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1 | INTRODUCTION

In cross-coupling reactions, among transition metal cata-
lysts, palladium catalysts are extremely powerful and
important for the construction of carbon—carbon as well
as carbon-heteroatom bonds in the synthesis of bioactive,
natural, conductive, and fluorescent compounds, which
have wide applications in pharmaceutical and materials
sciences.!!! Now, the Suzuki-Miyaura reaction is believed
to be widely used in both laboratory and industry because
of the great functional group tolerance of this transforma-
tion and the innocuous nature and properties of boronic
acids, which are nontoxic and stable in heat, air, and
moisture.? Earlier studies focused on the rich variety of
organometallic nucleophiles that could be used for these
reactions.P! However, recent studies have focused on the
activation of more challenging and varied electrophiles
such as aryl chlorides under mild conditions."! This
change in focus has resulted not only in increasing num-
ber of studies gaining hands-on experiences with
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The synthesis and characterization of a series of (IN-heterocyclic carbene)
PdCl;"(NMe;H)" ion-pair complexes are presented. Applying the quaternary
ammonium salt as the function with NHC-Pd(IT) complexes yields the new
ion-pair complexes. The NHC-Pd(II) ion-pair complexes work well by under-
going the Suzuki-Miyaura reaction with aryl chloride substrates in water
under mild conditions in air at room temperature. Twenty products resulting
from Suzuki-Miyaura coupling reactions carried out in the presence of the
new NHC-Pd(IT) ion-pair complex under mild optimal conditions were exam-
ined to determine the optimum yields.

N-donor, neat water reaction, NHC-palladium complexes, quaternary ammonium salts, Suzuki-

catalysts designed but also in increasing more insights
and clear information of mechanistic studies explored by
research groups.[1P-e*]

Currently, chemists are most interested in developing
green processes, as sustainability has become an impor-
tant factor in every area of human activity.!® Using safe
solvents is one of the 12 principles of green chemistry,
which aims to minimize hazardous effects such as toxic-
ity, pollution, and waste treatment issues, among
others.'*”) In general, 80% of chemical wastes resulting
from most reactions are attributed to the solvent. More-
over, solvents are expensive and are highly toxic, which
limits their large-scale industrial applications. According
to a recent survey, many pharmaceutical companies lay
emphasis on green chemistry and consider water as a
potentially useful and safe solvent because of its environ-
mentally friendly and economically favorable properties,
such as being nontoxic, nonflammable, economical,
abundant, and noncorrosive. Water, an alternative to
organic solvents, plays a critical role in research dealing
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with synthetic chemistry and catalysis.®! Thus, using
water as the only reaction medium is one of the chal-
lenges for modern chemists.

Water has been used as a medium of the Suzuki-
Miyaura reaction in homogeneous and heterogeneous
systems by Polshettiwar'® and Ward groups,'® respec-
tively. However, they did not address the issues that fol-
low: (i) the reactivity of low-cost aryl chlorides, (ii) low
catalyst loading, (iii) the tolerance of functional groups,
and (iv) mild reaction conditions.'*!°! In the past decade,
the notable N-heterocyclic carbenes (NHCs) with catalyti-
cally useful ligands have been developed widely. Because
the properties of nitrogen atoms in NHCs comprise the
adjacent electron-withdrawing as well as p-electron-
donating stabilize this structure both inductively by low-
ering the energy of the occupied o-orbital and
mesomerically by donating electron density into the
empty p-orbital.'!!

Therefore, the development of efficient and air-stable
systems using water as a solvent for the Suzuki-Miyaura
reaction under mild conditions is of current interest.
Figure 1 shows the effective NHC-Pd catalysts used in
the Suzuki-Miyaura reaction in water or solvents mixed
with water.['!

In sum, quaternary ammonium salts not only perform
well in C-C coupling reactlons 3! but they also serve as
a phase-transfer cocatalyst,'* with electrosteric proper-
ties to stabilize palladium active species by preventing the
premature deactivation of Pd black.!'! In our previous
studies, we have successfully demonstrated that
alkylamines as auxiliary ligands in NHC-Pd(II) com-
plexes showed good catalytic activities in cross-coupling
reactions under mild conditions.[**!®! Herein, ion-pair
palladium complexes have shown remarkable catalytic
activities toward the Suzuki-Miyaura reaction in IPA
(Isopropanol)/water!,’*!! and now we use the quaternary
ammonium salt as the functional role instead of the
sodium sulfonate salt on the NHC ligand to create new
NHC-PA(II) ion-pair complexes as in Figure 2.

2 | EXPERIMENTAL

2.1 | Reagents and methods
Unless otherwise noted, all reactions were carried out in

air at ambient temperature. All solvents and reagents
were used as received. The reagents were purchased from
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Sigma-Aldrich, Acros, Merck, TEDIA, and Alfa-Aesar of
USA. The imidazolium salts IPr-HC] and SIPr-HCI and
NHC-palladium complexes were prepared following lit-
erature procedures, and their identity and purity were
confirmed using "H NMR spectroscopy.”!

All aryl halides and boronic acids were used as
received. Technical-grade ethyl alcohol was used to carry
out the Suzuki-Miyaura cross-coupling reactions. Flash
chromatography was performed on silica gel 60 (230-400
mesh) using mixtures of hexane/ethyl acetate (10:1)
unless otherwise noted.

'H and *C{*H} NMR spectra were recorded either on
Bruker-AV-300 or Bruker-AV-400 spectrometers in
chloroform-d at ambient temperature unless stated other-
wise and referenced internally to the residual solvent
peak and reported as parts per million relative to tetra-
methylsilane. Elemental analyses were performed using a
Heraeus CHN-O rapid analyzer or a FLASH 2000 Series
Nitrogen and Carbon Analyzer instrument (Thermo).
The Suzuki-Miyaura cross-coupling reactions were ana-
lyzed using gas chromatography-mass spectrometry
(GC-MS) on a Bruker SCION 436 SQ instrument
equipped with a Bruker BR-5 ms column. The MS detec-
tor was configured with an electronic impact ionization
source.

2.1.1 | Synthesis of 1a

A vial was charged with [Pd(p-Cl)CI(IPr)], (340 mg,
0.3 mmol) and trimethylamine hydrochloride (57 mg,
0.6 mmol) and chloroform (2 ml) as solvents. The solu-
tion was heated at 50°C, stirred for 15 h. It was then fil-
tered through a pad of celite, and the filtrate was
removed from the solvent to produce a pale yellow solid,
to obtain the desired compound in 98% yield (389 mg). "H
NMR (CDCl;, 400 MHz) & 1.07(d, 12H, J = 8 Hz,
CH(CHS,),), 1.43(d, 12H, J = 4 Hz, CH(CHS>),), 2.66(s, 9H,
NH(CHs)3), 3.11(sep, 4H, J = 6.7 Hz, CH(CHs),), 7.06(s,
2H, CH=CH), 7.32(d, 4H, J = 8 Hz, ArH), 7.47(t, 2H,
J = 8 Hz, ArH), 10.60(s, 1H, NH). *C{*H} NMR (CDCl,,
75 MHz) 6 23.3(s, CH(CHs),), 26.2(s, CH(CHs),), 28.7(s,
CHiPr), 45.1(s, N (CHs)3), 124.0(s, CH), 124.9(s, CH aro-
matic), 130.0(s, C aromatic), 135.5(s, C aromatic), 147.2(s,
C aromatic), 154.3(S, Cearbene)- Anal. Calcd for
C50H46CL3N5Pd: C, 54.47; H, 7.01; N, 6.35. Found: C,
54.02; H, 6.95; N, 6.85.

2.1.2 | Synthesis of 1b

The procedure for the preparation of 1b was similar to
that used for la, but here a vial was charged with
[PA(p-CD)CI(SIPr)], (341 mg, 0.3 mmol) and
trimethylamine hydrochloride (57 mg, 0.6 mmol) and
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2 ml chloroform as solvents. The desired compound was
obtained as a pale yellow solid in 93% yield (372 mg). 'H
NMR (CDCl;, 400 MHz) & 1.23(d, 12H, J = 4 Hz,
CH(CHs),), 1.52(d, 12H, J = 4 Hz, CH(CHj3),), 2.62(s, 9H,
NH(CHs)s), 3.51(sep, 4H, J = 6.67 Hz, CH(CHs),), 4.00(s,
4H, CH,), 7.28(d, 4H, J = 4 Hz, ArH), 7.39(t, 2H,
J = 8 Hz, ArH), 10.40(s, 1H, NH). *C{*H} NMR (CDCls,
75 MHz) § 24.3(s, CH(CH),), 26.7(s, CH(CH,),), 28.7(s,
CHiPr), 45.1(s, N (CHj3)3), 53.6(s, CH,), 124.4(s, CH aro-
matic), 129.2(s, C aromatic), 135.7(s, C aromatic), 148.1(s,
C aromatic), 185.7(S, Cearbenc)- Anal. Calcd for
C5oH4gCl3N3Pd: C, 54.31; H, 7.29; N, 6.33. Found: C,
54.14; H, 7.45; N, 6.47.

2.1.3 | Synthesis of 2a

The procedure for the preparation of 2a was similar to
that used for 1la, but here a vial was charged with
[Pd(p-CD)Cl(IMes)], (289 mg, 0.3 mmol) and
trimethylamine hydrochloride (57 mg, 0.6 mmol) and
2 ml chloroform as solvents. The desired compound was
obtained as a pale yellow solid in 84% yield (290 mg). 'H
NMR (CDCls, 400 MHz) 6 2.31(s, 12H, CH;), 2.35(s, 6H,
CH3), 2.66(s, 9H, NH(CHs3);), 7.00(d, 2H, J = 8 Hz,
CH=CH + ArH), 9.92(s, 1H, NH). **C{*H} NMR (CDCl,,
75 MHz) 6 19.1(s, CHs), 21.1(s, CHs), 45.3(s, NH(CHs),),
124.0(s, CH), 129.0(s, CH aromatic), 135.4(s, C aromatic),
136.8(s, C aromatic), 139.0(s, C aromatic), 150.5(s,
Cearbene). Anal. Caled for C,4H3,CI3N5Pd: C, 49.93; H,
5.94; N, 7.28. Found: C, 50.03; H, 6.03; N, 7.06.

2.1.4 | Synthesis of 2b

The procedure for the preparation of 2b was similar to
that used for 1a, but here a vial was charged with
[Pd(p-CD)CI(SIMes)], (288 mg, 0.3 mmol) and
trimethylamine hydrochloride (57 mg, 0.6 mmol) and
2 ml chloroform as solvents. The desired compound was
obtained as a pale yellow solid in 87% yield (304 mg). 'H
NMR (CDCl,, 400 MHz) § 2.30(s, 12H, CH3), 2.52(s, 12H,
CH>), 2.65(s, 9H, NH(CHS,)s), 3.97(s, 4H, CH,), 6.94(s,
4H, ArH), 10.20(s, 1, NH). “C{'H} NMR (CDCls,
75 MHz) § 19.4(s, CH3), 21.0(s, CH3), 45.2(s, N (CHs),),
50.9(s, CH,), 129.3(s, CH aromatic), 135.2(s, C aromatic),
137.6(s, C aromatic), 138.2(s, C aromatic), 183.9(s,
Cearbene). Anal. Caled for C,4H36CI3NsPd: C, 49.76; H,
6.26; N, 7.25. Found: C, 49.85; H, 6.39; N, 7.14.

2.1.5 | Synthesis of 3

A vial was charged with 1a (258 mg, 0.39 mmol) and
excess Na,CO; (0.5 g, 4.72 mmol) and 4 ml deionized
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water as solvents. The mixture was stirred at room tem-
perature for 5 h and extracted by dichloromethane and
water thrice. The organic layer was dried over MgSO,,
and the filtrate was pumped off to obtain the desired
compound as a pale yellow solid in 89% yield (216 mg).
'H NMR (CDCls;, 400 MHz) 6 1.09(d, 12H, J = 8 Hz,
CHS>), 1.46(d, 12H, J = 4 Hz, CH,), 2.17(s, 9H, N(CHa)5),
3.14(seq, 4H, J = 6.7 Hz, CH(CHs),), 7.07(s, 2H,
CH=CH), 7.34(d, J = 8 Hz, 4H, ArH), 7.50(t, J = 8 Hz,
2H, ArH). “C{’*H} NMR (CDCls;, 100 MHz) & 23.2(s,
CHs;), 26.2(s, CHj), 28.6(s, CH(CHs3)3), 50.9(s, N(CHs)s),
123.8(s, CH aromatic), 124.8(s, C aromatic), 130.0(s,
C aromatic), 135.3(s, C aromatic), 146.7(s, C aromatic),
153.7(S, Cecarbenc).- Anal. Calcd for C;oH,sCL,NsPd: C,
57.65; H, 7.26; N, 6.72. Found: C, 57.33; H, 7.56; N, 6.84.

2.2 | X-ray data collection and structure
refinement

The crystals of complexes 1la-1b were grown from the
concentrated dichloromethane/hexane solution and iso-
lated by filtration. Suitable crystals were mounted on a
glass fiber using perfluoropolyether oil (Fomblin Y) and
cooled rapidly under a stream of cold nitrogen gas to gen-
erate diffraction data at 150 K using a Bruker APEX2 dif-
fractometer. The intensity data were collected in 1350
frames with increasing « (width of 0.5° per frame).
Absorption correction was applied using SADABS.!8!
The structure was determined by direct methods using a
SHELXTL package.'®’ All non-H atoms were located
using successive Fourier maps, and hydrogen atoms were
refined using a riding model. Anisotropic thermal param-
eters were used for all non-H atoms, and fixed isotropic
parameters were used for H atoms. Some details of the
data collection and refinement are presented in Table S1.

CCDC 1865339 and 1865340 are available in the
supporting information of this paper. These crystal data
can be obtained free of charge from the Cambridge Crys-
tallographic Data Centre at www.ccdc.cam.ac.uk/data_
request/cif.

2.3 | GC-MS/MS conditions

All analyses were performed using a Bruker SCION
436 SQ system equipped with a split/splitless injection
port and a CP-8400 autosampler with a 100-vial tray
(Varian). The analytes were separated on a Bruker BR-
5 ms capillary column (30 m X 0.25-mm id, and 0.25-pm
film thickness, USA). Helium (99.999%) was used as the
carrier gas (initial flow rate of 1 ml/min). The oven tem-
perature gradient program was as follows: an initial

temperature of 50°C was held, increased to 250°C at
10°C/min and isothermal for 5 min, then ramped up to
280°C at 30°C/min and finally held for 1 min. A solvent
delay time of 5 min was used. The column was rec-
onditioned at 300°C for 2 min to eliminate all impurities
co-extracted from the matrix and minimize carryover
effects. The temperatures of the injection port and the
MS transfer line were 250°C and 280°C, respectively. The
mass spectrometer operated in the electron ionization
positive mode (70 eV). MS spectra were recorded in a
total ion current mode.

2.4 | Procedure of Suzuki-Miyaura cross-
coupling reaction

Complexes 1-2 (1 mol%), base (11 equiv.), and phe-
nylboronic acid (0.6 mmol) were added to a vial equipped
with a magnetic bar and sealed with a screw cap.
Deionized water (1 ml) was injected into the vial, and the
mixture was stirred on a stirring plate at room tempera-
ture. Aryl chloride (0.5 mmol, if liquid) was then injected
(or charged if solid), and the reaction was monitored
using GC-MS. The crude product was extracted by ethyl
acetate and H,O and dried over MgSO,. Then, the
organic filtrate was evaporated under vacuum, and the
product was isolated using flash chromatography. The
amount of product shown is the average of the two runs.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis of NHC ion-pair palladium
(IT) complexes

Our aim was to prepare new ion-pair palladium com-
plexes that mimic the sulfonated NHC-Pd complexes. A
series of NHC ion-pair palladium complexes 1-2 were
obtained by reacting the corresponding [(NHC)PACl,],
dimeric complexes with 2 equiv. trimethylamine hydro-
chloride in chloroform and heating the resultant product
at 50°C overnight. Details of the synthetic routes are
summarized in Scheme 1. The new ion-pair palladium
complexes 1-2 bearing IPr, SIPr, IMes, and SIMes groups
were isolated in good yields up to 84%-98% by evaporat-
ing the solvent and purifying them with hexane. Com-
plexes 1-2 were all fully characterized using elemental
analysis as well as "H and '*C NMR spectroscopy. Among
these complexes, complexes 1a-1b solid-state structures
were obtained and determined using X-ray diffraction.
Successful complexation of compounds 1-2 was con-
firmed by the presence of tetraalkylammonium protons
at the downfield position ca. 9.92-10.60 ppm (see details
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SCHEME 1 Synthesis of NHC ion-pair /R
palladium complexes ('\ )N\ Cl ‘
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Cl
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in Section 2). The *C NMR of the carbene carbon finger
signals was observed at 154.3 ppm for complex 1a,
185.7 ppm for complex 1b, 150.5 ppm for complex 2a,
and 183.9 ppm for complex 2b, and these signals showed
a tendency that was similar to that found in previous
studies.[*! Desirably, complexes 1-2 demonstrate high
stability toward air and moisture and can be stored in air.

3.2 | Molecular structures
Molecular structures of the two complexes 1a and 1b
were identified using X-ray diffraction, and the images as

FIGURE 3 Crystal structure of 1a with
thermal ellipsoids drawn at the 50% probability
level. Selected bond lengths (A) and angles (°):
Pd(1)-C(1) 1.961(4), Pd(1)—CI(1) 2.3058(12),
Pd(1)-CI(2) 2.2963(12), Pd(1)—CI(3) 2.3816(11);
C(1)-Pd(1)-CI(1) 91.21(12), C(1)—Pd(1)

—Cl1(2) 89.05(12), C(1)—Pd(1)-CI(3) 178.67(14);
CI(1)-Pd(1)-Cl1(2) 178.67(14). Solvent and
hydrogen atoms are omitted for clarity

well as the selected bond lengths and angles are shown
in Figures 3 and 4. Crystal structures 1a-1b were grown
from the chloroform-hexane solution and exhibited a dis-
torted square planar geometry with the two chloride
ligands perpendicular to the plane of NHC and the third
chloride ligand trans to it.

Similar to NHC-bearing complexes, the Pd-C . pene
distance was located in the range of a single bond
(1.961(4) and 1.973(4) A for 1a and 1.967(2) A for 1b),
which was longer than that of the sulfonated NHC-Pd
complex (1.957(5) A4 or the corresponding parent
dimer complexes. The Pd-Cl bond lengths of complexes
la-1b fall between the values found for the bond lengths
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FIGURE 4 Crystal structure of 1b with thermal ellipsoids
drawn at the 50% probability level. Selected bond lengths (A) and
angles (°): Pd(1)-C(1) 1.967(2), Pd(1)—CI(1) 2.3106(7), Pd(1)

—Cl(2) 2.2832(7), Pd(1)—CI(3) 2.3755(7); C(1)—Pd(1)—C1(1) 90.89(7),
C(1)-Pd(1)—CI(3) 177.83(8), C1(2)—Pd(1)—CI(3) 88.30(3). Solvent
and hydrogen atoms are omitted for clarity

of Pd-(p-Cl) and Pd-Cl of the parent dimer complexes
[Pd(p-C1)CI(IPr)],, [Pd(p-CI)CI(SIPr)],: P'Pd-(p-Cl)
2.4029(9) A; S™P'Pd-(p-Cl) 2.4029(9) A, Pd-Cl: 2.2963(12),
2.3058(12),  2.3816(11);  2.2900(13),  2.3183(12),
2.3839(12) A for 1a and Pd-Cl: 2.2832(7), 2.3106(7),
2.3755(7) A for 1b. Compared with the sulfonated NHC-
Pd complex in Figure 2, Pd-CL: 2.297(2), 2.318(2),
2.393(1) A2 and both complexes 1a and 1b exhibited
shorter Pd—C1 bond length that was formed by the strong
trans-effect of NHC moiety. Complex 1b showed coordi-
native behavior similar to complex 1a but with a disorder
phenomenon in amine salt molecule employing C(29) as
a reflective atom as shown in Figure 4.

3.3 | Catalytic studies

Generally, most of the Suzuki—Miyaura cross-couplings
work well in organic solvents. As stated in Section 1,
more efforts have been made to carry out the reaction in
green solvents or water/organic mixed media under mild
conditions. Utilizing the nature, properties, and the func-
tion of quaternary ammonium salt(s) of the new ion-pair
palladium complexes, we envisioned that the new ion-
pair Pd complexes may catalyze the Suzuki—Miyaura
cross-coupling in an aqueous medium. For initial cata-
lytic studies, the coupling reaction of 2-chloro-m-xylene
and phenylboronic acid was chosen as the benchmark
model reaction (Table 1). The reaction was carried out at

30°C in water for 5 h, employing 1 mol% of palladium
complex 1a. Seven inorganic bases and four organic bases
were used to screen the optimum conditions. The new
complex 1a performed coupling activities, and the inor-
ganic base—sodium carbonate prevailed over other bases
in catalyzing the reaction (entry 2). The screened organic
bases did not work under the same condition (entries
8-11). The reason inorganic base—sodium carbonate
works well is that Na,CO5 dissolves faster in water and
quickly synthesizes boronate species, which in turn
reduces free Pd(1I) to Pd(0).!2"!

According to literature, the quantity of base in water
will affect the cross-coupling yields; therefore, when an
excess of base is used, higher yields are obtained.!*" The
positive effect of using an excess of base was also investi-
gated for the reaction with 2-chloro-m-xylene by using
complex 1a as the catalyst (entries 12-16). With a thresh-
old excess of base, this effect was no longer observed, and
coupling yields were better when both 11 and 13 equiva-
lents of base were used (entry 15: 82% vs. entry 16: 85%).
The 11 equiv. of base was chosen as the optimal one
because 13 equiv. of base loading led to vigorous stirring
because of its poor solubility. However, in terms of the
eco-friendly claim, this is a small flaw. Fortunately, the
presence of an excess or high concentration of base did
not lead to the formation of side products in our coupling
reactions. When water was used as a solvent, the phenyl
boronic acid reacted with water to yield the boronate spe-
cies (PhB(OH), + H,O — PhB (OH), + H*), and the pK,
is the equilibrium constant. Depending on the
corresponding law of mass action, [H*] could be the
corresponding expression derived from the ion product of
water at the respective temperature, using the initial con-
centration of Na,COs. The resulting equation showed the
concentration of boronate species as a function of the ini-
tial concentrations of Na,CO; and PhB(OH),.!*!! There-
fore, the equivalent of base loading affected the catalytic
behavior when water played the role of a solvent.
Recently, studies on metal-halogen bond hydrolysis have
been reported'®?! for advanced investigations, by mimick-
ing possible paths in the aqueous medium to yield the
active complexes and determine which catalytic species
worked in the catalytic cycle. Therefore, spectral studies
on the possible hydrolysis of the Pd-Cl bond in pure
water solution were carried out under two different con-
ditions (Scheme 2). In the presence of excess Na,COs, the
reaction of complex 1a in aqueous medium synthesized
complex 3 in nearly quantitative yield. Complex 3 was
also characterized by 'H and >*C NMR spectroscopy as
well as elemental analysis in Section 2. The blank experi-
ment without the base was also carried out, and the prod-
ucts of [Pd(p-Cl)CI(IPr)], and complex 3 were in the
ratio of 76% and 24%, respectively (the spectrum recorded
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TABLE 1 Screening conditions of the Suzuki-Miyaura reaction in water®
1mol% cat.,Base
@+ (Oroom GO
1 mL H,0, 30 °C
Entry Catalyst Base Yield (%)°
la Sodium hydroxide (4 equiv.) 0

2 la Sodium carbonate (4 equiv.) 56
3 la Sodium bicarbonate (4 equiv.) 8
4 la Potassium phosphate (4 equiv.) 17
5 la Sodium tert-butoxide (4 equiv.) 0
6 la Potassium hydroxide (4 equiv.) 3
7 la Potassium tert-butoxide (4 equiv.) 2
8 la Triethylamine (4 equiv.) 0
9 la Diethylamine (4 equiv.) 0
10 la Diisopropylamine (4 equiv.) 0
11 la Piperidine (4 equiv.) 0
12 la Sodium carbonate (2 equiv.) 43
13 la Sodium carbonate (7 equiv.) 13
14 la Sodium carbonate (9 equiv.) 68
15 la Sodium carbonate (11 equiv.) 82
16 la Sodium carbonate (13 equiv.) 85
17 1b Sodium carbonate (11 equiv.) 76
18 2a Sodium carbonate (11 equiv.) 12
19 2b Sodium carbonate (11 equiv.) <1
21 3 Sodium carbonate (11 equiv.) 72
22°¢ [Pd(u-C1)CI1(IPr)], Sodium carbonate (11 equiv.) 60

*Reaction conditions: 0.5 mmol 2-chloro-m-xylene, 0.6 mmol phenylboronic acid, 4 equiv. base, 1 mol% Pd catalyst, 1 ml H,O, 30°C, and

reaction time of 5 h.

"Determined by gas chromatography-mass spectrometry, average of two runs.

‘1 mol% Pd loading.

SCHEME 2 Two reaction paths of | |

i .
complex 1a in pure water />(/ \ﬂ /K'\/\l
- |
. ¢ N '
W< €1 ke
N"pd | 0888 MY 1a 0.5 [Pd( 1 -CI)CI(IP ;o & o

:( o’ N- H,0, R.T. 5h H,0, R.T. 5h [Pd( 2 -CIICKIPT)]2 :§ a’ N~

\ /A 3 K

100% 76% 24%

is shown in Figure S1 in supporting information). Both
complex 3 and [Pd(p-Cl)C1(IPr)], when tested under
the optimized condition to explore their catalytic activity
resulted in 72% and 60%, respectively (entry 21 vs. entry
22). This result showed that complex 1a showed better
activity and also hinted that the quaternary ammonium
salts of complex 1a would possibly help transform com-
plex 1a into the NHC-Pd(0) species in the catalytic cycle

in an aqueous medium. Kohler et al. studied the role of
the base and quaternary ammonium salts in coupling
reactions. Then, they investigated quaternary ammonium
salts in detail by comparing the hydrophilic and hydro-
phobic precatalysts from the known accelerating effect of
water in Suzuki reactions. Importantly, they concluded
that an immiscible aryl halide served as an additional
organic phase, and Pd(II) precatalyst was reduced to



MW[ LEY—

Applied
Orr)ganometallic

CHEN ET AL.

Chemistry

TABLE 2 Results of the Suzuki-Miyaura coupling of heterocyclic- and mono-substituted biaryl compounds *°

3

5a, 0.75 h, 99% (92%)

;

OHC

5d, 1 h, 99% (90%)

5g, 3 h, 93% (36%)

Ore  vom
Ri RS
3 4

1mol% 1a

S
)
5b, 3 h, 89% (83%)
5e, 3 h, 97% (90%)

S
W

5h, 7 h, 85% (80%)

11eq. Na,CO3
1 mL H,0, 30 °C

oS

5

=N
W/

5c, 7 h, 72% (66%)

5f, 9 h, 81% (74%)

=N
\ 7/

5i, 16 h, 93% (88%)

*Reaction conditions: 0.5 mmol aryl chloride, 0.6 mmol arylboronic acid, 11 equiv. Na,CO3, 1 mol% 1a, T = 30°C, and 1 ml H,O.
"Determined by gas chromatography-mass spectrometry, average of two runs; values in brackets represent isolated yield after column

chromatography.

TABLE 3  Results of the Suzuki-Miyaura coupling of di-, tri-substituted biaryl compounds™®

6d, 30°C, 5 h, 99% (94%)

6g, 30°C, 3 h, 89% (83%)

6j, 30°C, 5 h, 82% (77%)

o+ aom
R1 RJ
3 4

1mol% 1a

6b, 30°C, 1 h, 99% (93%)

6e, 30°C, 2 h, 92% (87%)

6h, 30°C, 3 h, 92% (88%)

11eq. Na,CO3
1mLH,0, T°C

@,

6

6k, 80°C, 16 h, 92% (87%)

one~ ) )
\

6c, 30°C, 1 h, 99% (91)%

OHC

>

6f, 30°C, 5 h, 99% (92%)

oo 4)

6i, 30°C, 8 h, 91% (88%)

*Reaction conditions: 0.5 mmol aryl chloride, 0.6 mmol arylboronic acid, 11 equiv. Na,COs, 1 mol% 1a, and 1 ml H,O.
"Determined by gas chromatography-mass spectrometry, average of two runs; values in brackets represent isolated yield after column

chromatography.
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Pd(0) by boronate, which was generated in situ from the
boronic acid and the base in aqueous systems. The oxida-
tive addition step followed this needed a phase transfer of
the reduced palladium in the organic phase species.
Then, in the subsequent transmetallation step, the
boronate was transferred into the organic phase in the
presence of quaternary ammonium salts.*!!

In our catalytic studies, among the new ion-pair Pd
complexes screened, the optimal complex was found
bearing an unsaturated backbone with the substituted
group —IPr; complex la generated the best yield of
2,6-dimethylbiphenyl (entry 15 vs. entries 16-19). After
the optimization of the most active catalyst (1a) and the
quantity of base, the scope of the substrate to yield het-
erocyclic and mono-substituted biaryl compounds was
investigated (Table 2).

It was highly effective in catalyzing the coupling reac-
tion with nonsubstituted functional group substrates,
such as chlorobenzene, 2-chlorothiophene, and
2-chloropyridine, and producing yields of over 70%-90%
at 30°C in 0.75-7 h (5a-5c, Table 2). Both pyridine and
thiophene derivatives did not resist the reaction. The
electron-poor substrates, such as 4-chlorobenzaldehyde
and 4-chlorobenzotrifluoride, provided yields of over
80%-90% in 1-3 h (5d-5e). The electron-rich substrates
in both aryl chlorides and phenylboronic acid featuring
single ortho-, meta-, or para-positioned functional groups

TABLE 4 Comparison of activities of Pd complexes in water®

Chemistry

were also successfully utilized to produce 74%-88% yields
in 3-16 h without heating conditions (5f-5i).

Our catalyst system made use of ortho-, para-, or di-
ortho-substituted aryl chlorides and ortho-, meta-, para-,
or di-ortho-substituted arylboronic acids as coupling part-
ners (Table 3). The electron-poor functional groups on
aryl chlorides or phenylboronoic acids demonstrated
good yields under milder conditions (30°C) and yields of
over 80%-90% in 2-8 h (6a-6h). However, the electron-
rich substrates bearing di-ortho or one ortho or one meta-
positioned functional groups on both aryl chlorides and
phenylboronics needed long time and heated conditions
to produce yields over 80% (6i-6k). Unfortunately, when
we tried to use both di-ortho-substituted functional group
on aryl chlorides and phenylboronic acid, we obtained a
lower yield even when the product was heated at 80°C
(260%). A comparison with the effective catalysts used in
the Suzuki-Miyaura reaction (Figure 1) showed that the
ion-pair NHC-Pd complex 1a demonstrated better cata-
lytic activities under milder conditions.

To verify if our prepared complexes are useful for the
Suzuki reaction, we compared our system with other
complexes that used neat water as the solvent reported in
the literature: Cetinkaya,**! Huynh,”” and Shao!?"
groups. When 4-chlorobenzaldehyde and phenylboronic
acid were used as the starting materials, complex 1la
exhibited better activity under mild conditions (Table 4).

1mol% cat.
HC cl o+ B(OH), OHC @ @
base, H,O, T
/\
N—"~OMe @ NN
Ny PPhy o h IR
Br-Pd-Br | e pd | oTf Ci=Pd-cl 5
HOOC.__N | COOH A PPh3 &N\V CI*P‘d-CI lo
U N cl /"{\
A H
cat. 7 Cetinkaya cat. 8 Huynh cat. 9 Shao 1a
Entry Catalyst Base Time (h) T (°C) Yield (%)°
1 la Na,COs3 1 30 99
2 7 KOH 4 100 92
3 8 K,CO;3 21 80 39
4° 9 KO'Bu 24 80 93

Reaction conditions: 4-chlorobenzaldehyde (0.5 mmol), phenylboronic acid (0.6 mmol), 1 mol% catalyst, and base in neat water.

®Determined by gas chromatography-mass spectrometry.
2 mol% catalyst loading.



lied

Appli
10 of 11 WI LEY OrrJgij)alr?ometallic

CHEN ET AL.

~ Chemistry

Also, it showed better catalytic activities than sulfonated
N-heterocyclic carbene complexes.'>!! Moreover, we
tried to understand the reaction mechanism of our cata-
lytic process by carrying out the mercury test of cata-
lysts.?®! The test required controlled experimental
conditions with 2-chlorotoluene and phenylboronoic acid
as starting materials and produced conversion values of
10% and 93% with and without the addition of mercury,
respectively (Table S2 in supporting information). This
experimental result in Table S2 shows that our system
should be concluded as the heterogeneous system or on
water catalytic system.

4 | CONCLUSIONS

A series of new NHC ion-pair anionic palladium com-
plexes have been successfully prepared and fully charac-
terized. The ion-pair NHC-Pd complex 1a showed robust
and highly electron-rich properties, thus demonstrating
efficient catalytic activities for the Suzuki—Miyaura cross-
coupling reaction at room temperature conducted in sin-
gle aqueous media-water as a solvent. Sterically hindered
aryl chlorides and arylboronic acids were effectively uti-
lized as substrates. We successfully used NHC-PA(II)
complexes equipped quaternary ammonium salts as the
function to work well and replaced the original role of
“additive reagent”. This catalytic system with water as a
solvent is attractive as it is cheap and is suitable for green
chemistry. Currently, more efforts are being made to syn-
thesize new complexes and investigate their catalytic
potentials in cross-coupling reactions in water.

ACKNOWLEDGMENTS

We are grateful to the Ministry of Science and Technol-
ogy of Taiwan for financial support (Grant Number:
MOST 107-2113-M-126-001-MY2).

AUTHOR CONTRIBUTIONS

ming-tsz chen: Conceptualization; data curation; formal
analysis; funding acquisition; investigation; methodology;
project administration; resources; software; supervision;
validation; visualization. Yu-Hsuan Lin: Data curation;
formal analysis; investigation; resources; visualization.
Kun-Han Jian: Data curation; investigation; resources.

ORCID
Ming-Tsz Chen ‘© https://orcid.org/0000-0002-7949-305X
REFERENCES

[1] a) E.-i. Negishi, A. de Meijere, Handbook of Organopalladium
Chemistry for Organic Synthesis, John Wiley & Sons, Inc.,
New York 2002. b) J. Tsuji, Palladium Reagents and Catalysts

New Perspectives for the 21st Century, John Wiley & Sons Ltd,
The Atrium, Southern Gate, Chichester, West Sussex PO19
8SQ, England 2004. ¢) J. Tsuji, Palladium in Organic Synthesis,
Springer-Verlag, Berlin Heidelberg 2005. d) A. D. Meijere,
F. Diederich, Metal-Catalyzed Cross-Coupling Reactions,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2014.
e) A. Molnar, Palladium-Catalyzed Coupling Reactions,
Wiley-VCH Verlag GmbH & Co. KGaA, Boschstr. 12, 69469
Weinheim, Germany 2013. f) R. H. Crabtree, M. P. Mingos,
in Comprehensive Organometallic Chemistry III, (Eds:
O. Navarro, S. P. Nolan) Vol. 11, Elsevier Science,
New York 2007.

[2] a) N. Miyaura, A. Suzuki, Chem. Rev. 1995, 95, 2457. b)
D. G. Hall, Boronic Acids Volume 2 Preparation and Applica-
tions in Organic Synthesis, Medicine and Materials, Wiley-VCH
Verlag & Co. KGaA, Boschstr. 12, 69469 Weinheim, Germany
2011.

[3] a) N. Miyaura, K. Yamada, A. Suzuki, Tetrahedron Lett. 1979,
20, 3437. b) K. Masanori, S. Kazuo, S. Yutaka, M. Toshihiko,
Chem. Lett. 1977, 6, 301. ¢) D. Milstein, J. K. Stille, J. Am.
Chem. Soc. 1978, 100, 3636. d) H. A. Dieck, F. R. Heck,
J. Organomet. Chem. 1975, 93, 259. e) K. Sonogashira,
Y. Tohda, N. Hagihara, Tetrahedron Lett. 1975, 16, 4467. f) E.-
I. Negishi, in Selective Carbon-Carbon Bond Formation via
Transition Metal Catalysis: Is Nickel or Palladium Better than
Copper? (Ed: J. H. Brewster), Springer US, Boston, MA
1978 285.

[4] a) A. F. Littke, G. C. Fu, Angew. Chem. Int. Ed. 2002, 41, 4176.
b) O. Navarro, R. A. Kelly, S. P. Nolan, J. Am. Chem. Soc. 2003,
125, 16194. ¢) N. Marion, O. Navarro, J. Mei, E. D. Stevens,
N. M. Scott, S. P. Nolan, J. Am. Chem. Soc. 2006, 128, 4101. d)
G.-R. Peh, E. A. B. Kantchev, J.-C. Er, J. Y. Ying, Chem. A
Eur. J. 2010, 16, 4010. €) M. T. Chen, D. A. Vicic, M. L. Turner,
0. Navarro, Organometallics 2011, 30, 5052.

[5] A. D. Meijere, S. Brdse, M. Oestreich, Metal-Catalyzed
Cross-Coupling Reactions and More, Wiley-VCH Verlag
GmbH & Co. KGaA, Boschstr. 12, 69469 Weinheim, Germany
2014.

[6] P. Anastas, N. Eghbali, Chem. Soc. Rev. 2010, 39, 301.

[7] C.-1. Li, Green Chem. 2016, 18, 1836.

[8] P. H. Dixneuf, V. Cadierno, Metal-Catalyzed Reactions in
Water, Wiley-VCH Verlag & Co. KGaA, Boschstr. 12, 69469
Weinheim, Germany 2013.

[9] P. Vivek, D. Audrey, L. Christophe, F. Aziz, ChemSusChem
2010, 3, 502.

[10] A. Chatterjee, T. R. Ward, Catal. Lett. 2016, 146, 820.

[11] M. N. Hopkinson, C. Richter, M. Schedler, F. Glorius, Nature
2014, 510, 485.

[12] a) T. Tu, X. Feng, Z. Wang, X. Liu, Dalton Trans. 2010, 39,
10598. b) C. Zhou, J. Wang, L. Li, R. Wang, M. Hong,
Green Chem. 2011, 13, 2100. c¢) R. Zhong, A. Pothig,
Y. Feng, K. Riener, W. A. Herrmann, F. E. Kiihn, Green
Chem. 2014, 16, 4955. d) R. Garrido, P. S. Hernandez-
Montes, A. Gordillo, P. Gémez-Sal, C. Lépez-Mardomingo,
E. de Jests, Organometallics 2015, 34, 1855. e) L. Li,
J. Wang, C. Zhou, R. Wang, M. Hong, Green Chem. 2011,
13, 2071. f) F. Godoy, C. Segarra, M. Poyatos, E. Peris,
Organometallics 2011, 30, 684.

[13] V. Calo, A. Nacci, A. Monopoli, Eur. J. Org. Chem. 2006, 2006,
3791.


https://orcid.org/0000-0002-7949-305X
https://orcid.org/0000-0002-7949-305X

CHEN ET AL.

Ap
Organometalllc

WI LEY 11 of 11

[14] a) S.-H. Huang, J.-R. Chen, F.-Y. Tsai, Molecules 2010, 15, 315.
b) D. Badone, M. Baroni, R. Cardamone, A. Ielmini, U. Guzzi,
J. Org. Chem. 1997, 62, 7170.

[15] a) N. T. S. Phan, M. Van Der Sluys, C. W. Jones, Adv. Synth.
Catal. 2006, 348, 609. b) M. T. Reetz, E. Westermann, Angew.
Chem. Int. Ed. 2000, 112, 170.

[16] a) M. T. Chen, D. A. Vicic, W. J. Chain, M. L. Turner,
O. Navarro, Organometallics 2011, 30, 6770. b) D. Guest,
M.-T. Chen, G. J. Tizzard, S. J. Coles, M. L. Turner,
O. Navarro, Eur. J. Inorg. Chem. 2014, 2014, 2200. c)
R. S. Sprick, M. Hoyos, M.-T. Chen, M. L. Turner, O. Navarro,
J. Polym. Sci, Part a: Polym. Chem. 2013, 51, 4904. d)
C. W. D. Gallop, M.-T. Chen, O. Navarro, Org. Lett. 2014, 16,
3724. e) D. Muenmart, A. B. Foster, A. Harvey, M.-T. Chen,
O. Navarro, V. Promarak, M. C. McCairn, J. M. Behrendt,
M. L. Turner, Macromolecules 2014, 47, 6531. f) 1. Maluenda,
M.-T. Chen, D. Guest, S. Mark Roe, M. L. Turner, O. Navarro,
Cat. Sci. Technol. 2015, 5, 1447. g) M.-T. Chen, Z.-L. Kao, Dal-
ton Trans. 2017, 46, 16394. h) M.-T. Chen, W.-R. Wang, Y.-
J. Li, Appl. Organomet. Chem. 2019, 33, e4912. i) M.-T. Chen,
B.-Y. Hsieh, Y.-H. Liu, K.-H. Wu, N. Lussari, A. A. C. Braga,

Appl. Organomet. Chem. 2020. https://doi.org/10.1002/aoc.
5870

[17] M. S. Viciu, R. M. Kissling, E. D. Stevens, S. P. Nolan, Org. Lett.
2002, 4, 2229.

[18] G. M. Sheldrick, SADABS, Program for area detector absorption
correction, Institute for Inorganic Chemistry, University of
Gottingen, Germany 1996.

[19] a) G. M. Sheldrick, SHELXTL-97, Program for refinement of
crystal structures, University of Gottingen, Germany 1997. b)
G. M. Sheldrick, Acta Crystallogr., Sect. C 2015, 71, 3.

[20] M. Moreno-Maiias, M. Pérez, R. Pleixats, J. Org. Chem. 1996,
61, 2346.

Chemistry

[21] C. Roéhlich, A. S. Wirth, K. Kohler, Chem. A Eur. J. 2012, 18,
15485.

[22] a) N. Busto, J. Valladolid, M. Martinez-Alonso, H. J. Lozano,
F. A. Jalon, B. R. Manzano, A. M. Rodriguez, M. C. Carrion,
T. Biver, J. M. Leal, G. Espino, B. Garcia, Inorg. Chem. 2013,
52, 9962. b) N. Y. S. Lam, D. Truong, H. Burmeister,
M. V. Babak, H. U. Holtkamp, S. Movassaghi, D. M. Ayine-
Tora, A. Zafar, M. Kubanik, L. Oehninger, T. Sohnel,
J. Reynisson, S. M. F. Jamieson, C. Gaiddon, I. Ott,
C. G. Hartinger, Inorg. Chem. 2018, 57, 14427. c) F. Guarra,
N. Busto, A. Guerri, L. Marchetti, T. Marzo, B. Garcia,
T. Biver, C. Gabbiani, J. Inorg. Biochem. 2020, 205, 110998.

[23] H. Tirkmen, R. Can, B. Cetinkaya, Dalton Trans. 2009, 7039.

[24] Y. Han, H. V. Huynh, G. K. Tan, Organometallics 2007, 26,
6581.

[25] X.-X. Zhou, L.-X. Shao, Synthesis 2011, 2011, 3138.

[26] G. M. Whitesides, M. Hackett, R. L. Brainard, J. P.
P. M. Lavalleye, A. F. Sowinski, A. N. Izumi, S. S. Moore,
D. W. Brown, E. M. Staudt, Organometallics 1985, 4, 1819.

SUPPORTING INFORMATION

Additional supporting information may be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Chen M-T, Lin Y-H,
Jian K-H. (N-Heterocyclic carbene) ion-pair
palladium complexes: Suzuki-Miyaura cross-
coupling studies in neat water under mild
conditions. Appl Organomet Chem. 2020;e5955.
https://doi.org/10.1002/a0c.5955



https://doi.org/10.1002/aoc.5870
https://doi.org/10.1002/aoc.5870
https://doi.org/10.1002/aoc.5955

	(N-Heterocyclic carbene) ion-pair palladium complexes: Suzuki-Miyaura cross-coupling studies in neat water under mild condi...
	  INTRODUCTION
	  EXPERIMENTAL
	  Reagents and methods
	  Synthesis of 1a
	  Synthesis of 1b
	  Synthesis of 2a
	  Synthesis of 2b
	  Synthesis of 3

	  X-ray data collection and structure refinement
	  GC-MS/MS conditions
	  Procedure of Suzuki-Miyaura cross-coupling reaction

	  RESULTS AND DISCUSSION
	  Synthesis of NHC ion-pair palladium (II) complexes
	  Molecular structures
	  Catalytic studies

	  CONCLUSIONS
	ACKNOWLEDGMENTS
	  AUTHOR CONTRIBUTIONS
	REFERENCES


