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Abstract: A series of palladium(II) complexes from monodentate phosphine ligands (1a-4a) were
successfully prepared and characterized with 'H, 31P, 13C NMR, and HRMS techniques. These pre-catalysts
were applied for the Suzuki-Miyaura C-C coupling reaction of phenylboronic acid with bromobenzene and

the influence of the base and solvent on the performance of the pre-catalysts was investigated. Sterically
hindered and electronically deactivated aryl bromides as well as activated ones gave the corresponding
coupling products in good to excellent yields at room temperature.
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INTRODUCTION

Suzuki-Miyaura carbon-carbon (SM) coupling
reactions generally catalyzed by palladium
complexes have been most widely studied for the
construction of new carbon-carbon bonds, since
they allow the formation of highly complex
molecules from relatively simple precursor (1-3).
In the SM coupling reaction carbon-carbon bond
formation takes place between phenylboronic
acid and aryl or vinyl halides. In many cases, the
reaction is homogeneously catalyzed by Pd(II) or
Pd(0) complexes which were generally formed
with phosphine, N-heterocyclic carbene (NHC) or
salen type ligands, in good conversions and high
yields. Especially, monodentate or bidentate
phosphine ligands have been successfully applied
for palladium-catalyzed C-C coupling reactions
such as SM coupling because of their high
reactivity, high turnover numbers and milder
reaction conditions (4). Although extremely high
catalytic activities can sometimes be achieved by
using phosphine-free palladium catalysts such as
Pd(OAc)z, [{(n3-C3H5)PdCl}2], and [Pdz(dba)s], in
some cases the formation of inactive palladium
black during the catalytic cycle reveals the
necessity of increasing the stability of the
palladium center. So, sterically hindered tertiary
phosphine ligands are generally used which has
often circumvented catalyst deactivation by
inhibiting the formation of palladium black (5,6).

So far, many types of monodentate phosphine
ligands and their metal catalysts have been
prepared and applied for various catalytic

transformations such as hydrogenation,
hydroformylation or several carbon-carbon
coupling reactions etc., (7-9) but
triphenylphosphine-based palladium(II) pre-

catalysts were not examined for SM coupling
reactions. Here we focused on the synthesis and
characterization a series of Pd(II) complexes
which have monodentate tertiary phosphine
ligands and optimization studies of these pre-
catalysts for SM coupling reactions. These pre-
catalysts were also applied for SM coupling
reactions using a wide range of substituted
substrates, bearing electron releasing or
withdrawing groups at different positions.
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MATERIALS AND METHODS

General

All of the reagents were purchased from
commercial sources (Aldrich or ABCR) and used
as received, unless otherwise indicated. The
solvents were dried, deoxygenated, and purified
according to standard methods in the literature
(10). 2-(Diphenylphosphino)benzaldehyde (1),
2-(bis(3,5-dimethylphenyl)phosphino)
benzaldehyde (2), 2-(bis(3,5-
bis(trifluoromethyl)phenyl)phosphino)benzaldeh
yde (3) and 2-(bis(4-
tolyl)phosphino)benzaldehyde (4) and their
Pd(II) complexes were prepared according to the
published procedures (11-14). Pd(II) complexes
were characterized by NMR analyses on a Bruker
Ultrashield Plus Biospin Avance III 400
spectrometer NaNoBay FT-NMR operating at
400.2 MHz (!H NMR), 162.0 MHz (3'P{'H} NMR)
and 100.2 MHz (!3C NMR) using acetone-dg or
chloroform-d as the solvent. High resolution mass
spectroscopy analyses were provided with a
Waters series mass spectrometer (SYNAPT G1 MS
model). Melting points were obtained with a
Thermo scientific electrothermal digital
programmable melting point apparatus system
and are uncorrected. GCMS analyses were
reported on an Agilent 7890A GC and 5975C MSD
system equipped with Rxi-5ms capillary column
(5% diphenyl/95% polysiloxane). Flash
chromatography was applied on silica gel (230-
400 mesh).

Synthesis of [PdCl>(1-4)2] pre-catalysts
(1a-4a)

The synthesis of monodentate phosphine based
Pd(II) complexes is shown in Scheme 1. The
complexes [PdCl,(1-4).] were prepared by the
reaction of Pd(cod)Cl, (15) with the
corresponding 2-(diaryl)phosphinobenzaldehyde
(1-4) in dichloromethane according to the
literature (16,17). To a solution of 2-
(diaryl)phosphinobenzaldehyde (1-4) in CHxCl;
(10 mL) was added Pd(cod)Cl; in CHxCl; (10 mL).
Reaction mixture was stirred for 2 hours at 25 °C.
The solvents were then evaporated and remaining
precipitate was washed with diethyl ether to give
the title Pd(II) complexes as an orange powder.
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Scheme 1. Synthesis of Pd(II) Complexes.

Synthesis of [PdClx(1):],
prepared using

la was
2_
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(diphenylphosphino)benzaldehyde (10.4 mmol,
3.01 g) and Pd(cod)Cl; (5.07 mmol, 1.44 qg)
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according to the procedure given above. Yield
3.06 g (80%). Melting point: 219 °C. 'H NMR
(400.2 MHz, CDCI3): d (ppm) 10.39 (s, -C(H)O,
2H), 7.92 (dd, J = 7.6, 1.5 Hz, ArH, 2H), 7.74 (dt,
J =12.7, 3.5 Hz, ArH, 9H), 7.50 (t, J= 7.4 Hz,
ArH, 2H), 7.38 (d, J= 7.1 Hz, ArH, 6H), 7.33 (d,
J =7.5Hz, ArH, 7H), 6.96 (dd, J = 12.4, 5.5 Hz,
ArH, 2H). 3P NMR (162.0 MHz, CDCl3): d
(ppm) 20.28. 13C NMR (100.6 MHz, CDCIl3): d
(ppm) 189.07 (s), 134.58 (t, Jrc= 6.4 Hz), 132.61
(t, Jec= 2.5 Hz), 131.85 (t, Jec= 4.0 Hz), 130.28
(t, Jpc= 3.5 Hz), 129.82 (s), 129.56 (s), 128.52
(s), 128.27 (s), 128.02 (s), 127.32 (t, Jpc= 5.4

Hz). HRMS (ESI): calcd. for [M+2H]%*:
C38H30C|202P2Pd 758.0289; found [M+2H]2+I
758.0131.

Synthesis of [PdCI>(2).], (2a). 2a was
prepared using 2-(bis(3,5-

dimethylphenyl)phosphino)benzaldehyde (2)
(11.6 mmol, 4.02 g) and Pd(cod)Cl; (5.6 mmol,
1.61 g) according to the procedure given above.
Yield 3.83 g (78%). Melting point: 215-216°C.
1H NMR (400.2 MHz, CDCI3): 5 (ppm) 10.51 (s,
-C(H)O, 2H), 7.91 (dd, J = 7.6, 1.4 Hz, ArH, 2H),
7.45 (t,J = 7.4 Hz, ArH, 2H), 7.35 (t, J = 5.7 Hz,
ArH, 10H), 7.18 (s, ArH, 4H), 6.92 (dd, J = 12.6,
5.7 Hz, ArH, 2H), 2.22 (s, ArCHs, 24H). 3P NMR
(162.0 MHz, CDCI3): d (ppm) 20.11. *3C NMR
(100.6 MHz, CDCI3): & (ppm) 189.80 (t, Jpc=
4.5 Hz), 138.30 (t, Jec= 3.3 Hz), 137.85 (t, Jpc=
5.7 Hz), 133.52 (t, Jec= 2.5 Hz), 133.26 (t, Jpc=
6.4 Hz), 132.82 (s), 130.34 (s), 129.87 (t, Jpc=
3.3 Hz), 129.04 (s), 128.80 (s), 128.55 (s), 21.45

(s). HRMS (ESI): calcd. for [M+2H]%*:
C45H45C|202P2Pd 870.1541; found [M+2H]2+Z
870.1385.

Synthesis of [PdCI>(3)2], (3a). 3a was
prepared using 2-(bis(3,5-

bis(trifluoromethyl)phenyl)phosphino)benzaldeh
yde (3) (6.8 mmol, 3.82 g) and Pd(cod)Cl; (3.3
mmol, 0.94 g) according to the procedure given
above. Yield 3.62 g (84%). Melting point:
225°C. *H NMR (400.2 MHz, (CD3)2CO): d
(ppm) 9.87 (s, -C(H)O, 2H), 8.32 (t, J = 4.7 Hz,
ArH, 8H), 8.17 (d, J = 1.5 Hz, ArH, 2H), 8.14 (s,
ArH, 4H), 7.78 (t, J = 7.5 Hz, ArH, 2H), 7.63 (td,
J=7.6,0.9 Hz, ArH, 2H), 7.29 (dd, J = 13.1, 5.7
Hz, ArH, 2H). 3'P NMR (162.0 MHz, CDCI3): o
(ppm) 22.72. 133C NMR (100.6 MHz, (CD3).CO):
0 (ppm) 192.95 (s), 140.18 (t, Jec= 4.1 Hz),
136.36 (d, Jec= 3.5 Hz), 136.01 (t, Jec= 4.1 Hz),
135.45 (t, Jpc= 2.0 Hz), 135.00 (t, Jec= 4.4 Hz),
133.88 (s), 133.64 (s), 133.39 (s), 132.28 (t,
Jpc= 5.2 Hz), 131.95 (t, Jec= 5.2 Hz), 127.63 (t,
Jpc= 23.2 Hz), 126.01 (s), 124.03(q, Jec= 272.5
Hz). HRMS (ESI): calcd. for [M+2H]%*:
Ca6H22Cl2F2402P2Pd 1301.9280; found [M+2H]%+:
1301.9125.

Synthesis of [PdCl2(4):], 4a was
prepared using 2-(bis(4-
tolyl)phosphino)benzaldehyde (4) (9.54 mmol,
3.03 g) and Pd(cod)Cl; (4.6 mmol, 1.32 g)
according to the procedure given above. Yield

(4a).
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3.09 g (82%). Melting point: 226°C. 'H NMR
(400.2 MHz, CDCI3): d (ppm) 10.58 (s, -C(H)O,
2H), 8.02 (dd, J = 7.6, 1.4 Hz, ArH, 2H), 7.73 (dt,
J =7.6, 5.6 Hz, ArH, 8H), 7.57 (t, J = 7.5 Hz,
ArH, 2H), 7.45 (t, J = 7.5 Hz, ArH, 2H), 7.23 (d,
J = 7.9 Hz, ArH, 8H), 7.06 (dd, J = 12.9, 5.6 Hz,
ArH, 2H), 2.40 (s, ArCHs, 12H). 3P NMR (162.0
MHz, CDCl3): 5 (ppm) 18.92. 13C NMR (100.6
MHz, CDCl3): & (ppm) 190.08 (t, Jec= 4.2 Hz),
141.20 (s), 138.29 (t, Jec= 3.6 Hz), 135.54 (t,
Jpc= 6.6 Hz), 133.47 (t, Jpc= 2.4 Hz), 133.20 (s),
133.00 (s), 132.76 (t, Jec= 3.9 Hz), 130.59 (t,
Jrc= 3.6 Hz), 130.40 (s), 129.19 (t, Jec= 5.5 Hz),
126.14 (s), 125.89 (s), 125.63 (s), 21.49 (s).

HRMS (ESI): calcd. for [M+2H]2+:
C42H38Cl202P2Pd  814.0915; found [M+2H]%+:
814.0758.

Procedure for the SM coupling reaction

Aryl halide (1.0 mmol), phenylboronic acid (1.2
mmol), base (1.2 mmol), catalyst (0.01 mmol)
and 4.0 mL of solvent (organic solvent/water:2.0
mL/2.0 mL) was added in a sealed tube and the
mixture was stirred for 5 hours at room
temperature. Next, the mixture was washed with
saturated ammonium chloride solution and
extracted with chloroform. The organic phase was
dried and then chromatographed on silica gel.
Conversions and yields were determined by
GCMS analyses.

RESULTS AND DISCUSSION

Characterization

All the palladium(II) complexes 1a-4a are air-
and moisture-stable and they are soluble in a
wide range of polar solvents such as CHCIs, MeOH
and DCM, but insoluble in low-polar solvents or
non-polar solvents. The NMR ('H, 13C and 3!P)
spectra of the complexes were carried out in order
to contribute to the characterization of the
synthesized compounds. The Pd(II) complexes
were further characterized by high resolution
mass spectroscopy (HRMS) analyses and the
results are in agreement with the proposed
structures. Based on 3P NMR analysis,
displacement of the phosphorus singlet peaks
from up field in non-coordinated ligands (1: -
11.96; 2: -12.51; 3: -6.49; 4: -13.71 ppm) to
the down field in the Pd(II) complexes (1la:
20.28; 2a: 20.11; 3a: 22.72; 4a: 18.92 ppm)
suggest the coordination of desired Pd(II)
complexes (9, 16, 17). Also, the appearance of
only one singlet indicates the formation of only
one product. Meanwhile, the disappearance of the
characteristic doublet (due to the coupling with
the lone pair of phosphorus atom) of the aldehyde
proton in the free ligands (1: 9.04 ppm (Jpy=5.1
Hz); 2: 8.94 ppm (Jpy= 5.3 Hz); 3: 8.57 ppm
(Jew= 3.2 Hz); 4: 10.58 ppm (Jpy= 5.5 Hz)) and
formation of a singlet for the Pd(II) complexes
(1a: 10.39; 2a: 10.51; 3a: 9.87; 4a: 10.58
ppm) further confirmed the formation of the
desired monodentate complexes (16-20).
Otherwise, the signal of the methyl protons in 2a
and 4a appeared at 2.22 and 2.40 ppm as singlet,
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respectively. The signals for the aromatic protons
of the complexes appear in the region 6.96-8.48
ppm as expected. In the 13C NMR spectrum of the
complexes, the signals of the aldehyde carbon are
found at 189.07 (1a), 189.80 (2a), 192.95 (3a)
and 190,08 (4a) ppm as singlet and triplet
(probably carbon-carbon interaction has become
more active due to the increasing electron density
of the methyl carbon by methyl protons),
respectively. Besides that, the signals of the
methyl carbon, for the 2a and 4a complexes,
were observed at 21.45 and 21.49 ppm,
respectively (19, 21). Also, 13C NMR spectrum of
the complex 3a showed the characteristic signal
of -CF3 bonded-carbon (CF3-ArC) as a quartet at
124.03 ppm (Jrc=272.5 Hz) due to the fluorine-
carbon coupling (13). These results and high
resolution mass spectroscopy data which showed
[M+2H]?* as the highest molecular weight
fragment together support and are in agreement
for our suggested structures of the monodentate
phosphine-palladium(II) pre-catalysts shown in
Scheme 1 (see supporting information).

SM coupling reactions

Initially, we performed optimization studies using
various bases (K;COs, NaOAc, NaOH, and Et3N)
and polar aprotic solvents (1,4-dioxane and DMF)
to determine how solvents and bases affect the
SM coupling reaction between phenylboronic acid
and bromobenzene in the presence of catalyst 1a
(substrate/catalyst:100/1) at room temperature
(Figure 1). Among the bases examined, EtsN
afforded none or very little of the biphenyl in both
DMF and 1,4-dioxane. We found better
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conversion for K>COsz in both solvent when
compared to the NayCOs, it appears that the
cation plays a key role and this is known as
“potassium effect” which has been previously
reported (22-24). Otherwise, when NaOH was
used as the base, good to excellent yields (73%
and 98% for 1,4-dioxane and DMF, respectively)
were obtained for this catalytic system. These
results showed strong base has a great effect to
neutralize acidic condition and to generate the
active species in the catalytic system for facilities
the transmetallation step compared to the weak
bases such as K;COs3, Na;COs and EtsN in SM
coupling reaction (25). On the other hand, in all
cases, DMF gave better coupling product when
comparing the results obtained from 1,4-dioxane.
It's known polar aprotic solvents are generally
preferred for the SM coupling reactions since they
allow the higher solubility of the catalyst and
substrates used (26,27). It can also be said DMF
is more likely to coordinate to the Pd(II) center
since the nitrogen donor in DMF is a softer base
than oxygen donor in 1,4-dioxane (6).

It's noted that reaction temperature also plays an
important role for the SM coupling reaction. We
did not investigate the higher reaction
temperatures since we achieved almost complete
conversion with a combination of DMF-KOH
solvent-base system in the preliminary
experiment here reported. Nevertheless, it clearly
appears from the optimization studies that the
best catalytic activity was obtained in DMF in the
presence of NaOH at room temperature.

M1 4-dioxane HWDMF

100
a0 - 82
80

70

60 7 a8

50 7

30
20
10

Conversion (Biphenyl) (%)

.

K2CO3 Na2COo3

Base

NaOH Et3N

Figure 1: The effect of base and solvent on SM coupling reaction between bromobenzene and
phenylboronic acid. Reaction conditions: PhBr (1.0 mmol), PhB(OH); (1.2 mmol), base (1.2
mmol), cat. (1a) (0.01 mmol), solvent (2 mL), H,O (2 mL), temperature: 25°C, time: 5h.

Yields were analyzed by GC-MS.

After the optimization of the reaction conditions,
we examined a range of substituted aryl bromides
in the SM coupling reaction with phenylboronic
acid. The results were given in Table 1. We have
discovered that, for activated, sterically hindered,
and deactivated aryl bromides, our catalyst
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systems can serve as an effective catalyst. For
example, the reaction of 1-bromo-4-nitrobenzene
containing electron-withdrawing group at para
position, which could accelerate the rate
determining oxidative addition step in the
catalytic cycle due to the reduced electron density
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of C-Br bond, gave 4-nitrobiphenyl as the
principal product in excellent yields (87-99%)
with all catalysts (entry 21-24) (6, 28). Our
catalysts are also effective towards the coupling
of 2-bromoanisole, 2-bromotoluene and 2-
bromoacetophenone, which have bulky -
methoxy, -ethyl and -aceto group at ortho
position respectively, giving corresponding biaryls
as major product up to 68% conversion (entry 1-
4, 13-16, and 25-28) and steric effect of these
substituents on the C-Br bond were well
tolerated. In general, the reaction rate slows
down in the presence of the electronically
deactivated aryl halides, which have electron-
releasing groups such as -methoxy and -methyl

RESEARCH ARTICLE

group on the phenyl ring for the SM coupling
reactions (14, 29). However, the coupling of
these deactivated aryl bromides with
phenylboronic acid gave desired coupling product
moderate to good yields by all catalysts. Also, the
catalytic efficiency of the palladium(II) pre-
catalysts 1a-3a were investigated for the
coupling of 2-bromo-6-methoxynaphthalene with
phenylboronic acid and moderate coupling
product was obtained (58-70%, entries 9-12).
These results showed that our monodentate
phosphine based Pd(II) complexes were capable
of effectively catalyzing the coupling of
bromobenzene and phenylboronic acid at room
temperature.

Table 1. SM coupling reactions with monodentate phosphine based Pd(II) pre-catalysts (1a-

4a)?

Entry brﬁ;}nlil de Product Catalyst Co'}‘:,z;f,wn \({;zl)ﬁ! (-:-‘(_il;c
1 1a 53 49 11
2 Q\ O Q 2a 51 48 10
3 L 3a 37 31 7
a4 4a 48 43 10
5 1a 68 65 14
6 2a 80 77 16
7 3a 84 80 17
8 Br 4a 65 60 13
9 H3CO 1a 58 55 12
10 O ‘ OCHj 2a 63 58 13
11 3a 76 75 15
12 Br O 4a 70 61 14
13 1a 45 43 9
14 Q\ 2a 61 58 12
15 I HyCO 3a 68 65 14
16 4a 56 55 11
17 OCH; 1a 64 56 13
18 © 2a 70 64 14

OCH5
19 3a 83 78 17
20 Br 4a 67 65 13
21 NO, 1a 99 96 20
22 © 2a 99 97 20
(O we,
23 3a 99 87 20
24 Br 4a 87 85 17
25 o o 1a 40 38 8
26 2a 39 37 8
27 ©\)\ Q Q 3a 55 53 11
28 Br 4a 40 37 8

aConditions: Aryl bromide (1.0 mmol), PhB(OH)> (1.2 mmol), KOH (1.2 mmol), cat. (0.01

mmol), DMF (5 mL), 25°C, time: 5 h.

bConversions and yields were analyzed by GCMS.
“Turnover frequency= (mole of product/mole of catalyst)/time(h).

CONCLUSION

899

We have synthesized and fully characterized a
series of monodentate triaryl phosphine based
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Pd(II) complexes. These complexes are
insensitive to oxygen and moisture. Catalytic
activity of these pre-catalysts were tested for SM
coupling reaction between phenylboronic acid and
bromobenzene and an extensive study on the
scope of these complexes was performed. The
results showed that, moderate to excellent yields
were obtained for these pre-catalysts at room
temperature and sterically hindered and
deactivated aryl bromides were well tolerated.
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