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ABSTRACT: A series of chiral C-stereogenic PCP and PCN
ligand precursors were prepared in situ from inexpensive achiral
starting materials via a simple catalytic asymmetric P−H addition
reaction in good overall yields. This facile catalytic method of
preparing the ligand backbones renders easy and economical
modifications of the electronically crucial para-substituent, chiral
functionalities, and donor atoms for different transition metal ions.
A one-pot synthetic procedure was used efficiently to prepare the
corresponding optically pure pincer complexes. All the new
complexes were characterized by NMR and mass spectroscopy.
The molecular structures of several selected complexes have also
been elucidated by X-ray crystallography. Preliminary studies
indicated that minor structural changes on these novel pincer
complexes affect their chemical properties significantly when they were applied as catalysts for the reaction between
diphenylphosphine and chalcone.

■ INTRODUCTION

In the 1970s, the pioneering work of Shaw,1 van Koten, and
Noltes2 on transition metal pincer complexes of the ECE type,
notably on PCP and NCN pincer complexes, generated interest
in a new class of complexes that would later be regarded as a
privileged ligand scaffold. Since then, a plethora of pincer
complexes have been synthesized and studied in diverse
catalytic applications,3 ranging from cross-coupling reactions
such as the Heck reaction,4 to dehydrogenation,5 transfer
hydrogenation,6 aldol,7 and Michael7b,8 reactions. Although
pincer complexes have gone through an explosive period of
development and exploitation, the future for its advancements
remains optimistic due to their ability to generate an extremely
broad, sterically, electronically, and stereochemically diversified
spectrum of ligands that is unmatched by most other systems.
The existence of the MC bond flanked by two neutral
electron donors generally contributes to their higher stabilities
toward air, heat, and moisture,4a which fulfils some of the most
important criteria of an ideal catalyst. Furthermore, their
reactivities and stereoselectivities may be tuned by a judicious
choice of donor atoms (such as P, S, and N), substituents on
the donor atoms as well as chiral functionalities on the pendant
arms.
A search of the Cambridge Crystallographic Database reveals

a record of about 370 examples for benzylic PCP, 260 for
benzylic NCN, and a mere 4 for benzylic PCN pincers, among
other types of tridentate ligands in existence.9 An investigation
of literature3f,10 for optically active PCP and NCN pincers
turned up three broad categories of chiral moieties incorpo-

rated into these tridentate ligands: (1) oxazoline- (e.g., Phebox,
Benbox),7b,8,11 (2) BINOL-,12 and (3) TADDOL-derivative-
s.12a It should be noted that these enantiopure ligands are often
derived from optically pure amino acids,11c,13 or through
tedious synthetic protocols or resolution steps.14 Several
difficulties lie in the preparation of enantiomerically pure
pincer ligands and their corresponding metal complexes, which
directly hampers progress in their application as catalysts in
asymmetric transformations. In addition, it is noteworthy that
reports on the synthesis of PCN complexes are limited and
sporadic15 due to their relatively tedious syntheses.
Over the past decade, tremendous progress has been

achieved in the attempts to synthesize chiral tertiary phosphines
catalytically.16,17 However, due to the profound affinity of
phosphines toward most low valent late transition metal ions,
they are often considered as catalyst poisons. Consequently, it is
rare for the efficient generation of enantiopure tertiary
phosphines to be implemented via a metal-catalyzed synthetic
method, which is arguably the most economical and practical
approach to generate these chiral molecules.16,17 Two notable
approach toward transition-metal catalyzed P−H bond addition
involved PC-palladacycles16a,b,d,17f−h,k and PCP pincer com-
plexes.16e,17i,j,l,18 In these examples, the asymmetric hydro-
phosphination (AHP) of activated Michael acceptors, such as
benzoquinones (24−98% ee),17g α,β-unsaturated sulfonic esters
(85−99% ee),17j imines (70−99% ee),17k and nitroalkenes
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(22−83% ee),17l resulted in the formation of chiral phosphines
in good to excellent enantioselectivities. We have been involved
in the development of an efficient protocol for the
enantioselective generation of P−C bonds leading to the
formation of new tertiary phosphine motifs. The idea of direct
generation of tertiary phosphines circumventing the traditional
borane, sulfide, or oxide intermediates19 is attractive because it
avoids the issues associated with the protection−deprotection
steps which can adversely impact yield, optical purity, and result
in unwanted conversion of desired functional groups. In the
current context of pincer complexes, it allows the facile
generation of a class of compounds with various transition
metals.
Herein, we report the synthesis of various optically pure

PCP− and PCN−transition-metal pincer complexes by utilizing
a palladacycle catalyzed asymmetric hydrophosphination
protocol.16a−d Structural analysis of these complexes allow the
systematic investigations of the following: (1) the electronic
effects originated from the para-substituent Z (Figure 1), (2)

the chiral functionalities R, (3) the steric effects of R, (4) the
coordination chemistry of selected donor atoms, and (5) the
choices of suitable transition metal ions to form the pincer
complexes. By developing a facile and direct synthesis based on
a one-pot hydrophosphination/metalation reaction for the
preparation of C-stereogenic PCP and PCN pincer complexes,
a series of such complexes incorporating Pd, Pt, and Ni metal
ions with various functionalities have been prepared and
examined.

■ RESULTS AND DISCUSSION
Facile Syntheses of PCP−Transition-Metal Pincer

Complexes. The construction of benzylic PCP tridentate
ligand precursors started from commercially available dibromo
derivatives 1 or substituted benzene-1,3-dicarboxaldehyde 2
(Scheme 1). In a typical synthesis, the dibromo species 1 was
subjected to dilithialation with t-BuLi at −78 °C followed by
quenching with DMF to afford the corresponding dicarbox-
aldehyde 2 in high yields (72−88%). Treatment of aldehyde 2
with substituted methyl ketone via aldol condensation reaction
gave the corresponding dienone 3. The preparation of ester-
functionalized substrate 4 was done via Knoevenagel
condensation of aldehyde 2 with dialkyl malonate in the
presence of catalytic amounts of piperidine under Dean−Stark
conditions. With substrates 3 and 4 in hand, the one-pot
hydrophosphination/metalation reactions were attempted
using catalyst (R)/(S)-5 followed by the direct C−H
activation/cyclometalation of the air-sensitive phosphine ligands
6 and 7 to palladium, platinum, or nickel metals. We were
pleased to realize the syntheses of all the corresponding pincer
complexes via this protocol in excellent yields (70−91%) from
substrates 3 and 4. In contrast to their free ligands, all the
isolated PCP pincer complexes 8 and 9 were stable in air and
moisture, both in the solid state and in solution. They were

fully characterized by elemental analysis, high-resolution mass
spectroscopy, and 1H, 13C, and 31P{1H} NMR spectroscopy.
Single crystals of complexes 8b, d and 9a−d suitable for
structural analyses were obtained from either DCM/diethyl-
ether or DCM/n-hexane. Selected bond lengths and angles are
presented in Table 1. The chloro complex 8a could not be
induced to form single crystals directly. However, the analogous
iodo complex (pincer 8a′) can be characterized crystallo-
graphically. The X-ray structure of pincer 8d is shown in Figure
2. The molecular structures of the iodo-derivative 8a′ and
pincer 9a have been previously reported by our group.18 The
enantiomeric excess (ee) and diastereomeric excess (de) of the
phosphine ligands 6a−g and 7a, b were either determined
earlier or ascertained using the same NMR and chromatog-
raphy techniques described previously.16d

It needs to be noted that there are multiple benefits of this
synthetic approach. First, any dibromo or dicarboxaldehyde
derivative may be employed as building blocks (a screening of
chemical catalogues turned up at least 200 suitable chemicals
which are mostly inexpensive). Second, a variety of ligand 3 and
4 may be conveniently obtained either via Aldol or
Knoevenagel condensation with an appropriate choice of
substituted methyl ketones or malonates, respectively. Third,
the palladacycle (R)/(S)-5 catalyzed hydrophosphination of the
specially designed substrates afforded the optically active
diphosphine ligands 6 and 7 in quantitative yields with
excellent ee (>99%) and de of 86−99%, allowing an efficient
one-pot hydrophosphination/metalation reaction to produce
the enantiopure pincer complexes. From the viewpoint of
catalyst design it should be noted that different transition
metals such as Rh or Ru may also be selected for the metalation
step. As a result of the aforementioned benefits, it allows
multifarious configurations of the generic pincer architecture
which facilitates the fine-tuning of the ligand scaffold especially
for chemically and stereochemically demanding reactions.
However, a limitation of this methodology is that the benzylic
positions of the central aryl moiety must be sufficiently
activated by electron-withdrawing groups for the catalytic P−H
addition to ensue.

Facile Synthesis of PCN−Transition-Metal Pincer
Complexes. Motivated by our success in the syntheses of
the symmetrical ligands, we attempted the construction of a
chiral, unsymmetrical PCN complex 15 using a similar
methodology (Scheme 2). A mixture of 1-bromo-3-
(bromomethyl)benzene 10 and diisopropylamine in toluene
was refluxed to give quantitative yields of N-(3-bromobenzyl)-
N-isopropylpropan-2-amine 11. Subsequently, the lithialation
of amine 11 with t-BuLi followed by addition of DMF gave
aldehyde 12 in 90% isolated yield. The Wittig reagent 13 was
prepared and refluxed with aldehyde 12 to produce the enone
14. Interestingly, the catalyst (S)-5 was tolerant of the amine
functionality on the specially designed substrate 14. Thus, the
catalytic addition of PPh2H to 14 gave the optically pure PCN
ligand (>99% ee) which was directly metalated to afford the
PCN pincer (R)-15a, b in high isolated yields. Single crystals of
pincer 15a′ were obtained upon conversion of the chloride
anion to a nitrato group. Selected bond lengths and angles are
collated in Table 1. The X-ray structure of the PCN pincer
complex 15a′ is depicted in Figure 3.
A literature review indicated that the scarcity of unsym-

metrical PCN pincer complexes may be due to the difficulties
associated with the ligand synthesis.15 These hemilabile PCN
pincer complexes20 are expected to be useful catalysts due to

Figure 1. Schematic representation of pincer architecture.
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their unique reactivity.21 The efficient synthesis of the chiral
PCN pincers (R)-15a, b therefore offered a simple approach to
this class of important complexes. It should be noted that
modification of the ligand scaffold could be easily achieved by
an appropriate choice of reagents throughout the synthetic
process thus affording significant flexibility in design. For
example, the reaction between substrate 10 and diphenylamine
would result in a less basic and sterically more demanding N-
donor. With a wide variety of Wittig reagents available, it is
clear that this approach provides a simple and versatile
approach toward the preparation of PCN ligand precursors.
Molecular Structures of PCP− and PCN−Transition-

Metal Pincer Complexes. For simplicity, a general atom

numbering scheme is adopted for the comparison of the key
structural features of complexes 8a′ (X = I), b, d, 9a−d and
15a′ (X = ONO2) (Figure 4). It should be noted that single
crystals of the chloro complexes 8a and 15a could not be
obtained despite multiple attempts. The two complexes were
eventually crystallized as their iodo (8a′) and nitrato (15a′)
derivatives, respectively. Selected bond lengths (Å), angles
(deg), and C2 pincer twist parameters, θ (deg) of the structures
are presented in Table 1.
In general, all the complexes adopted distorted square-planar

geometry around the transition-metal centers. Due to
restrictions by the metrics of the P−C(8)−C(2)−C(1)−
C(6)−C(7)−E framework, all the P → M ← E angles are

Scheme 1. Syntheses of Various PCP−Transition-Metal Pincer Complexesa

aAbsolute configurations are not indicated due to the use of both enantiomers of the catalyst.
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smaller than 180°. A literature review of the bond parameters
gave an average of 164° for 4-coordinated PCP pincers. The
small P → M ← E angles is a reflection of the steric strain
imposed in pincers containing two-fused five-membered
metallacycles.15e,22 It was earlier deduced that in 4-coordinated
pincer systems where steric demand is similar both above and
below the planes, changes in P → M ← E angles are attributed
to the inherent bending toward the aryl moiety of the ligand.23

With the exception of pincer 9d, all the current complexes

conform to this phenomenon with P → M ← E angles of 161−
162°. The larger bond angle (168°) observed from complex 9d
may be attributed to the smaller covalent radii of nickel metal.
From the data obtained for complexes 8a′, b, and d,

interestingly, the electronic properties originating from the
para-substituent Z appears to affect the metal−carbon bond.
When the strong electron-withdrawing fluorine atom is
involved, the M-C(1) bond [2.027(3) Å] in complex 8d is
noticeably shorter than those in complexes 8a′ and 8b
[2.038(4) Å and [2.040(10) Å, respectively]. However, the
effects of Z are not pronounced in other neighboring bond
lengths and angles.
A comparison of the structural features in Table 1 did not

reveal any clear trends with regards to the effects of the chiral
functionalities of R. For example, the sterically bulkier malonate
functionalities on pincers 9a and b did not have significant
influence on the architecture of the complexes when compared
to the smaller ketone groups on compounds 8a′ and b. In
contrast, the sizes of the central metal ions affect the structural
features of the complexes significantly. For example, with the
same pincer ligand, the nickel(II) complex 9d, with the smallest

Table 1. Selected Bond Lengths (Å), Angles (deg), and C2 Pincer Twist Parameters (deg) of Complexes 8a′, b, d, 9a−d and
15a′a

8a′ 8b 8d 9a 9b 9c 9d 15a′
M−H 2.671(1) 2.370(3) 2.382(1) 2.382(1) 2.368(1) 2.385(2) 2.208(1) 2.151(5)
M−C(1) 2.038(4) 2.040(10) 2.027(3) 2.017(2) 2.006(3) 2.007(6) 1.924(3) 1.954(6)
M−P 2.289(1) 2.273(3) 2.301(1) 2.287(1) 2.280(1) 2.272(2) 2.162(1) 2.236(2)
M−E 2.287(1) 2.310(3) 2.282(1) 2.302(1) 2.296(1) 2.282(2) 2.171(1) 2.198(5)
C(4)−Z 0.95 1.519(12) 1.365(3) 0.95 0.95 0.95 0.95 0.95
C(2)−C(8) 1.510(7) 1.521(16) 1.512(4) 1.517(3) 1.522(4) 1.534(9) 1.507(4) 1.511(8)
C(6)−C(7) 1.496(7) 1.510(16) 1.514(4) 1.511(2) 1.510(3) 1.525(9) 1.502(4) 1.498(9)
P−M−E 162.24(4) 161.30(11) 160.69(3) 161.05(2) 161.13(3) 162.03(6) 167.94(3) 161.82(14)
P−M−C(1) 81.05(17) 81.70(30) 80.44(9) 80.45(5) 80.55(8) 80.93(17) 83.90(9) 79.86(19)
P−M−X 98.86(3) 95.71(12) 102.44(3) 98.52(2) 99.13(3) 98.45(6) 84.04(9) 101.88(13)
E−M−C(1) 81.19(17) 79.80(30) 82.16(9) 80.69(5) 82.74(8) 81.16(17) 95.57(3) 82.20(20)
E−M−X 98.90(3) 102.88(12) 95.59(3) 100.43(2) 98.53(3) 99.52(6) 96.50(3) 96.26(18)
θb 19.64 20.51 19.62 19.64 17.43 18.85 11.68 -

aFor complexes 8a′, M = Pd, X = I; 8b, d, 9a and b, M = Pd and X = Cl; 9c, M = Pt, X = Cl; 9d, M = Ni, X = Cl and 15a′, M = Pd, X = ONO2.
bThe

pincer twist parameters for the C2 symmetrical P−C−P complexes were determined from the corresponding cif files using Mercury 3.1 software.

Figure 2. Molecular structure of (S,S)-8d. Hydrogen atoms except
H(C7) and H(C28) were omitted for clarity.

Scheme 2. Preparation of PCN−Transition-Metal Pincer
Complexes

Figure 3. Molecular structure of PCN−Pd pincer complex 15a′.
Hydrogen atoms except H(C48) were omitted for clarity.

Figure 4. General numbering of pincer architecture.
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metallic covalent radii of 1.24 Å, exhibited the shortest
coordination bonds when compared with their palladium(II)
(9a), and platinum(II) (9c) analogues. Interestingly, the Pt−C
bond [2.007(6) Å] in 9c is clearly shorter than the Pd−C bond
[2.017(2) Å] in 9a, despite the fact that carbon is located
relatively further away from platinum in the periodic table and
the two atoms have a larger difference in term of electron
density. This observation in the solid state structures may be
due to the respective covalent radii of platinum (1.36 Å) and
palladium (1.39 Å), or a stronger electronic interaction within
the Pt−C bond. Similarly, the Pt ← P bonds in 9c are also
slightly shorter than the corresponding Pd ← P bonds on
complex 9a. Interestingly, the Pd ← P bond [2.236(2) Å] in
the unsymmetrical PCN pincer 15a′ is the shortest among all
the Pd ← P bonds [2.273(3)−2.310(3) Å] listed in Table 1.
This is probably due to the favorable electronic effect associated
with the trans P → Pd ← N arrangement in which the σ-
donating N atom is coordinated trans to a σ-donating/π-
accepting P donor.24b,c In all other palladium complexes, the
competition between the two P atoms in the P → Pd ← P
moiety will somewhat weaken the Pd ← P bonds due to
competition for electrons from the same metal d-orbital.24a

Detailed explanations of other factors affecting the M ← P
bond lengths have also been highlighted in several reports.24d,e

It is noted that steric properties of pincer complexes are also
commonly measured by their characteristic twist angle θ,25 as
illustrated in Figure 5. For a particular pincer system, a larger θ

with a smaller P → M ← P angle reflects a lower volume of
coordination sphere blocked by the ligand (measured by
percent buried volume, %Vbur). Therefore, this indicates a more
compact conformation, which in turn restricts the access of a
reagent to the metal center in the direction trans to the M-C(1)
bond axis.23 Consequently, these structural features influence
the reactivity and stereoselectivity of the pincer complexes in
their metal catalyzed asymmetric reactions.12a,26 By compar-
ison, the C−C bonds that form the pincer arms [C(2)−C(8)
and C(6)−C(7)] of all the pincer complexes listed in Table 1
are all in close agreement with the average value of 1.51 Å
reported for analogous PCP systems.23 However, their twist
angles (11.7−20.5°) are all larger than the average θ of 10.1°
for similar square-planar benzylic-CH2−bridged pincers. The
enlarged θ values may be attributed to steric repulsions
between the P-phenyl rings and the substituents on the chiral
carbon centers.
Preliminary Activity Test. We are interested in developing

a series of chiral pincer complexes as catalysts for chemical
transformation reactions. A possible approach is by the
systematic modification of θ and %Vbur of the complexes.
Prior to the dedicated structural fine-tuning, the general
chemical reactivity of the selected complexes 8a, h, 9a, 9d
and 15a were examined. In this preliminary test, the complexes
were used as catalysts in the reaction between diphenylphos-
phine and chalcone. Table 2 shows that the results of these

tests were gratifying, with 4 out of 5 complexes exhibiting
excellent reactivity to afford the product quantitatively without
further optimization, albeit with low to moderate enantiose-
lectivities.
Interestingly, the palladium PCP pincer 8a is noticeably more

reactive than its platinum analogue 8h (Table 2, entries 1, 2).
Similarly, the heavily functionalized palladium complex 9a is
significantly more reactive than its nickel counterparts (9d)
(entries 3, 4). Clearly, the choice of the metal ion is a key factor
that determines the chemical reactivity of a pincer complex,
even though the same ligand is used. For the P−H addition
reaction, palladium appears to be a better choice than platinum
and nickel. On the other hand, while palladium is used in both
8a and 9a, the sterically bulkier ester functional groups on the
pendant arms also affects the reactivity and stereoselectivity of
the complexes significantly (entries 1, 3). Furthermore, the
PCP pincers are clearly better catalysts than the PCN system, as
complex 15a is the least reactive palladium catalyst in Table 2.
These preliminary tests revealed that the catalytic P−H
addition reaction is indeed sensitive to the minor changes in
the structure of the pincer catalysts.

■ CONCLUSIONS
The facile synthesis of the PCP and PCN ligand precursor scaffolds via
the synthetic methodology presented (vide supra) serves as a
functional and valuable synthetic tool to prepare a series of pincer
ligands. This synthetic pathway allows straightforward modification of
the para-substituent Z (Figure 1), functionalities of R, bulkiness of R,
donor atoms, and the transition metal center, thereby allowing access
to a broad spectrum of pincer analogues of varying electronic and
chemical properties. Consequently, this enables the fine-tuning of the
sterics, stereochemical and electronic characteristics of the pincer
ligands, thus tailoring it to best suit a specific transformation scenario.
By utilizing the highly efficient asymmetric double hydrophosphina-
tion, the one-pot synthesis procedure was realized, which resulted in
the efficient synthesis of the functionalized C-stereogenic PCP and
PCN pincer complexes in their enantiomerically pure form. In the
current report, we have clearly illustrated the highly versatile synthesis
of a variety of ligand scaffolds. In subsequent work, it will be shown
that the information obtained in this study is crucial to the rational
utilization of these readily modified PCP complexes in some
stereochemically highly demanding catalytic asymmetric transforma-
tions.

■ EXPERIMENTAL SECTION
General Information. All reactions were carried out under

a positive pressure of nitrogen using standard Schlenk
technique. Solvents were purchased from their respective
companies (DCM, THF, EtOH: Fisher, DEE, EA: Merck,
toluene, n-hexane: Avantor, Acetone: Sigma-Aldrich) and used

Figure 5. Diagrammatic representations of (a) larger steric repulsion
due to smaller θ, and (b) lower repulsion due to a larger θ.

Table 2. Preliminary Catalytic Screening for Pincer
Complexes

entry cat.a T (h) yieldb (%) eec (%)

1 8a 1 90 11
2 8h 4 95 3
3 9a 5 96 43
4 9d 48 76 0
5 15a 9 88 3

aThe catalysts were pretreated with AgOAc in DCM for 1h. bIsolated
yield. cee was determined by chiral HPLC.
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as supplied. Where necessary, solvents were degassed prior to
use. A Low Temp Pairstirrer PSL-1800 was used for controlling
low temperature reactions. Column chromatography was done
on Silica gel 60 (Merck). Melting points were measured using
SRS Optimelt Automated Point System SRS MPA100. Optical
rotation were measured with JASCO P-1030 Polarimeter in the
specified solvent in a 0.1 dm cell at 22.0 °C. NMR spectra were
recorded on Bruker AV 300, AV 400 and AV 500
spectrometers. Chemical shifts were reported in ppm and
referenced to an internal SiMe4 standard (0 ppm) for 1H NMR,
chloroform-d (77.23 ppm) for 13C NMR, and an external 85%
H3PO4 for

31P{1H} NMR.
General Procedure for Preparation of Compounds

2a−d. t-BuLi (9.52 mL, 1.7 M in pentane, 4.3 equiv) was
added dropwise to solution of 1 (3.76 mmol, 1.0 equiv) in DEE
(25 mL) at −78 °C and stirred for 1 h. DMF (9.40 mmol, 2.5
equiv) was introduced into the mixture and allowed to react at
RT overnight. The reaction was quenched with sat. NH4Cl,
extracted with EA (3 × 25 mL), and the combined organic
layer was washed with water (1 × 25 mL), dried over MgSO4,
filtered, and evaporated to dryness. The crude product 2 was
purified by silica gel chromatography (3 DCM/1 n-hexane) to
afford the corresponding benzene-1,3-dicarboxaldehyde 2.
General Procedure for Preparation of Compounds

3a−g. NaOH (80 mL, 40% w/w in water) was added to
substituted methyl ketone (29.9 mmol, 2.0 equiv) in MeOH
(120 mL) and cooled to RT. Aldehyde 2 (14.9 mmol, 1.0
equiv) in MeOH (30 mL) was introduced to the mixture and
stirred at RT for 20 h followed by acidification with concd HCl
until pH = 3. The solid was filtered, redissolved in DCM,
washed with sat. NaHCO3 (1 × 50 mL), water (2 × 50 mL),
dried over MgSO4, filtered, and the solvent was removed under
reduced pressure. The crude product was recrystallized from
DCM/n-hexane.
General Procedure for Preparation of Compounds 4a,

b. Benzene-1,3-dicarboxaldehyde 2a (7.45 mmol, 1.0 equiv)
and glacial AcOH (1.49 mmol, 0.2 equiv) were sequentially
added to a mixture of dialkyl malonate (14.91 mmol, 2.0 equiv)
and piperidine (1.49 mmol, 0.2 equiv) in n-heptane (5 mL).
The mixture was refluxed at 140 °C under Dean−Stark
conditions for 24 h, and volatiles were removed under reduced
pressure. Extraction was done with DCM (3 × 30 mL), the
organic layer was washed with NaHCO3 (10% w/w in water, 1
× 30 mL), water (3 × 30 mL), dried over MgSO4, filtered, and
the solvent removed. The crude product was purified by silica
gel chromatography (2 n-hexane/1 EA) to afford compound
4a, b.
General Procedure for Preparation of Compounds

8a−g. To a solution of Ph2PH (1.22 mmol, 2.1 equiv) in
toluene (10 mL) was added catalyst (R)/(S)-5 (0.061 mmol, 5
mol %) and stirred for 10 min before cooling to −80 °C. The
ligand precursor 3 (0.578 mmol, 1.0 equiv) was added followed
by the addition of NEt3 (1.16 mmol, 2.0 equiv) in toluene (1
mL) dropwise. The solution was stirred at −80 °C, and the
completion of the reaction was monitored by 31P{1H} NMR.
Upon completion, the solution was allowed to warm to room
temperature. Volatiles were removed under reduced pressure to
afford crude diphosphine 6. PdCl2(CH3CN)2 (151 mg, 0.578
mmol, 1.0 equiv) was added to a solution of ligand 6 in DCM
(10 mL) and stirred overnight at room temperature. The
solvent was removed and the crude product was purified via
silica gel column chromatography (DCM or 19 DCM/1 EA) to
afford white solid of complex 8.

General Procedure for Catalytic Addition of Diphe-
nylphosphine to Chalcone. The catalyst (25 μmol, 5 mol %)
was added to a solution of diphenylphosphine (0.5 mmol, 1.0
equiv) in DCM (1 mL) and stirred at RT followed by the
subsequent addition of chalcone (0.5 mmol, 1.0 equiv).
Completion of the reaction was determined by the disappear-
ance of the phosphorus signal attributed to diphenylphosphine
(−40 ppm) in the 31P{1H} NMR spectrum. Upon completion
of the reaction, aq H2O2 (0.1 mL, 31% v/v) was added to form
the respective product. The volatiles were removed under
reduced pressure, and the crude product was directly loaded
onto silica gel column (3 EA/2 n-hexane) to afford the pure
product.
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