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N4-Tetradentate Dicarboxyamidate/Dipyridyl Palladium Complexes as
Robust Catalysts for the Heck Reaction of Deactivated Aryl Chlorides
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The palladium-catalyzed Heck reaction is one of the
“power tools of contemporary organic synthesis”.! It is
used for the olefination of aryl halides, and has found appli-
cation in natural products synthesis, materials science, and
bioorganic chemistry.”! The olefination of chloroarenes is of
immense importance, since C—Cl bond activation contrib-
utes to the fundamental understanding of the reactivity of
such very stable bonds and they are cheaper and more
widely available than their bromide or iodide counterparts.
In particular, the activation of deactivated aryl chlorides has
become a challenging task. In the past, phosphine complexes
and P-donor palladacycles have been used for the activation
of deactivated aryl chlorides.! However, phosphorus-con-
taining ligands are expensive, toxic, and sensitive to air and
temperature. Consequently phosphine-free Pd-catalyzed ole-
fination of deactivated aryl chlorides has become highly de-
sirable.

Among the phosphine-free catalysts, N-based palladacy-
cles, N-heterocyclic carbenes (NHCs), and carbocyclic car-
benes containing catalysts have performed well in the olefi-
nation of aryl chlorides.” The activity of catalysts is howev-
er essentially limited to activated and non-activated sub-
strates. A key feature of several homogeneous catalytic sys-
tems is the stabilization of the active catalysts, which
depends on the ligand stability, chelation or steric shielding
of the metal center, and the strength of the metal-ligand
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bond. In recent years, transition-metal complexes containing
N-donor ligands with amide functionality have received
much attention and have shown that the anionic amide (de-
protonated amide) ligands strongly donate electrons to the
metal center thus stabilizing various oxidation states of
metals.®!

We believe that such ionic-type amidate bonding in palla-
dium complexes could impart larger thermodynamic stabili-
zation to active metal species thus rendering a metal elec-
tron-rich and therefore facilitate oxidative addition of aryl
chlorides in the C—C cross coupling reactions.” " In addi-
tion, the amide ligands have advantages over P-donor li-
gands due to their facile synthesis and their stability in air.
Despite having these appealing characteristics, the amidate
complexes are relatively unexplored in the field of catalysis.
This is particularly the case for the Heck reaction. Herein,
we present our studies on the utility of palladium(II) com-
plexes of tetradentate dicarboxyamide/dipyridyl ligands as
catalysts for the Heck reaction of deactivated aryl chlorides
and olefins.

As depicted in Scheme 1, the new chelating tetradentate
ligands Sa and 5b are readily accessible in four steps start-
ing with the amino acid precursors L-phenyl alanine and L-
valine, 1a and 1b, respectively. The square-planar palladium
complexes 6a and 6b were readily prepared by treatment of
the ligands with Pd(OAc), in THF at room temperature.
The bis(amide) ligand (5a) and its amidate palladium com-
plex (6a) were structurally characterized by X-ray crystal-
lography (see Figure 1 for complex 6a and Supporting Infor-
mation for the ligand 5a). The ligand contains amide hydro-
gen atoms and in contrast, the amidate palladium complex
displays tetradentate N4 coordination via N atoms of two
different functions, namely amidate (deprotonated amide)
(N1 and N2) and pyridine (N3 and N4). The coordination
geometry around the palladium center is slightly distorted
from ideal square-planar, as elucidated by bond angles and
inter-planar angles around the metal atom (Figure 1). The
solution structure of the palladium complexes was studied
by 'HNMR and *C NMR spectroscopy, and these studies
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thermogravimetric analysis (see
the Supporting Information).
The thermal robustness of the
amidate palladium complexes is
further confirmed by the ab-

7 N\
N=
LIOH-H,0

——25% HN

o

Y

sence of inactive palladium
1a: R = CH,CgH5 2a 3a 0 4a © black in solution on heating in
1b: R = CHMe, 2b 3b 4b N,N-dimethylacetamide (DMA)
at 160°C for several days.
7 N\ | N = | Owing to such high thermal
N= NG o o N stability of these complexes, we
AN ¢} HN. R RN l initially studied the Heck reac-
» + AN DCC 1 Pd(OA), I ~pg tion of 4-chlorotoluene and 4-
N L ko R CH,Cl, N Yo THF o N/ T methylsty.rene using 1 mol% of
S N N 6a (relative to aryl chloride).
Ej) i | To optimize the efficiency of
4a = X lytic system, various re-
4b i 5 OlII: cataly . y ,
5b 6b action conditions were used,

Scheme 1. Synthesis of dicarboxyamide/dipyridyl ligands 5a and 5b and their respective palladium complexes
6a and 6b.
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Figure 1. X-ray structure of the Pd" complex 6a with one molecule of
water in the crystal (hydrogen atoms are included to highlight amidate
anion bonding to palladium atom; ORTEP plot created at 50 % probabil-
ity). Selected bond lengths [A] and bond angles [°]: Pd—N1 1.9276(17),
Pd-N2 1.9426(16), Pd—N3 2.0744(16), Pd—N4 2.0650(16), C12-O1
1.244(2), C14—02 1.240(3); N1-Pd-N2 83.12(6), N3-Pd-N4 114.08(6), N1-
Pd-N3 163.90(6), N2-Pd-N4 165.02(6), N1-Pd-N4 81.90(6), N2-Pd-N3
80.90(6); dihedral angle [°] between the least-square planes (N1-Pd-N2)
and (N3-Pd-N4) is 2.090(1)°, which is a measure of the deviation from
square-planarity.

show presence of amidate bonding to palladium similar to
that observed in the solid state (see the Supporting Informa-
tion). Remarkably, both the palladium complexes 6a and 6b
show high thermal stability up to 350°C, as analyzed by
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and the product mixture was
analyzed by gas chromatogra-
phy (Table 1). Among the dif-

Table 1. Optimization of the Heck reaction of 4-chlorotoluene and 4-
methylstyrene catalyzed by complex 6a.!

Entry Base (mmol) Solvent Conv. [%] Yield [%]®
1 K,CO; (2) DMA 22 15
2 K;PO, (2) DMA 12 5
3 NaOAc (2) DMA 3 -
4 NaHCO; (2) DMA 2 -
5 KOH (2) DMA 5 -
6 LiOH-H,O (2) DMA 82 75
7 LiOH-H,O (1.2) DMA 80 74
8 LiOH-H,O (1.2) DMSO 3 -
9 LiOH.H,0 (1.2) DMF 8 -

10 LiOH-H,O (1.2) NMP 73 64

[a] Reaction conditions: 4-chlorotoluene (1 mmol), 4-methylstyrene
(2mmol), and 6a (1 mol%) in solvent (3mL) at 160°C for 44 h.
[b] Yield of isolated product.

ferent bases screened, LiOH-H,O has a pronounced effect
on the product yield and we obtained 74 % yield using
DMA as a solvent at 160°C in 44 h (entry 7, Table 1).

Under our optimized reaction conditions, the maximum
number of turnovers (TON ca. 620) was achieved with a cat-
alyst loading of 0.1 mol % of 6a (entry 2, Table 2). The activ-
ity of the catalyst 6b was also tested for the Heck reaction,
and the corresponding cross-coupled products were obtained
in good yields (entries 3 and 4, Table 2). As can be seen, the
reactions of less reactive aryl chlorides such as 4-chloroani-
sole, 4-chlorotoluene, and chlorobenzene with styrene and
4-methylstyrene, proceeded smoothly, and good yields were
obtained under our experimental conditions (entries 5-8,
Table 2). Unlike most previously reported systems for the
Heck coupling of aryl chlorides, additional co-catalysts such
as [NBuy|BrP®**"120 or [PPh,]CI' are not required in our
catalytic system to achieve high catalytic activity. It is very
clear from these results that both palladium complexes 6a

— 1579

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

M. L. Kantam et al.

A EUROPEAN JOURNAL

Table 2. The Heck reaction of aryl chlorides catalyzed by Pd" complexes
6a and 6b.1

R2
6a or 6b (1 mol%) O
x
DMA, LiOH-H,0, 160°C O
R!

Entry R! R? Conv. [%] Yield [%]® TON
1 CH, CH, 80 74 74
2Ll CH, CH, 73 62 620
3 CH, CH, 81 73 73
4l OCH; CH, 69 62 62
5 OCH; CH, 82 70 70
6 OCH; H 74 62 62
7 CH, H 72 60 60
glel H H 80 71 71
9l CH, CH, 89 80 80

1010 OCH, CH, 85 75 75

[a] Unless otherwise noted, the reaction was carried out with aryl chlo-
ride (1mmol), alkene (2mmol), catalyst (1mol%), LiOH-H,O
(1.2 mmol) and DMA (3mL) at 160°C for 44 h. [b] Yield of isolated
product. [c] 0.1 mol % of the catalyst was used. [d] Catalyst 6b was used.
[e] Chlorobenzene (2 mmol) and styrene (1 mmol) under N, balloon
pressure. [f] Reaction carried out using [nBu,N|Br additive (20 mol%
relative to aryl chlorides).

and 6b are efficient and active for the Heck reaction of de-
activated aryl chlorides and olefins.

With regard to the stability and catalytic activity, the ami-
date palladium complexes are comparable to palladacycles.
The unprecedented activity of 6a and 6b may be attributed
to an amidate metal coordination achieved with high ther-
mal stability such that the metal amidate unit is retained in
the catalytic cycle. Above all it is expected that the strength
of Pd—amidate bond and ligand chelation or steric shielding
of the metal center have a far greater effect on the stabiliza-
tion of the active catalysts. It is very likely that one of the
main functions of the unsymmetrical dicarboxyamide/dipyr-
idyl ligands during the reaction is to stabilize the palladium
center and deliver an electron-rich and well-defined active
lower valent palladium species at such a rate and in such
manner that prevents decomposition to inactive bulk metal.
To the best of our knowledge, this is the first report on the
use of purely N-donor ligands that shows significant catalyt-
ic activity with deactivated aryl chlorides in the Heck reac-
tion.

In conclusion, we have shown that highly active amidate/
pyridyl palladium complexes for the Heck reaction of deac-
tivated aryl chlorides can be constructed from readily avail-
able ligand precursors. The concept of using an anionic car-
boxyamide as an ancillary ligand for palladium demonstrat-
ed here provides a new opportunity for the development of
phosphine-free transition metal catalysis. Kinetic and quan-
tum-mechanical studies to determine the effect of the
metal-amidate bond on the catalytic properties are in prog-
ress.
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Experimental Section

Typical procedure for the synthesis of compounds (5a and 5b): N-(Pyri-
dine-2-carbonyl)amino acid (20 mmol) and N,N'-dicyclohexylcarbodii-
mide (DCC) (20 mmol) were dissolved in dry dichloromethane (50 mL)
and cooled down to 0°C. The solution was stirred for 30 min and then a
solution of 2-(aminomethyl)pyridine (25 mmol) in dichloromethane
(20 mL) was added dropwise over 15 min. After the addition, the mixture
was warmed to room temperature and stirred for another 12 h. After fil-
tration, the solvent was removed under reduced pressure. The residue
was purified by column chromatography on silica gel (eluent: hexane/
ethyl acetate) to afford the compound as a white solid (83-84 % yield).
Synthesis of dicarboxyamidate/dipyridyl palladium complexes (6a and
6b): The N4-donor ligand (5a or 5b, 1 mmol) was added in one portion
at room temperature to a stirred orange solution of palladium acetate
(1 mmol) in THF (10 mL). Upon stirring the solution for 30 min, a pale
yellow precipitate was obtained. This mixture was stirred for another 5 h
at room temperature then filtered, and with washed THF (ca. 20 mL) to
afford pure 6a or 6b. The complex (6a) was dissolved in methanol, and
on slow evaporation of methanol at room temperature gave single crys-
tals suitable for X-ray diffraction studies.

General procedure for the Heck reaction: The catalyst 6a (4.6 mg, 1
mol%) was added to a solution of lithium hydroxide monohydrate
(1.2 mmol), aryl chloride (1 mmol), and alkene (2 mmol) in N,N-dimethy-
lacetamide (3 mL). The reaction mixture was heated to 160°C and the
progress of reaction was monitored by GC. At the end of the reaction,
the reaction solution was cooled to room temperature, treated with 1N
aq. HCI (1.5 mL), and extracted with ethyl acetate (3x 10 mL). The com-
bined organic phase was dried over Na,SO,. After removal of the sol-
vent, the residue was subjected to column chromatography on silica gel
using ethyl acetate and hexane mixtures to afford the Heck product in
high purity.
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