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The palladium complex [Pd(L)Cl2] (1) has been prepared by
the reaction of Pd(COD)Cl2 (COD = 1,5-cyclooctadiene) with
L [N,N�-bis(diphenylphosphanyl)-2-(diphenylphosphanyl)-
ethanamine]. The ligand L and complex 1 have been charac-
terized by elemental analysis, mass spectrometry and 1H/31P
NMR spectroscopy. In the presence of O2, 1 selectively cata-
lyzes the hydroxylation of a variety of arylboronic acids to

Introduction

Phenol derivatives are found in natural products such as
coal tar, amino acids, flavonoids, tannins and in hormones
such as estradiols, estriol and estrone.[1,2] The antioxidant
property of phenol makes it an important pharmaceutical
material in addition to its utility as a flexible synthetic inter-
mediate.[1] For example, simple phenols are effective disin-
fectants and 2-methoxyphenol and various polyphenols are
found in grapes and wine.[2] Phenol derivatives are tradi-
tionally synthesized either by the nucleophilic substitution
reaction of activated aryl halides or by the copper-catalyzed
transformation of diazoarenes.[3] However, these synthetic
procedures involve drastic reaction conditions and they
often offer a narrow substrate scope.

The development of relatively facile catalytic routes for
the formation of phenol from aryl halides was indepen-
dently initiated by Hartwig et al.,[4] Buchwald et al.[5] and
recently by Beller et al.[6] However, the facile formation of
phenol from readily available arylboronic acid derivatives
has also recently been established as an efficient route.[7]

The direct catalytic hydroxylation of arylboronic acid to
phenol by simple copper salts in the presence of a strong
base has been reported by Wang et al.[7b] In this regard,
phenol formation has also been reported as a side reaction
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the corresponding phenol derivatives in solvents with low-
dielectric constants at 298 K, although in solvents with high
dielectric constants the same reaction leads to the formation
of both phenol and the coupled product, i.e. biaryl. The
mechanistic aspects of the selective phenol formation from
arylboronic acid with 1 have been addressed.

of the palladium-catalyzed Suzuki–Miyaura cross-coupling
reaction.[8] In addition, it has been reported that phenol can
be generated as a minor product (�20%) along with the
major coupling product, biaryl, simply from arylboronic ac-
ids using palladium catalysts under an oxidizing environ-
ment (air or dioxygen) or in the presence of an oxidizing
agent such as copper acetate.[9] The probable mechanism
of the homocoupling of arylboronic acid as well as phenol
formation as a side product was first reported by Moreno-
Mañas et al. using Pd0 or PdII catalysts associated with
monodentate phosphanes.[9a,9b] This was further extended
by Yoshida et al. using Pd(OAc)2 and chelated 1,3-bis(di-
phenylphosphanyl)propane (dppp).[9c] The detailed mech-
anistic aspects of these reactions have been reported by Am-
atore et al.[9d]

In this context the palladium complex 1 has been found
to be effective in generating phenol derivatives from a wide
variety of arylboronic acids selectively under suitable reac-
tion conditions through an oxidase catalytic pathway.[10]

This article describes the synthesis and characterization
of the ligand L and the corresponding palladium complex
1. The catalytic aspects of 1 towards the selective hydroxyl-
ation of arylboronic acids to their phenol derivatives under
suitably designed reaction conditions have been addressed.
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Results and Discussion

Synthesis and Characterization

The preparation of L is given in the Exp. Section. The
formation of L has been established by its microanalytical
and NMR (1H/31P) spectroscopic data (see Exp. Sect. and
Supporting Information) as well as by its single-crystal X-
ray structure (see Figure 1 and Tables S1–S2 in the Support-
ing Information).

Complex 1 was synthesized by the reaction of the precur-
sor complex, Pd(COD)Cl2, and L in CH2Cl2 at 298 K and
characterized by its microanalytical, solution MS and 1H/
31P NMR spectroscopic data (see Exp. Sect. and Figures
S1–S3). Single crystals were generated from 1 in a 1:1
CH3CN/hexane mixture over a period of two weeks. X-ray
structure determination revealed a dipalladium species (2)
where an additional [PdCl2(CH3CN)] unit links to the pen-
dant phosphane centre (P2) of the coordinated L (Figure 2
and Tables S1–S2).

This indicates that 1 is transformed to 2 during the slow
crystallization process in a coordinating solvent (CH3CN)
possibly according to Equation (1).

(1)

Unfortunately, we were unable to crystallize 1 using other
solvents. The bond parameters pertaining to L and 2 (Table

Figure 1. ORTEP diagram of L. Ellipsoids are drawn at 50% probability. Hydrogen atoms are omitted for clarity. Selected bond lengths
and angles are shown in Table 2.
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Figure 2. ORTEP diagram of 2. Ellipsoids are drawn at 50 % prob-
ability. Hydrogen atoms and solvent molecules are omitted for clar-
ity. Inset is shown the strained chair configuration of the six-mem-
bered chelate ring. Selected bond lengths and angles are shown in
Table 2.

S2) match well with those of an analogous molecule con-
taining a diphosphanylamine ligand moiety.[11]

The mononuclear form of 1 in powdered bulk samples
as well as in solution has been established by different ex-
perimental techniques. The 31P NMR spectrum of L in
CDCl3 exhibits two signals at 60.60 and –21.8 ppm corre-
sponding to P1/P2 and P3, respectively (Figure S2a). How-
ever, the 31P NMR spectrum of 1 in (CD3)2SO shows three
magnetically nonequivalent phosphane signals at 74.10
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(P1), 56.2 (P2) and 19.01 (P3) ppm. The chemical shifts of
two of the phosphane signals (P1 and P3) in 1 are signifi-
cantly shifted compared to L, whereas the chemical shift
of the pendant phosphane (P2) remains almost unaltered
(Figure S2b). This suggests that two out of three phosphane
centres in L are coordinated to the metal ion leaving the
third phosphane uncoordinated as expected for monopalla-
dated 1. The ESI mass spectrum of 1 shows the molecular
ion peak at m/z 737.81 corresponding to PdLCl (calculated
mass: 738.06) rather than the full molecule PdLCl2 (calcu-
lated mass: 773.56), which implies the lability of one of the
Cl ligands in 1. Consequently, the isotopic pattern of palla-
dium in the mass spectrum matches well with the mononu-
clear nature of 1 (Figure S3). The single irreversible oxi-
dation process observed with Epa at 1.2 V vs. SCE in aceto-
nitrile further justifies the existence of the monopalladated
form of 1 in the bulk sample (Figure S4).

Catalytic Study

The catalytic activity of freshly prepared 1 with phen-
ylboronic acid under an oxidizing (O2) environment is sum-
marized in Scheme 1. The selective formation of phenol as
an exclusive product in solvents with low dielectric con-
stants (Table 1) is of special interest. Conversely, the same
reaction in solvents with high dielectric constants results in
a coupled product, biphenyl, along with the hydroxylated
product, phenol (Table 1).

Scheme 1. Generalized reaction scheme.

Table 1. Catalytic activities of 1 in different solvents using phen-
ylboronic acid as substrate.

Solvent (ε) Yield [%]
O2 Air N2

PhOH Ph-Ph PhOH Ph-Ph

Toluene (2.37) 52 0 42 0 0
CHCl3 (4.7) 88 0 66 0 0
CH2Cl2 (8.93) 75 0 65 0 0
EtOH (24.85) 36 34 28 27 0
CH3CN (35.688) 46 24 52 20 0
DMF (37.22) 28 40 25 35 0
DMA (37.78) 30 35 23 32 0

In order to establish the general applicability of the cata-
lytic process as stated in Scheme 1, a wide variety of aryl-
boronic acid substrates, a–r, have been tested in CHCl3, a
solvent of low dielectric constant. For all the arylboronic
acids chosen, the same trend of exclusive formation of cor-
responding phenol derivatives is observed. This implies that
the reactions proceed with complete functional group toler-
ance (Table 2). The presence of electron-donating (such as
OMe) or -withdrawing groups (such as Cl) in the frame-
work of the arylboronic acid increases or decreases the yield
of the phenol product, respectively.
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Table 2. Oxidative hydroxylation of arylboronic acid by 1 in CHCl3.

The reaction has also been tested in a solvent with a high
dielectric constant (DMF) using selected arylboronic acid
substrates, and, in all cases, both phenol and biaryl are
formed (Table 3). However, using 1-naphthylboronic acid as
the substrate (q), led to the yield of the coupled product,

Table 3. Catalytic results on oxidative coupling of arylboronic acid
catalyzed by 1 in DMF with representative substrates.

Substrate Yield [%]
Ar–OH Ar–Ar

a 28 (a�) 40 (a��)
b 27 (b�) 32 (b��)
c 25 (c�) 35 (c��)
e 19 (e�) 32 (e��)
f 19 (f��) 27 (f��)
g 21 (g�) 40 (g��)
h 23 (h�) 39 (h��)
i 21 (i�) 25 (i��)
k 27 (k�) 21 (k��)
m 12 (m�) 30 (m��)
q 65 (q�) 12 (q��)
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Scheme 2. Proposed catalytic cycle.

binaphthyl (q��), being reduced drastically in DMF as the
bulkier naphthyl group retards the rate of the reductive eli-
mination process (Scheme 2).

Mechanistic Outlook

Control reactions of arylboronic acid in CHCl3 and
DMF (i) with 1 under N2 and (ii) in the absence of 1 under
O2 failed to give any products implying the necessity of
both 1 and O2 to facilitate the reactions in Scheme 1. This
also suggests that the reactions in Scheme 1 are initiated
through the formation of a reactive palladium–peroxo spe-
cies.[9d,12] The involvement of the palladium–peroxo species
(4) in the catalytic cycle (Scheme 2) has been evidenced by
ESI-MS (Figure S5), 1H NMR spectroscopy (Figure S6)
and cyclic voltammetry (Figure S4).

Scheme 3. Possible pathways for the reaction of 1 with O2 in the absence of arylboronic acid.

Eur. J. Inorg. Chem. 2011, 3232–3239 © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3235

The addition of NEt3 to the yellow solution of 1 under
oxygen causes the spontaneous formation of a short-lived
red solution that further changes to a straw-yellow solution
with time.[13a] The ESI-MS of the in situ generated solution
in degassed CH3CN exhibits an ion peak at m/z 734.96 cor-
responding to PdLO2 (4) (calculated mass: 735.08, Figure
S5). Consequently, the proton signals of 4 in its 1H NMR
spectrum are slightly shifted compared to those of 1 (Figure
S6) and it exhibits an irreversible oxidation process at Epa

0.98 V vs. SCE in CH3CN which is about 200 mV less than
that of 1 (Figure S4).

However, on exposure to air, the solution of 4 transforms
to a mixture of stable carbonate species (A/B) from the in-
volvement of aerial CO2 (Scheme 3). The reaction of metal–
peroxo complexes with CO2 to give peroxycarbonato spe-
cies and their subsequent facile conversion to carbonato
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species is well documented.[13] The time-monitored 31P
NMR spectroscopic data in Table 4 also reveal the presence
of a new peak at 29.4 ppm in addition to the three original
31P signals for 1, which indicates that uncoordinated phos-
phane (P2) is oxidized to O=P(2) in the oxidizing reaction
environment (Figure S7). With time, the peak that corre-
sponds to uncoordinated P(2) (δ = 54.0 ppm) decreases in
intensity and after 24 h it completely vanishes and the new
peak at 29.4 ppm due to O=P(2) remains intact. This indi-
cates the gradual dominance of B with time as shown in
Scheme 3. The slight change in the chemical shifts in the
31P NMR spectrum with time compared to those of 1 im-
plies the immediate change in chemical environment around
the palladium in A and B. The IR spectrum (Figure S8) of
the crude solid product shows additional bands near 565,
1123 and 1652 cm–1 corresponding to Pd–O, P=O and C=O
stretching frequencies, respectively, that could be attributed
to B in Scheme 3.[13]

Table 4. 31P NMR spectroscopic data of L and 1, and time-moni-
tored data of 1 in the presence of NEt3 in (CD3)2SO.

Species δ ppm (Pn)

L 60.6 (P1 & P2), –21.8 (P3)
1 74.2 (P1), 56.3 (P2), 19.01 (P3)
(1 + NEt3) in 0 h 79.25 (P1), 54.0 (P2), 22.46 (P3), 29.4 (O=P2)
(1 + NEt3) in 6 h 79.25 (P1), 54.0 (P2), 21.82 (P3), 29.4 (O=P2)
(1 + NEt3) in 18 h 79.27 (P1), 54.02 (P2), 21.88 (P3), 29.4 (O=P2)
(1 + NEt3) in 24 h 79.26 (P1), 22.46 (P3), 29.4 (O=P2)

The 1H NMR spectrum of the in situ generated species
from 4 and p-tolylboronic acid (c, Table 2) is different from
those of independent 4, c, c� and c�� (c� = p-tolylphenol, c��
= 4,4�-dimethylbiphenyl). Two new doublets in the region
of 6.5–6.9 ppm corresponding to the formation of an aryl-
palladium(II) species (steps 6–7 in Scheme 2)[9d] are ob-
served, which disappear with time (Figure S9). The disap-
pearance of broad signal of c at 29.6 ppm in the 11B NMR
spectrum (Figure S10) is also indicative of the transforma-
tion of 5 to 7 in Scheme 2.[9d,14] The instantaneous shifting
of potential from 0.90 V (vs. SCE) of 4 to 0.85 V (vs. SCE)
on addition of c to 4 in CH3CN also provides indirect sup-
port for this transformation (Figure S4).

Phenol is considered to be generated from 7 by reductive
elimination of the Ar and OH groups on palladium. Such
palladium catalyzed direct reductive elimination towards
the formation of phenol at room temp. has been reported
by Beller et al.,[6b] and is considered as a bottle-neck step
of the reaction. The water involved in the catalytic cycle
between 6 and 7 may result from the formation of boroxine
from arylboronic acid.[9d–9e,14]

It has been proposed that minor amounts of phenol are
formed during the palladium-catalyzed oxidative process of
arylboronic acid outside the catalytic cycle by the reaction
of arylboronic acid with H2O2, a hydrolysis product of per-
oxyboronic acid.[9d] However, the same route seems to be
nonoperational in this case as the use of methyl p-tolyl sulf-
ide and dimethyl sulfide in the place of arylboronic acid
(Scheme 1) failed to give sulfoxide and/or sulfone, the ex-
pected products if H2O2 plays a significant role in the for-
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mation of phenol.[15] This indicates that the formation of a
large quantity of phenol is unlikely to proceed through the
noncatalytic pathway. Therefore, it may be logical to assume
that peroxyboronic acid is eliminated as 2HOOB(OH)2 �
2 B(OH)3 + O2.

Inspection of the product distribution in Table 2 reveals
the decrease in phenol formation in the presence of a sub-
stituent in the ortho-position of the aryl group of aryl-
boronic acid [such as b (Me) and j (Ph)]. The yield of phen-
ol decreases drastically with substrate d where both the
ortho-positions are blocked by Me groups. Moreover, the
yield of phenol formation increases with the activated sub-
strates such as OMe in the aryl ring of boronic acid (g and
h in Table 2). These collectively justify the formation of
phenol through the reductive elimination of the Ar and
OH groups from 7 as shown in Scheme 2. Similar reduc-
tive elimination-mediated palladium-catalyzed C–O,[16,17]

C–N[16–18] and C–S[16–19] coupling processes are known.
The formation of the coupled product, biaryl, in addition

to phenol in DMF is considered to take place through
transmetallation (8, 9 in Scheme 2) followed by reductive
elimination (10 in Scheme 2) pathways as a part of the same
catalytic cycle[20] instead of two independent routes. The
following control experiments provide the necessary justifi-
cation for this mechanism. In the presence of two different
boronic acids, a and c in a 1:1 ratio (1:a:c = 1:77.5:77.5) in
DMF only the corresponding phenols (a� and c�) are
formed. Even when the catalyst amount is doubled and the
ratio is changed to 1:38.75:38.75 only phenol formation is
observed. Formations of biaryls are observed only on doub-
ling the catalyst amount further to a ratio of
1:19.375:19.375 (Table 5). This implies that after initial for-
mation of phenol the coupled products start to form. At a
lower ratio of 1, boronic acid coupled products are not
formed as the catalyst is consumed in the initial phenol for-
mation process. The formation of heterocoupled products
along with the corresponding homocoupled products in
Table 5 provides experimental justification for the reductive
elimination for biaryl formation. In the ESI-MS, a peak
at m/z 857.01, corresponding to PdLPh2 (calculated mass:
857.14), provides direct evidence for the involvement of 10
(Scheme 2) in the catalytic cycle, which was observed upon
addition of two equivalents of phenylboronic acid (a) to the
in situ generated solution of 4 (Figure S11).[20,21]

Table 5. Catalytic study on mixed substrates.[a]

Substrates 1:a:c Product distribution ratio[b] [%] under O2

PhOH ArOH Ar-Ar Ph-Ph Ar-Ph

a + c 1:77.5:77.5 36 64 0 0 0
1:38.75:38.75 36 64 0 0 0
1:19.37:19.37 44 45 5 4 2

[a] Experimental conditions: catalyst 1 (5 mg, 0.0065 mmol), phen-
ylboronic acid (a) and p-tolylboronic acid (c) with respective ratios
were taken up in solvent (5 mL) along with freshly distilled NEt3

(2 mg, 0.02 mmol). The resultant reaction mixture was stirred for
24 h at 298 K under bubbling O2 and the reaction was monitored
by GC. In each case an authenticated sample was used to standard-
ize the GC experiments. [b] Based on GC response.
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Effect of Ligand and Solvent

In previous reports of palladium-catalyzed coupling of
arylboronic acids to biaryls, phenol was detected as a minor
product (�20%).[9] As listed in Table S3, palladium cata-
lysts involving both chelating and nonchelating ligands are
generally less effective in producing phenol selectively from
arylboronic acid.[9] Among them, the palladium catalysts
incorporating chelated diphosphane ligands such as dppp
(Entry 11, Table S3),[9c] dppe [1,2-bis(diphenylphosphanyl)-
ethane] (Entry 12, Table S3) and dppf [1,1�-bis(diphenyl-
phosphanyl)ferrocene] (Entry 13, Table S3) generate biaryl
instead of phenol. It is therefore apparent that the ligand L
in 1 facilitates the reductive elimination step (Scheme 2, 7
to 3) for the preferential formation of phenol. This is poss-
ibly due to the advantage of the presence of the pendant
N(PPh2) unit to the molecular framework of coordinated L
in 1, which in turn introduces the additional stability of the
six-membered chelate ring throughout the catalytic cycle as
evidenced by NMR spectra and no hemilability is observed
spectroscopically.[22] The six-membered ring in 1 has been
stabilized in an appreciably strained chair conformation
and sp3 N1 is in a planar configuration with the adjacent
C1 and P1 (inset in Figure 2 and Table S2) probably due to
strong pπ(N)–dπ(P) back bonding, which is also reflected
in free L (Figure 1 and Table S2). The stable but strained
and sterically crowded chelate ring arising from L in one
side of the palladium in 1 makes the other side of the cata-
lyst more accessible to nucleophilic attack within the cata-
lytic cycle leading to the formation of 7 from 5 as evidenced
by 1H NMR spectroscopy (Scheme 4 and Figure S9).

Scheme 4. Proposed route for reductive elimination leading to
phenol formation.

In this case the transmetallation step occurs only in sol-
vents with a high dielectric constant without the involve-
ment of base. This proceeds through the cleavage of the Pd–
O bond in 7 in order to form the new Pd–CAr bond. Al-
though it was previously believed that transmetallation can
occur only in the presence of a base, recent studies have
also shown that transmetallation can also occur in the ab-
sence of a base.[20,23] In view of this, it has been proposed
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that transmetallation proceeds by a four-membered transi-
tion state (9 in Scheme 2) with the concomitant elimination
of B(OH)3.[20,23]

It should be noted that the transmetallation step is a less
understood and more energy demanding step even in a Su-
zuki–Miyaura coupling reaction.[20,23a,23b] A high dielectric
solvent with coordinating ability is known to increase the
rate of a base-free transmetallation step.[20,23f] Our observa-
tion of facile biaryl formation in solvents with high dielec-
tric constants is therefore consistent with these literature
reports.[20]

Conclusions
This work demonstrates a generalized reaction scheme

(Scheme 1, Table 2) for the selective formation of phenol
derivatives from a wide variety of arylboronic acids in an
oxidizing environment catalyzed by 1, which incorporates
an unsymmetrical chelating phosphane-based ligand. Con-
trol experiments and other experimental evidence are in
agreement with the initial formation of a palladium–peroxo
species, and the phenol formation takes place through the
reductive elimination step as shown in Scheme 2.

Experimental Section
Materials and Instrumentations: Manipulations and preparations
were performed using standard Schlenk techniques in oven-dried
glassware under an atmosphere of nitrogen, wherever required. Sol-
vents were dried by standard procedures, distilled under nitrogen
and used immediately. Triethylamine was heated to reflux with cal-
cium hydride before distillation and stored over potassium hydrox-
ide. Palladium chloride and triethylamine were obtained from SD
Fine, India. All other reagents and chemicals were obtained from
Aldrich, USA and used as received. Oxygen and nitrogen gases
were supplied by BOC, India and all the solvents were purchased
from Merck India. Column chromatography was carried out using
silica gel, 60–120 mesh from Merck India and TLC experiments
were performed using Merck silica gel 60 F254 precoated sheets and
visualized by UV (254 nm). Pd(dppe)Cl2,[11d] Pd(dppf)Cl2[11e] and
Pd(COD)Cl2[24] were prepared according to literature procedures.
1H and 31P NMR spectra were recorded with 300 MHz Varian and
300 MHz Bruker spectrometers. Chemical shift data are quoted as
δ in ppm and s, d, dd, t, q, sx and m represent singlet, doublet,
doublet of doublet, triplet, quartet, sextet and multiplet, respec-
tively. IR spectra were measured using a Thermo Nicolet 320 FTIR
spectrophotometer. ESI-mass spectra were recorded with a Micro-
mass Q-ToF mass spectrometer. Elemental analyzes were carried
out with a Perkin–Elmer 240C elemental analyser. Cyclic voltam-
metry studies were carried out using a PAR model 273A electro-
chemistry system. Platinum wire working and auxiliary electrodes
and an aqueous SCE were used in a three-electrode configuration.
The supporting electrolyte was 0.1 m [NEt4][ClO4] and the solute
concentration was ca. 10–3 m. Reactions were monitored by gas
chromatography with a FID detector (Shimadzu GC-2014 gas
chromatograph) using a capillary column (112-2562
CYCLODEXB, from J&W Scientific, length 60 m, inner diameter
0.25 mm, film 0.25 μm).

Synthesis of L: In a two-necked round-bottomed flask, chlorodi-
phenylphosphane (1.8 mL, 9.61 mmol) was dissolved in dry dichlo-
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romethane (35 mL) and distilled triethylamine (5 mg) was added
under nitrogen. A solution of 2-(diphenylphosphanyl)ethylamine
(4.367 mmol, 1 g) in dry dichloromethane (10 mL) was added drop
wise to the solution of chlorodiphenylphosphane at 0 °C over
20 min under nitrogen. The stirring was allowed to continue for
another 10 min at 0 °C. The solution was then allowed to stir for
next 16 h at room temp., and crystalline triethylammoniumhydro-
chloride precipitated out. The solution was filtered and the filtrate
was evaporated to dryness. The gummy solid obtained was dis-
solved in minimum volume of distilled hot ethanol and allowed to
cool inside a refrigerator overnight. The crystalline mass was col-
lected by filtration and dried under vacuum (Yield: 5.3 g, 80%).
The ligand was characterized by single-crystal X-ray diffraction
(Figure 1) and 1H (Figure S1a) and 31P NMR spectroscopy (Figure
S2a). C38H34NP3 (597.1904): calcd. C 76.36, H 5.74, N 2.34; found
C 76.21, H 5.70, N 2.21. 1H NMR (CDCl3, 300 MHz): δ = 7.10–
7.36 (m, 30 H, Ph–H), 3.37–3.42 (sx, 2 H, H2C–PPh2), 1.55 [t, 2
H, H2C–N(PPh2)2] ppm. 31P NMR (CDCl3, 300 MHz, δ [ppm]):
–21.802 [s, 1P, H2C–P(3)Ph2], 60.605 [s, 2P, H2C–N{P(1,2)Ph2}2]
ppm. IR (KBr): ν̃ = 2924, 2853, 3068, 3049, 1584, 1478, 1433, 1091,
1054, 842, 740 cm–1.

Synthesis of 1: To a solution of L (50 mg, 0.084 mmol) in dichloro-
methane (10 mL) in a two-necked round-bottomed flask was added
dropwise Pd(COD)Cl2 (22 mg, 0.078 mmol) in dichloromethane
(5 mL) over 10 min under nitrogen. The transparent yellow solu-
tion was stirred for 6 h. The solution was then concentrated (ca.
2–3 mL) under reduced pressure and diethyl ether was added to
precipitate the yellow complex. It was allowed to stand overnight
inside the refrigerator for complete precipitation. The product was
collected by filtration, washed with diethyl ether and dried under
vacuum. C38H34Cl2NP3Pd (773.0316): calcd. C 58.99, H 4.40, N
1.69; found C 58.76, H 4.43, N 1.71. 1H NMR [(CD3)2SO,
300 MHz]: δ = 6.9–7.9 (m, 30 H, Ph–H), 3.1–3.2 (sx, 2 H, H2C–
PPh2), 1.8 [t, 2 H, H2C–N(PPh2)2] ppm. 31P NMR [(CD3)2SO,
300 MHz (ppm)]: δ = 19.015 [s, 1 P, H2C–P(3)Ph2–Pd], 56.2 [d, 1 P,
H2C–NP(2)Ph2], 74.10 [dd, 1 P, Pd–P(1)Ph2–N] ppm. IR (KBr): ν̃
= 3053, 2921, 2854, 1629, 1434, 1183, 1099, 1077, 997, 825, 744,
714, 690, 513 cm–1.

Catalytic Experiments: Catalyst 1 (5 mg, 0.0065 mmol) and aryl-
boronic acid (0.65 mmol) were dissolved in solvent (5 mL) along
with freshly distilled NEt3 (2 mg, 0.02 mmol). The resultant reac-
tion mixture was stirred for 24 h at 298 K either under bubbling of
O2 or air through the mixture. The progress of each reaction was
monitored by GC. In each case authenticated samples were used
to standardize the GC experiments. The solvent was removed under
reduced pressure after each reaction and the product was passed
through a silica gel (60–120 mesh) column using hexane/ethyl acet-
ate as the eluent. In case of more than one product, further separa-
tion was performed on a preparatory TLC plate using a hexane/
petroleum ether–ethyl acetate mixture. On removal of the solvent
under reduced pressure pure products were obtained in each case
and the isolated products were used to calculate the yield. The for-
mation of pure products were further confirmed by 1H NMR spec-
troscopy. All the reactions were carried out three times to establish
the reproducibility and reliability of the results.

Crystallographic Details: Single crystals of L (Figure 1) and 2 (Fig-
ure 2) were grown by slow evaporation of 1:1 acetonitrile/hexane
solutions of L and 1 at 298 K. Single-crystal X-ray diffraction data
were collected using an OXFORD XCALIBUR-S CCD single-
crystal X-ray diffractometer at 150 K. The structures were solved
and refined by full-matrix least-squares techniques on F2 using the
SHELX-97 program.[25] All data were corrected for Lorentz polar-

www.eurjic.org © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2011, 3232–32393238

ization and absorption effects, and the non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were included in the re-
finement process as per the riding model. The crystal of 2 contains
one normal CH3CN molecule and one disordered CH3CN mole-
cule as solvent of crystallization. Important crystallographic details
and selected bond lengths and angles are listed in Tables S1 and
Table S2, respectively.

CCDC-773831 (for L) and -773832 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): X-ray parameters, product distribution in different palladium-
catalyzed reactions, characterization of ligand L, catalyst 1, inter-
mediates, different substituted phenols, and substituted biphenyls.
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