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Abstract

An approach to C—N cross-coupling reactions of aryl halides with amines in the presence of an amide-based pincer nickel(II)
catalyst (2) is described. For 3 h reactions at 110 °C with 0.2 mol% catalyst, aryl bromides gave higher turnover numbers
(TON) than the corresponding chlorides or iodides. Both primary and secondary amines could be used with the former
giving higher TON. However, sterically hindered amines showed lower TON. In elucidating the mechanism of this nickel
complex-catalyzed C-N cross coupling reaction it was found that the rate of reaction was unchanged in the presence of radi-
cal quenchers and a plausible Ni(I)-Ni(III) pathway is proposed.
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Nickel pincer catalyst proved to be excellent catalyst for the C-N cross-coupling reaction with the high turnover number
(TON) for 1° and 2° amines and different nonactivated aryl halides under optimum conditions.
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1 Introduction

Using transition metal complexes for amination of aryl hal-
ides to form arylamines has become a prevailing methodol-
ogy [1]. In this context, heterocyclic compounds containing
nitrogen atoms are of significant importance due to their
abundance in natural products and their roles in biologi-
cal and bio-inspired reactions [2]. Carbon—nitrogen (C-N)
bond-containing aromatic and aliphatic compounds have
also found multiple applications as polymers, dyes, and
agrochemicals [3, 4]. However, one of the primary avenues
for exploration of C-N bond-containing molecules is their
value in medicinal chemistry [5]. Some prevalent pharma-
ceutical compounds containing C—N bonds are shown in
Fig. 1. Due to these and many more potential applications,
it is highly desirable to develop improved methodologies for
facile and economical generation of C—N bonds.
Development of versatile catalyzed processes for
arylamine synthesis took chemists over a century to achieve
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success. In 1903, Ullmann and Goldberg showed that copper
salts enabled reactions of activated aryl halides with anime
nucleophiles [6, 7]. However, these reactions used stoichio-
metric copper and typically harsh reaction conditions. In
the 1990s, Buchwald [8, 9] and Hartwig [10, 11] worked
independently to successfully develop palladium catalyzed
N-arylation using phosphine ligands. Since that time the
Buchwald-Hartwig amination has brought great advances in
C-N cross-coupling reactions [12, 13]. In attempts to reduce
catalyst loading and reaction times, design of new catalysts
for efficient C—N coupling reactions continues as a vigorous
research area [14]. In a recent example, aryl chlorides, bro-
mides and iodides could be efficiently coupled using 1 mol%
CuBr with a simple 8-oxyquinoline N-oxide ligand [15].
With a view to performing C-N coupling catalysis on
larger scales, recent interest has focused on advancing nickel
catalysis [16—18] beyond the original reports [19-21]. In
contrast to Pd and Cu catalysts, nickel catalyzed C-N bond-
forming reactions often proceed through paramagnetic Ni(I)/
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(IIT) intermediates via redox processes [22-24] although
systems have been developed recently to favor Ni(0)/(II)
[17, 25]. Therefore, developing new nickel-based catalysts
with geometrical constraints enforced by pincer ligands
may allow for improved catalysts. We have previously used
a diamidopyridine-ligated nickel complex for cross-coupling
reactions of multiple C—Cl bonds [26] and activation of sp3
and sp? C-H bonds in alkylation and arylation [27]. In this
study, we show that the nickel complex affects the selective
cross-coupling amination of unactivated aryl halides with
various aliphatic and aromatic amines with low catalyst
loading and short reaction times.

2 Experimental Section
2.1 Materials and Instrumentation

All reactions were carried out under an inert (Ar) atmos-
phere using oven-dried glassware. All solvents and chemi-
cals such as anhydrous dimethylsulfoxide (DMSO), amines,
anhydrous aryl halides, KO'Bu, and all chemicals for ligand
synthesis were obtained from Sigma-Aldrich, USA, Acros
Organics, USA, and Alfa Aesar, USA and were used as

H N—Me

Oxycodone

Lipitor

received without any further purification unless otherwise
stated. All amines were purified by passing through activated
alumina prior to use. Gas chromatography-mass spectrom-
etry (GC-MS) spectra were collected using a Shimadzu
QP2010 GC-MS, where parameters were maintained at
275 °C interface, 3 injections at 24 and 50 min. Characteri-
zation of the ligand and metal catalyst were performed by
electrospray ionization mass spectrometry (ESI-MS), Fou-
rier transform infrared spectrometer (FT/IR), and nuclear
magnetic resonance (NMR) as reported previously [26, 27].

2.2 Synthesis of N,N’-bis(2,6-di-isopropylphenyl)-2,
6-pyridinedicarboxamide (1)

The ligand was synthesized according to a previous synthetic
route with slight modifications [26, 27]. In a 100 mL round
bottom flask with a stir bar, 2,6-pyridinedicarboxylic acid
(5 g,0.03 mol) and 15 mL 1,2-dimethoxyethane were added
followed by addition of thionyl chloride (5 mL, 0.07 mol).
The reaction mixture was refluxed for 3 h. After completion,
the excess solvent and thionyl chloride were removed under
reduced pressure to obtain a white product, followed by crys-
tallization from concentrated hexane to obtain 2,6-pyridin-
edicarbonyl dichloride. The acid chloride was then treated
with 2,6-diisopropylaniline and triethylamine of anhydrous
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Fig.2 Structures of ligand 1

and pincer nickel(II) catalyst 2 N
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tetrahydrofuran (THF) cooled to 0 °C and stirred for 3 h. On
warming the reaction was further stirred at room tempera-
ture for another 9 h. The reaction mixture was then filtered
and THF was removed under reduced pressure to obtain the
crude ligand (1) (Fig. 2).

2.3 Synthesis of Pincer Nickel(ll) Complex (2)

Our previous work has described the synthesis of pincer
nickel(I) complex (2) (Fig. 2) [26, 27]. In short, a 100 mL
Schlenk flask fitted with a magnetic stir bar was charged with
1. The flask was sealed with a septum and stirred for 5 min
while purging with N,. Dry THF was added using a gas tight
syringe, and n-butyllithium was added to the ice bath-cooled
(0 °C) reaction mixture to deprotonate the ligand, followed
by addition of anhydrous nickel(II) chloride to yield the deep
red nickel(IT) complex 2. The catalyst was characterized using
'H-NMR, ESI-MS, FT/IR, and ultraviolet-visible (UV-Vis)
spectroscopy as described in the previous reports [26, 27].

2.4 General Amination Procedure of Aryl Halides
Using Different Amines

A representative amination method using chlorobenzene,
pentylamine, and KO'Bu in DMSO is described here. All
other amination reactions including different aryl halides,
primary (1°) and secondary (2°) amines, solvents and bases
were performed using a similar method. A 4 mL reaction
vial containing a magnetic stir bar was charged with 1.4 mL
of anhydrous DMSO. The reaction vial, after being sealed
with a septum and parafilm, was purged with Ar for 10 min.
Chlorobenzene [0.4 mL, 3.9 mmol, 2.25 equivalent (eq.)],
pentylamine (0.21 mL, 1.8 mmol, 1.0 eq.), anhydrous pow-
dered KO'Bu (70 mg, 0.63 mmol, 0.3 eq.), and 2 (2 mg,
0.2 mol%) were added sequentially. The reaction mixture
was stirred for 5 min while continually purging with Ar. The
vial was then sealed with a Teflon screw cap. The reaction
mixture was stirred for 3 h at 110 °C in a preheated oil bath,
then allowed to cool to room temperature and filtered by
passing through Celite to remove the base and the catalyst.
30 pL of the solution was then dissolved in 1 mL absolute
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ethanol, and 10 pL of decane was added as an internal
standard. Turn over number (TON) was determined using
GC-MS.

3 Results and Discussion
3.1 Optimization of Reaction Solvent and Base

To best facilitate the amination, reactions conditions were
optimized by changing solvents and bases (Table 1). Many
solvents gave low TON (Entries 1-3) most likely due to
the low solubility of the catalyst and/or base. The low boil-
ing point of the solvents may also have played a role in the
product conversion. Solvents with high polarity and boiling
point, such as dimethylacetamide (DMA), produced moder-
ate results (TON 69) (Entry 6). whereas none of the desired
product was obtained using dimethylformamide (DMF)
(Entry 1), presumably due to thermal decomposition. DMSO
proved to be the most effective solvent, yielding a TON of
243 (Entry 7). Therefore, DMSO was used to further opti-
mize the C-N coupling reaction conditions.

One of the requirements for many cross-coupling reac-
tions, and particularly for aminations, is the use of a base
[28, 29]. None of cesium carbonate (Cs,CO;), potassium
carbonate (K,CO;), 4-dimethylaminopyridine (DMAP) or
DBU (1,8-diazabicyclo[5.4.0Jundec-7-ene) yielded any
product (Entries 8—11), while relatively stronger bases such
as KOH gave high yields (Entry 12). Results showed that
KO'Bu was most effective (Entry 7) and was thus used for
all subsequent reactions.

3.2 Optimizing Reaction Temperature and Aryl
Halide Comparison

In reactions run at temperatures ranging from 70 to 120 °C,
increasing the temperature resulted in higher yields and
TONSs (Fig. 3). The TON of the reaction increased slightly
from 70 to 100 °C with values of 169, 174, 181 and 195,
respectively. Similar trends were observed at 110 and
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Table 1 Amination of chlorobenzene using varies of solvents and bases

3 2 (0.2 mol %) H\/\
L~ NH; Solvent .
KO'Bu
110°C, 3 h, Ar
3a 4a baa
Entry Solvent Base TON
1 DMF KO'Bu NR
2 MTBE KO'Bu 3+1
3 Dioxane KO'Bu 25+2
4 THF KO'Bu 36+7
5 Toluene KO'Bu 68+ 14
6 DMA KO'Bu 69+5
7 DMSO KO'Bu 243429
8 DMSO Cs,CO; NR
9 DMSO K,CO, NR
10 DMSO DMAP NR
11 DMSO DBU NR
12 DMSO KOH 20

Yields represents an average of two runs. TON was measured in GC by using decane as an internal standard

MTBE methyl tert-butyl ether

120 °C, with values of 212 and 219, respectively, with maxi-
mum TON observed at 120 °C.

After identifying the optimal amination conditions
using 2, we investigated the amination of chloro-, bromo-
and iodobenzene with morpholine in DMSO with KO'Bu.
In order to focus on low catalyst loadings and short

.
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Fig. 3 Effect of temperature (70 °C to 120 °C) on the amination reac-
tion using 2 and KO'Bu in DMSO. Yields represent an average of two
runs after 3 h

reaction times, all reactions were heated at 110 °C for 3 h
under argon (Table 2). Bromobenzene yielded the desired
product with highest TON of 484 (Entry 3) compared to
chlorobenzene (361, Entry 2) and iodobenzene (317, Entry
1). Note that 484 turnovers amount to 97% conversion of
the bromobenzene limiting reagent with a selectivity of
95% due to a small amount of biphenyl formation. None-
theless, aryl chlorides were chosen as the major focus of
this work as they are less expensive and more widely avail-
able than their bromo and iodo analogs.

Table 2 Evaluation of various electrophiles

2 (0.2 mol %)

X /\ DMSO QN/ \,
+ HN o)
\__/ KO'Bu __/
o]
o 1O C.3h, Ar Sab = Cl
5ac = Br
Sad =|
Entry X TON
I 316.9+3.8
Cl 361.3+0.07
3 Br 484.1+1.1

Yields represent an average of two runs. TON was measured in GC
by using decane as an internal standard
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Scheme 1 Pincer nickel cata-
lyzed amination of chloroben-
zene with 1° amines. Yields
represents an average of two
runs. TON was measured in GC
by using decane as an internal
standard. The GC-MS spectra
of the products are given in the
Supporting Information

(Y

7a, 243 + 28.5
(49% GC yield)

Oy

7d, 173 £ 14.7
(34% GC yield)

Oy

79,320+ 12.5
(65% GC yield)

T

7,196+ 6.5
(37% GC yield)

Cl
SERE

Z—2Xx

2 (0.2 mol %)
KO'Bu Ny

DMSO
110°C, 3 h, Ar

(Y

7b, 180 + 6.6
(34% GC yield)

S

(Y

7c, 143+ 112
(27% GC yield)

(Y

7e,210+5.6 7f, 331+ 3.8
(39% GC yield) (49% GC yield)
H
N\(v)/ H
: 9 >( \O
7h, 365+ 25.8 7i,55+9.7

(73% GC yield) (12% GC yield)

@O CﬂQ

7k, 122 + 8.7 71,254 +23.8
(24% GC yield) (50% GC yield)

o0 OO

7m, 1753+ 3.6
(35% GC yield)

3.3 Amination Scope of Chlorobenzene
with Aliphatic/Aromatic Amines

A series of 1° amines were tested for cross-coupling reac-
tions using chlorobenzene under the same conditions as pre-
viously stated (Scheme 1). Good TONs were obtained for
most 1° amines tested. Among the series of linear aliphatic
amines (7a—h), there was no clear-cut trend for the smaller
compounds (7a—c). However, as the amine chain lenth
increased, a rise in TON (from 173 to 365) was observed
(7d-h). All linear aliphatic amines were found to react with
chlorobenzene to produce the desired products (143-365

@ Springer

7n,295.1+7.6
(59% GC yield)

TON). Octyl- and decyl-amines yielded high TONs of 331
and 365, respectively (7f, h). The steric bulk of the amines
was found to negatively influence the outcome of the desired
products, as z-butylamine produced low TON of 55 (7i).
Similarly, other sterically bulky amines also showed dim-
ished activities (7j, k). Two of the amine products (71, m)
were isolated from the reaction mixture for the purpose of
'H and >C NMR analysis and these characterizations are
included in supplementary information (Fig. S1).
Reactions of chlorobenzene with alkyl and aromatic 2°
amines with varying degrees of steric bulk and nucleo-
philicity were also investigated (Scheme 2). Alkyl amines
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Scheme 2 Pincer nickel cata- R4
lyzed amination of chloroben-
zene with 2° amines. Sliields cl 2 (0.2 mol %) N -
represent an average of two "
runs. TON was measured in GC + Ne KOBu > Re
i e s 7 Sw Duso
of the products are provided in 110°C, 3 h, Ar 8
the Supporting Information R. R alkvl. arvi
1, = yl, ary
NN At
PN
N
8a, 188 7.0 8b, 215 £ 6.0 8c, 156 £31.0
(35% GC yield) (45% GC yield) (30% GC yield)

8d, 192 £31.0
(39% GC yield)

with relatively less steric hindrance furnished the desired
products with TONs in the range of 156-215 (8a-d, f),
while more hindered amines showed lower activity, as in
the case of diisopropylamine (8e).

3.4 Amination Scope of Substituted Aryl Halides
with Aliphatic/Aromatic Amines

Establishing optimal conditions for nickel-catalyzed amina-
tion of substituted aryl bromides has proved challenging,
generally requiring complicated catalyst systems and often
giving low yields [28, 29]. Indeed, using complex 2 with
varying ratios of KO'Bu gave insignificant conversions.
However, using 1 eq. of LIHMDS as a base, the desired
coupling products were obtained from aniline and several
substituted aryl bromides in poor to fair yields (3-30% 9a-—c,
Scheme 3).

Applying a similar protocol (but using 2 eq. of LIHMDS)
to the amination of several substituted aryl chlorides cata-
lyzed by 2 gave fair to moderate yields of the coupled prod-
ucts (7, 21% 10a, b).

T
-

8e,38+ 1.3
(7.5% GC yield)

©/\N

8f, 230 + 3.2
(50% GC yield)

3.5 Kinetic Study of Aryl Chloride Amination Using
Nickel Pincer Catalyst 2

Initial rates of chlorobenzene amination using aniline and
KOtBu in DMSO at 110 °C were measured with respect to
catalyst, aryl chloride, amine and base. Plots of concentra-
tions of diphenylamine versus time at various concentrations
of amine, catalyst, base, and aryl chloride along with their
reaction schemes are shown in the Supporting Information
(Figs. S2-S5 and Tables S1-S4). The first observation of note
was that no reaction was observed for the first 20-30 min
depending on the ratio of base to catalyst precursor, suggesting
that the active catalyst is slow to form, even at 110 °C. Plots
of the initial amination rate versus time at various concentra-
tions of amine, catalyst, base, and aryl chloride are shown in
the supporting information (Fig. S6). The results are consist-
ent with a first order rate dependence on the concentrations
of catalyst and aryl chloride and zero order for the bae and
amine. Similar observations have been reported previously
with other Ni catalysts [17]. At high concentrations of aryl
chloride using 2, however, the rate is suppressed, likely due to
catalyst deactivation.
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Scheme 3 Pincer nickel-cata-
lyzed amination of substituted
aryl bromides and chlorides
with 1° amine. Yields represents
an average of two runs. TON
was measured in GC by using
decane as an internal stand-
ard. 10a and 10b LiHMDS
(0.66 mL, 2 equiv. to substrate).
The GC-MS spectra of the
products are given in the Sup-
porting Information

NH,
X 2(
AN DMSO 7N
R‘I— + X R'I_
— LIHMDS G

0.2 mol %) §

110°C, 3 h, Ar
9a, R'= Me, X= Br
9b,R'= NO,, X=Br
9c¢,R'=MeO, X=Br

10a, R'= Me, X=ClI
10b, R'=NO,, X=Cl

SAcINSACINIGRS

9a, 70.8 + 17.1
(14.18% GC yield)

9¢c, 1479+ 84

9b, 14.8 £ 0.7 -
(30% GC yield)

(3% GC yield)

oo LU

10a, 36.33 + 3.3
(7.3% GC yield)

3.6 Proposed Reaction Pathway of Pincer Nickel
Complex-Catalyzed Amination of Aryl Halides
with Amines

As mentioned in the literature for different Ni- and Pd-
complexes, reactions usually occur via oxidative addition
of aryl halides followed by reductive elimination from a
metal-amido intermediate [16]. While catalysts have been
designed to accomplish these steps exclusively through
Ni(0-II) intermediates [17], many Ni(II) catalysts are pro-
posed instead to involve paramagnetic Ni(I-III) intermedi-
ates in which the base serves as the initial reductant [30,
31]. We propose a similar scheme using anionic catalyst 2.

In our reaction system, loss of chloride from 2 is likely
required before the complex can be reduced to the Ni(I)
anion, where either amines or KO'Bu can reduce the
metal by singlet electron transfer process [30, 31], likely
present as the amine complex A (Fig. 4). Following aryl
halide oxidative addition, halide elimination would again
be required to recoordinate the amine in intermediate
B. Deprotonation of the coordinated amine will also be
favored from the neutral Ni(III) intermediate B and sub-
sequent reductive elimination of the product and recoor-
dination of the amine regenerates the active Ni(I) catalyst
A. The slow reduction of 2 to A presumably gives rise to

@ Springer

10b, 100.2 + 11.5
(21% GC yield)

the long induction period whereas rate-limiting oxidative
addition of the aryl halide is consistent with the first order
rate dependence on both catalyst and aryl halide.

The reaction was also performed in the presence of a radi-
cal quencher, namely 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO) assess its effect on the rate. The rate of reaction
was found to be unaffected in the presence of TEMPO.
Therefore, it can be inferred that organic radicals are not
involved in the catalyst cycle.

4 Conclusion

Nickel pincer-based catalyst 2 was used for the first time in
C-N cross coupling amination of aryl halides with amines.
The catalyst is stable and relatively easy to handle under
atmospheric conditions and after an induction period, low
catalyst loading (0.2 mol%) and short reaction times afford
significant product yields for both 1° and 2° amines with a
variety of substituted aryl halides. Various amines and aryl
halides were examined, and the catalyst demonstrated mod-
erate to high TONs (up to 400). Kinetic studies revealed that
the reaction proceeds with first-order kinetics with respect
to catalyst and aryl halide concentrations while amine and
base concentrations did not affect the overall reaction rate.
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Fig.4 Proposed mechanism for the nickel catalyzed amination of aryl
halides with amines using catalyst 2

The proposed reaction pathway involves the oxidative addi-
tion of aryl halides to the anionic Ni(I) catalyst A and loss
of halide to give a neutral Ni(III) amine intermediate B.
Deprotonation of the coordinated amine in B is followed by
reductive elimination of the N-arylamine product. The reac-
tion does not proceed through organic radical intermediates
as revealed by radical quencher studies. In future studies,
generation, isolation and reactivity of the reduced version
of 2 will likely be informative.
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