halides
to produce the corresponding products in high
yields. Easy preparation of the catalysts pre-
cursors, their high solubility in organic sol-
vents, low catalyst loading, and stability to-
ward air make these complexes ideal starting

materials for the above transformations.
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