
DOI: 10.1002/ejic.201800720 Full Paper

Chiral Metallocycles

Efficient Synthesis of Malonate Functionalized Chiral
Phosphapalladacycles and their Catalytic Evaluation in
Asymmetric Hydrophosphination of Chalcone
Xi-Rui Li,[a] Yu Chen,[b,c] Benjamin Piaoxiang Pang,[a] Jaeyu Tan,[a] Yongxin Li,[a]

Sumod A. Pullarkat,[a] and Pak-Hing Leung*[a]

Abstract: Four chiral phosphapalladacycle complexes function-
alized with the malonate moiety at the chiral carbon have been
synthesized via a consecutive asymmetric hydrophosphination
and cyclometallation protocol. High conversions were achieved
in the P–H addition reaction, which was itself catalyzed by a
phosphapalladacycle. Moderate to good enantioselectivities,
were obtained for this step depending on the nature of the

Introduction

The synthesis and application of ortho-palladated C-N com-
plexes have been well established.[1-7] In particular, the N-donor
palladacycle initially developed by Wild and co-workers[2] has
been employed in a wide variety of catalytic asymmetric reac-
tions, for example, as the catalyst in a overman-rearrangement
reaction,[3] as either a catalyst precursor or promoter in hydro-
phosphination,[4] hydroamination,[5] Heck,[6] and Suzuki reac-
tion and as an optical resolution reagent for various chiral li-
gands. In contrast to the predominately sigma donating effect
of the nitrogen–metal bond in the azapalladacycle complexes,
π back bonding effect is known to be present in the phospha-
palladacycle complexes as seen from our earlier studies.[8] This
in conjunction with other structural and electronic features is
thought to be responsible for the different catalytic reactivity
and selectivity of the resulting metal-phosphine complex when
compared to the azapalladacycle. However, reports on chiral
cyclopalladated C-P compounds, a congener of C-N complexes
are relatively less,[9] though the phosphine palladium com-
plexes have played an important role in various organic reac-
tions, such as [4+2] cycloadditions,[10] Heck,[11] Suzuki[9c,12]
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functional groups present on the naphthalene backbone. In
contrast, the outcome of the subsequent cyclometallation reac-
tion relies highly on the character of the functional groups. The
catalytic potential of the synthesized phosphapalladacycle com-
plexes was evaluated in the hydrophosphination reaction of
chalcone with moderate results.

Stille,[13] Sonogashira coupling,[14] Claisen rearrangements,[15]

As/P–H addition reaction[4a,16] and medicinal chemistry.[17]

The application of cyclopalladated complex (R[N])-1 (Figure 1)
as catalysts in the synthesis of various chiral phosphine com-
pounds via asymmetric hydrophosphination reactions of a vari-
ety of substrates including α,�- and α,�,γ,δ-unsaturated
malonate esters,[18] α,�-unsaturated carbonyl compounds,[19]

enones,[20] and α,�-unsaturated N-acylpyrroles[21] has been
highlighted recently. The CP compound (R[P])-2 is known as an
excellent catalyst for asymmetric P–H addition reaction of 4-
oxo-enamides,[22] N-enoyl phthalimides,[23] benzoquinones[24].

Figure 1. Example of selected existing cyclopalladated complexes (1–3) and
their functionalized derivatives (4) developed in this study. [N] denotes a
coordinated amine ligand and [P] represents a phosphine ligand.

During the course of studying the asymmetric P–H addition,
we found that minor modifications of the functional groups
present on the phosphorus ligands backbone can help to tune
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the catalytic properties of the catalyst. On the other hand, con-
sidering the laborious synthetic procedure towards complex
(R[P])-2 (Scheme 1), we decided to prepare its congeneric com-
plexes (R[P])-3 and derivatives represented by (R[P])-4 by using a
protocol that involved asymmetric hydrophosphination fol-
lowed by regioselective cyclometallation.[16c] Besides being
electronically different from the traditional methyl moiety, the
presence of the diester group at the chiral center in the new
complexes also results in greater steric hindrance in the cyclo-
metallated ring system that may potentially be beneficial in en-
hancing stereocontrol during asymmetric synthesis. In addition
to the aforementioned, the rationale behind our ligand design
also took into account the potential electronic effects that can
come into play by modification of the naphthalene ring system.
We therefore planned to introduce different functional groups,
including electron-withdrawing group (F), electron-donating
groups (OMe, Me), and greater delocalization (phenanthrenyl),
into the aromatic ring to synthesize complexes of the type de-
picted by 4. These modifications are expected to have an im-
pact on the nature of the C–Pd bond of the newly designed
phosphapalladacycles. This study also has relevance in the
greater context of cyclometallation reactions since for cyclo-
palladation reactions involving free phosphine ligands, there
are only very few examples known in literature involving func-
tionalized chiral aromatic ring-based substrates.[16c,25]

Scheme 1. Overview of the traditional procedure for the synthesis of phos-
phapalladacycle (R[P])-2.

We herein report the efficient synthesis of four chiral cyclo-
phosphapalladated complexes with different steric and elec-
tronic properties. In this study, chalcone is used as a model
substrate for comparison of the catalytic properties of these
new complexes in asymmetric hydrophosphination reaction.

Results and Discussion

We initiated our preliminary investigations by using palladium
acetate as the catalyst in the synthesis of the racemic ligands 6
via the hydrophosphination reaction between malonate acti-
vated substrates 5 and diphenylphosphine in methanol at room
temperature (Scheme 2). It needs to be noted that based on
our previous studies it has been established that the malonate
moiety can sufficiently activate C=C bond of substrates such as
5 towards the P–H addition reaction.[26]

The conversions of this reaction were greater than 99 % as
seen from the 31P{1H} NMR spectroscopy. Treatment of racemic
phosphine ligands 6 with azapalladacycle (R[N])-1 leads to the
formation of diastereoisomers (R[N],S[P])/(R[N],R[P])-7, which were
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Scheme 2. Synthesis of (S[P])-8 from racemic phosphine ligands.

then separated by either fractional crystallization or column
chromatography. With (R[N],S[P])-7 in hand, we subsequently ex-
plored the synthesis of dimeric phosphapalladacycles (S[P])-8 by
cyclometallation reaction (Table 1). Before the cyclometallation
reaction of (R[N],S[P])-7a/7b, concentrated HCl was added to the
solution of (R[N],S[P])-7a/7b in acetone at room temperature for
1 hour to remove the C–N auxiliary (Scheme 2). Sodium acetate
was then added as a base, and C–Pd–P five-membered ring
formation led to the dimeric product (S[P])-8a/8b at room tem-
perature after 1 h and 3 h respectively, with a yields of 77 % and
72 %, respectively (Table 1, entry 1 and 2). When the solution
of concentrated HCl and (R[N],S[P])-7c in acetone was refluxed
for 40 minutes, the final product (S[P])-8c was obtained in 81 %
yield (entry 3). On the other hand, dimeric (S[P])-8d was formed
in 54 % yield upon treatment of (R[N],S[P])-7d with concentrated
HCl at 40 °C for 1 hour, followed by treatment of NEt3 in de-
gassed DCM (entry 4).

The final overall yields of enantiomerically pure dimer (S[P])-
8, however, were very low (18–35 %, Table 1). In addition, the
usage of stoichiometric amount of chiral reagent (R[N])-1 is not
economical. We, therefore, decided to explore a facile and
efficient alternate route for synthesis of the dimer complexes
(S[P])-8 by phosphapalladacycle (R[P])-2 catalyzed asymmetric
hydrophosphination reaction followed by a cyclometallation
step (Scheme 3).

Following the general conditions established from our previ-
ous work,[16c] we first examined the reactivity and enantioselec-
tivity of various substrates catalyzed by (R[P])-2 in the asymmet-
ric P–H addition reaction, at –80 °C in the presence of NEt3

(Table 2). Initial studies established that the use of a single sol-
vent system resulted in either very low conversions, such as in
the case of CHCl3, THF, acetone, and toluene, or unaccepted
enantioselectivities, such as in the case of MeOH. Therefore, a
mixture of two different solvents was employed as shown in
Table 2. The best reactivity and enantioselectivity were ob-
served on substrate 5c among the four substrates examined 5
(entry 1–4) (> 99 % yield, 88 % ee), hence it was selected as the
sample substrate for further optimizing the asymmetric hydro-
phosphination reaction conditions. The mixture of MeOH and
chloroform gave both excellent conversion and enantioselec-
tivity (entry 3, 5–8). Different ratio of methanol and chloroform
in the solvent system was also examined, which showed that
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Table 1. Coordination reaction and optical resolution of palladacycles.

[a] Condition of the reaction from 7 to 8. [b] Isolated yields.

Scheme 3. Stereoselective synthesis of (S[P])-8 via (R[P])-2 catalyzed asymmet-
ric hydrophosphination and subsequent cyclometallation.

the best result was obtained when the volume ratio of the two
was 1:1 (entry 3, 9–11). This was subsequently selected as the
optimum solvent. With the free phosphine ligands 6 in hand,
we then examined the yields of cyclometallation reaction with
various palladium sources (Table 3). The reaction conditions
and palladium sources employed differ depending on the vari-
ous functional groups present on the aromatic rings. In general,
the ortho-H on the aromatic ring is activated when the phos-
phorus ligand coordinates to the palladium center. Pd(OAc)2,
Li2[PdCl4], and PdCl2(NCMe)2 are therefore usually used as the
palladium sources for cyclometallation. On the other hand, the
C–N palladated compounds similar to 1 can be the palladium
source too, via metal transfer methods followed by removal of
the C–N auxiliary. Palladium acetate proved to be the optimal
palladium source for the cyclometallation reaction of 6a–d (en-
try 1–3, 4–6). Although the enantioselectivities of 5a and 5b
were only moderate (Table 2, entry 1 and 2, 58 % for 5a, 61 %
for 5b), the yields of enantiomerically pure product (S[P])-8 after
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cyclometallation reaction and fractional crystallization process
were still acceptable and better than the one obtained by the
previously adopted method (38 % and 42 % respectively)

Table 2. Screening of mixed solvent systems for the asymmetric P–H reaction
catalyzed by (R[P])-2.

Conversion ee
Entry Substrate Solvent t [d]

[%][a] [%][b]

1 5a MeOH/CHCl3 (v:v = 1:1) 4 > 99 58
2 5b MeOH/CHCl3 (v:v = 1:1) 4 > 99 61
3 5c MeOH/CHCl3 (v:v = 1:1) 1 > 99 88
4 5d MeOH/CHCl3 (v:v = 1:1) 5 > 99 78
5 5d MeOH/acetone (v:v = 1:1) 5 14 35
6 5c MeOH/THF (v:v = 1:1) 3 19 31
7 5c MeOH/acetone (v:v = 1:1) 3 22 64
8 5c EtOH/CHCl3 (v:v = 1:1) 2 > 99 19
9 5c MeOH/CHCl3 (v:v = 2:1) 1 > 99 79
10 5c MeOH/CHCl3 (v:v = 3:2) 1 > 99 26
11 5c MeOH/CHCl3 (v:v = 1:2) 1 32 37

[a] The conversions were examined by 31P{1H} NMR. [b] The ee were examined
by 31P{1H} NMR after coordinating of free phosphine ligands to (R[N])-1.
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(Table 3, entry 7 and 1). To our delight, enantiomerically pure
products (S[P])-8c/8d can also be prepared in good yields when
6c and 6d were treated with palladium acetate (Table 3, entry
4 and 8, 73 %, 65 % respectively). The molecular structure and
the absolute stereochemistry of dimer (S[P])-8a–c were deter-
mined by X-ray crystallography (Figure 2, Figure 3 and Figure 4).

Table 3. The cyclometallation reaction of free ligands.

Entry Substrate Palladium source Yield [%][a]

1 6b Pd(OAc)2 42
2 6b PdCl2(NCMe)2 22
3 6b Li2[PdCl4] 15
4 6c Pd(OAc)2 73
5 6c PdCl2(NCMe)2 34
6 6c Li2[PdCl4] 52
7 6a Pd(OAc)2 38
8 6d Pd(OAc)2 65

[a] The yields are the final yields of the enantiomeric pure product (S[P])-8
after the fractional crystallization.

Figure 2. X-ray crystal structure of complex (S[P])-8a (CCDC 1835263). Selected
bond lengths [Å] C2–C12 1.511(14); C12–P1 1.834(10); C1–C2 1.382(13); P1–
Pd1 2.192(3); C1–Pd1 2.015(9); Cl1–Pd1 2.422(3); Cl1–Pd1 2.443(2). Selected
bond angles [°] C2–C12–P1 103.3(6); C1–C2–C12 117.0(9); C12–P1–Pd1
104.0(4); C2–C1–Pd1 122.7(8); C1–Pd1–P1 80.5(3); Cl1–Pd1–Cl1 83.46(11);
Pd1–Cl1–Pd1 74.09(7).

The enantiomeric purity of (S[P])-8 was examined by ex-
changing the chloro bridge of the dimeric complex with
l-proline to form two pairs of diastereoisomers. Treating racemic
8 with l-proline led to the formation of two pairs of diastereo-
meric regio-isomers (S[P],S[O])-9a, (R[P],S[O])-9a and (S[P],S[O])-9b,
(R[P],S[O])-9b, which displayed four chemical shifts in 31P{1H}
NMR (Scheme 4). On the other hand, there were only two
chemical shifts observed in 31P{1H} NMR when we added
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Figure 3. X-ray crystal structure of complex (S[P])-8b (CCDC 1835218). Selected
bond lengths [Å] C12–P1 1.8456(14); C1–Pd1 2.0105(14); P1–Pd1 2.1914(4);
C11–C12 1.5131(19); C1–C11 1.388(2). Selected bond angles [°] C1–Pd1–P1
79.83(4); C12–P1–Pd1 103.39(5); C11–C1–Pd1 121.78(10); Cl1–Pd1–Cl1A
84.17(7); Pd1–Cl1–Pd1A 75.40(5); C1–C11–C12 117.5(5); C11–C12–P1 101.2(4).

Figure 4. X-ray crystal structure of complex (S[P])-8c (CCDC 1835219). Selected
bond lengths [Å] C11–P1 1.846(5); Pd1–C1 2.001(5); Pd1–P1 2.1926(12); C10–
C11 1.516(7); C1–C10 1.391(6). Selected bond angles [°] C1–Pd1–P1 80.70(13);
C10–C11–P1 103.0(3); C11–P1–Pd1 103.98(16); C10–C1–Pd1 123.2(3); Cl1–
Pd1–Cl2 83.57(4); Pd1–Cl1–Pd2 73.57(3); Pd1–Cl2–Pd2 73.68(3); C10–C1–Pd1
123.2(3); C1–C10–C11 116.7(4).

l-proline into the CP dimer products 8, which was obtained
after the asymmetric P–H addition reaction and cyclometalla-
tion reaction.

Derivatives of 10 incorporating an easily leaving moiety such
as acetonitrile, suitable for catalytic applications were prepared
by removing the chloro bridges with AgClO4 (Scheme 5). In the
absence of the inert Pd–Cl bond, catalysts 10 were more active
than 8.

The newly synthesized phosphapalladacycles 10 were subse-
quently applied in the hydrophosphination reaction and the
results showed that all four catalysts gave complete conversions
whilst catalyst 10b gave the best enantioselectivity (Table 4).
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Scheme 4. Treatment of the 8 with l-proline to examine the enantiomeric
purity.

Scheme 5. Synthesis of the CP catalyst (S[P])-10.

However, their performance, in terms of enantioselectivity was
moderate when compared to (R[P])-2 and (R[P])-3 catalysts devel-
oped by us previously. We are currently in the process of
screening these new complexes for other asymmetric reaction
scenarios.

Table 4. The application of complexes 10 in catalytic hydrophosphination of
chalcone.

Entry Catalyst Yield [%][a] ee [%][b]

1 (R[P])-2 > 99 >99
2 10a > 99 64
3 10b > 99 78
4 10c > 99 70
5 10d > 99 53
6 (R[P])-3 > 99 77

[a] The yield were determined by 31P{1H} NMR spectrum. [b] The ee were
determined by 31P{1H} NMR spectrum after the product coordinated to the
chiral palladated complexes (R[N])-1.

Conclusions
Four functionalized chiral phosphapalladacycle complexes have
been efficiently prepared by consecutive asymmetric hydro-
phosphination (P–H reaction) and cyclometallation reaction.
The impact of installation of malonate moiety at the chiral
carbon as well as the modification of the naphthalene ring sys-
tem was studied for the asymmetric hydrophosphination reac-
tion. These preliminary results will serve as a guide for the
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rational design of other functionalized phosphapalladacycles
using this alternate synthetic methodology.

Experimental Section
General Information: All reactions including the air-sensitive com-
plexes diphenylphosphine and free ligands 5 were carried out un-
der an inert atmosphere of nitrogen employing Schlenk Line and
two-neck round-bottomed flask, and all the solvent contacted the
air-sensitive complexes were degassed by blowing with nitrogen.
NMR spectra were recorded on Bruker AV 300, AV400, AV 500, and
BBFO 400 spectrometers. Chemical shifts were reported in ppm and
referenced to an internal SiMe4 standard (δ =0 ppm) for 1H NMR,
[D]chloroform (δ =77.16 ppm) for 13C NMR, and Dimethyl [D6]sulfox-
ide (δ =39.6 ppm) for 13C NMR spectroscopy. Dichloromethane,
chloroform, tetrahydrofuran, acetone and methanol were purchased
from their respective companies and used as supplied. Tetrahydro-
furan was distilled from sodium/benzophenone prior to use. Sol-
vents were degassed when necessary. A Low Temp Parr stirrer PSL-
1800 was used for controlling low temperature reactions. Column
chromatography was carried out with Silica gel 60 (Merck). Melting
points were measured using SRS Optimelt Automated Point System
SRS MPA100. Optical rotation was measured with JASCO P-1030
Polarimeter in the specified solvent in a 0.1 dm cell at 22.0 °C.
Substrates 5 was prepared according to literature procedures.[27]

Optical Resolution and Preparation of (R[N],S[P])-7 from 5: To a
solution of diphenylphosphine (10.0 mmol, 1.8619 g, 1.0 equiv.) in
the degassed methanol (30 mL) in the two-neck round-bottomed
flask was added substrate 5 (10.5 mmol, 1.05 equiv.) and catalyst
Pd(OAc)2 (0.5 mmol, 0.1123 g, 0.05 equiv.), and the resulting mixture
was stirred at room temperature for 2 h to generate the air-sensitive
crude products 6 (yield > 99 %). The diastereomeric isomers
(R[N],S[P])/(R[N],R[P])-7 were generated by treating the resulting race-
mic ligand 6 with stoichiometric amount of chiral reagent (R[N])-1
(5.0 mmol, 3.4016 g, 0.5 equiv.). The diastereomers (R[N],S[P])-7 and
(R[N],R[P])-7 were separated into their isomeric pure forms by column
chromatography on silica gel. The isolated yields were listed in
Table 1.

Preparation of Dimer (S[P])-8a/b from Optical Resolution: Com-
plex (R[N],S[P])-7a/b (1.0 mmol) was dissolved in acetone (50 mL) and
treated with conc. HCl (2.2 mL). The reaction mixture was stirred at
room temperature for 1 h to liberated the C–N auxiliary. The reac-
tion mixture was poured into water (500 mL) and the intermediate
compound was filtered and subsequently converted to dimer (S[P])-
8a/b by the treatment with NaOAc (1.6210 g) for 1 h. Complex (S[P])-
8a/b was purified by column chromatography on silica gel (elution:
DCM). The isolated yields were listed in Table 1.

Preparation of Dimer (S[P])-8c from (R[N],S[P])-7c: The mixture of
(R[N],S[P])-7c (1.0 mmol) and conc. HCl was heated in acetone
(50 mL) at 60 °C for 40 min. The reaction mixture was cooled to
room temperature and then poured into water (500 mL). The crude
product was filtered followed by purification with column chroma-
tography on silica gel (elution: DCM) to get the (S[P])-8c. The isolated
yield was listed in Table 1.

Preparation of Dimer (S[P])-8d from (R[N],S[P])-7d: The mixture of
(R[N],S[P])-7d (1.0 mmol) and conc. HCl was heated in acetone
(50 mL) at 60 °C for 1 h. The resulting mixture was poured into
water (500 mL) and the intermediate complex was filtered. The
crude product was then stirred with NEt3 (0.6 mmol) in degassed
DCM at room temperature for 1 h. The crude mixture was extracted
with DCM/H2O and dried with MgSO4, followed by purifying with
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column chromatography on silica gel (elution: DCM), giving the
pure (S[P])-8d. The isolated yield was listed in Table 1.

Catalytic Synthesis of (S[P])-8 from Chiral Phosphine 6: Substrate
5 (1.05 mmol, 1.05 equiv.) and the chiral catalyst (R[P])-2 were added
a solution of diphenylphosphine (1.0 mmol, 0.1862 g, 1.0 equiv.)
in the degassed solvent (55 mL) in a 100 mL two-neck round-
bottomed flask. The reaction mixture was then kept in the low tem-
perature bath at the selected temperature for 30 min The external
base NEt3 (1.0 equiv.) in degassed solvent (0.5 mL) was added drop-
wise into the two-neck round-bottomed flask. The reaction mixture
was then kept at the selected temperature for the duration listed
in Table 2. The palladium source was then added into the resulting
chiral phosphine ligand. The crude cyclopalladated dimer (S[P])-8
thus obtained was purified by column chromatography on silica
gel (elution: DCM). Enantiomerically pure product (S[P])-8 could be
further purified by recrystallization. The isolated yields were listed
in Table 3.

Preparation of Complex 9: A mixture of l-proline (1.05 mmol) and
KOH (1.05 mmol) in degassed water was added into a solution of
8 (1.0 mmol) in DCM. The resulting mixture was stirred at room
temperature for 1 h, The structural isomeric complex 9 was thus
obtained in quantitative yield.

Preparation of 10: The substrate 8 (1.0 mmol) and AgClO4

(1.05 mmol) was added to the round-bottomed flask with aceto-
nitrile (10 mL) as the solvent and stirred for 1 h. After the workup
process, the cationic complex 10 was obtained quantitatively.

CCDC 1835263 [for (S[P])-8a], 1835218 [for (S[P])-8b], 1835219 [for
(S[P])-8c] contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre.
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