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The chiral bidentate-N,N ligands, (Sa)-1, (Sa)-2, (S,S)-3 and (S,S)-4, were synthesized. They were shown
to contain rigid 2-pyridinyl or 8-quinolinyl building blocks and the C2-symmetric chiral frameworks
trans-2,5-dimethylpyrrolidinyl or (S)-(+)-2,2′-(2-azapropane-1,3-diyl)-1,1′-binaphthalene. In the (Sa)-2,
and (S,S)-4 ligands pair, the 8-quinolinyl skeleton is directly bonded to the C2-symmetric chiral
frameworks (S)-(+)-2,2′-(2-azapropane-1,3-diyl)-1,1′-binaphthalene or trans-2,5-dimethylpyrrolidinyl.
This feature induces rigidity in this pair of ligands upon the N,N-framework. However, this does not
occur for the (Sa)-1 and (S,S)-3 ligands, in which the presence of the –CH2– spacer between the
frameworks bearing the nitrogen atom donors gives greater flexibility to the ligand. A further difference
between the pairs of ligands is significant from the electronic properties of the chiral framework
N-donor atom. The coordinating properties and the specific steric structural features of the (Sa)-1,
(Sa)-2, (S,S)-3, and (S,S)-4 ligands are explained by their reactions with the [Pd(PhCN)2Cl2] and
[Pd(g3-PhCHCHCHPh)(l-Cl)]2 substrates, in which the reported ligands form chelate complexes, with
the exception of (Sa)-2, which failed to react with [Pd(g3-PhCHCHCHPh)(l-Cl)]2. The ligands were
used in the palladium–allyl catalyzed substitution reaction of 1,3-diphenylallyl acetate with
dimethylmalonate, with the best result being obtained using the (Sa)-1 ligand, giving the substitution
product 2-(1,3-diphenylallyl)dimethylmalonate with an enantiomeric excess of 82% in the S form and a
yield of 96%. The work demonstrates that in the presence of a steric ligand control, the electronic
properties of the ligand donor atoms play a role though not significant in determining the
enantioselectivity of palladium(II) catalyzed allylic substitution reactions. The results of the catalytic
reaction do not provide a convincing explanation considering the coordinated chiral ligand features, as
rigidity or flexibility and electronic properties of the N-donor atoms. A rationalization of the results is
proposed on the basis of NMR studies and DFT calculation on the cationic complexes
[Pd(g3-PhCHCHCHPh)(N-N*)]CF3SO3, (N-N* = (Sa)-1, 9; (S,S)-3, 10; (S,S)-4, 11).

Introduction

Enantioselective palladium(II)-catalyzed allylic substitution reac-
tions are among the most studied reactions aimed at determining
carbon–carbon bond formation between allylic substrates and
carbon nucleophiles.1 Steric and electronic chiral chelating ligand
features were exploited to recognize factors, which enhance
differentiation between enantiotopic allyl carbon atoms, in the
cationic palladium(II)–allyl catalytic species, and direct nucle-
ophilic attack to afford the substitution product in high yield and
enantiomeric excess. These studies also allowed the establishment
of the reaction steps in which the enantioselectivity of the process
can be determined. Chiral chelating ligand classes which have
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been found to induce efficiency in the catalytic system include
P-N and N-N donors,2,3 planar-chiral ferrocenyl derivatives4 and
dissymmetric diphosphines.5 The rigidity and the flexibility of the
chiral chelating ligand involved in the catalytic species, [Pd(g3-
PhCHCHCHPh)(N-N*)]+ (N-N* = chiral chelating ligand), have
been considered important features in the design of the catalyst,
even if these properties may often give ambiguous indications.
This study reports the use of two pairs of chiral N-N-chelating
ligands in conventional palladium-catalyzed asymmetric allylic
alkylation reactions; they contain rigid 2-pyridinyl or 8-quinolinyl
building blocks and the C2-symmetric chiral frameworks (S)-
(+)-2,2′-(2-azapropane-1,3-diyl)-1,1′-binaphthalene) or trans-2,5-
dimethylpyrrolidinyl (Fig. 1). The pairs of ligands differ from each
other in the sp2 or sp3 carbon atom spacer of the N-donor arms
(in each ligand the two N-donor arms are different) and in the
basic electronic properties of the N-donor atom of the chiral
framework. The aim of the study was to gain insight into the
effects of ligand properties, such as the rigidity or flexibility of
the chiral chelating ligand and the influence of the donor-atoms,
in determining asymmetric induction in the catalytic process and
namely, to establish the relation between regioselectivity induced
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Fig. 1 Used chiral ligands.

by the chelated chiral ligands in the catalytic process involving each
conformational isomer present in solution and the enantiomeric
excess of the obtained product. The here reported chiral bidentate-
N,N ligands, (Sa)-1, (Sa)-2, (S,S)-3, and (S,S)-4 (Fig. 1), include
both of the nitrogen donor atoms in a heterocyclic ring.

The (Sa)-1 ligand had been previously prepared by one of
us.6(S,S)-3 was briefly described7 but its application in metal-
catalyzed asymmetric synthesis has not been explored in detail.
In the (Sa)-2, and (S,S)-4 ligands, the 8-quinolinyl skeleton was
found to directly bind to the C2-symmetric chiral frameworks (S)-
(+)–2,2′-(2-azapropane-1,3-diyl)-1,1′-binaphthalene or trans-2,5-
dimethylpyrrolidinyl; these features induce rigidity in the N,N-
framework of this pair of ligands. However, no such properties
were observed for the (Sa)-1 and (S,S)-3 ligands, in which the
presence of the –CH2– spacer between the frameworks bearing
the nitrogen atom donors gives more flexibility to the ligands. A
further observed difference between the pairs of ligands concerns
the electronic properties of the chiral framework N-donor atom.
In the (Sa)-1 and (S,S)-3 pair, the basicity of the chiral framework
N-donor atom was evaluated as being considerably higher than
that of (Sa)-2 and (S,S)-4 pair.8 We also examined the coordi-
nating properties of the synthesized ligands toward palladium(II)
substrates obtaining information by a detailed multinuclear
NMR study about the major conformational isomers [Pd(g3-
PhCHCHCHPh)(N-N*)]+present in solution, their concentration
ratio and the existence of exchange processes. Theoretical DFT
calculations on the relative stability and the simulated structure of
the cationic catalytic species [Pd(g3-PhCHCHCHPh)(N-N*)]+of
conformational isomers is also reported. Previously,9 we yielded
several reports focusing on the effect of the coordinated ligand
features in determining the enantiomeric excess in the allylic
alkylation palladium-catalyzed process.

Results

Synthesis of the chiral ligands

(Sa)-1 and (Sa)-2 ligands were obtained by reacting (S)-(+)-2,2′-
bis-bromomethyl-1,1′-binaphthalene with 2-aminomethylpyridine
or 8-aminoquinoline respectively, in a 1 : 6 molar ratio in THF

under reflux conditions. (Sa)-1 and (Sa)-2 ligands were purified
by chromatography and obtained as white and yellow solids,
respectively. They are found to be stable in the air, at room
temperature, for a long time. (S,S)-3 and (S,S)-4 ligands were
obtained by the reaction of (2R,5R)-2,5-hexanediol cyclic sulfate
with 2-aminomethylpyridine or 8-aminoquinoline, respectively, in
a molar ratio of 1 : 1.86 in THF solution under reflux. n-BuLi was
added to the resulting precipitate, indicating the presence of the
corresponding Zwitterionic amine-sulfate species, and the mixture
was refluxed for 72 h. (S,S)-3 was obtained as a yellow oil while
(S,S)-4 was in the form of a yellow crystalline solid. The (Sa)-1,
(Sa)-2, (S,S)-3 and (S,S)-4 ligands were characterized by elemental
analysis and 1H NMR spectroscopy (see Experimental section).

Reactions of (Sa)-1, (Sa)-2, (S,S)-3 and (S,S)-4 ligands with
[Pd(PhCN)2Cl2] and [Pd(g3-PhCHCHCHPh)(l-Cl)]2

To gather information about the coordinating properties and the
specific structural features of the (Sa)-1, (Sa)-2, (S,S)-3 and (S,S)-
4 ligands, we explored their reactions with [Pd(PhCN)2Cl2] and
palladium(II)–allyl substrate [Pd(g3-PhCHCHCHPh)(l-Cl)]2.

The reactions with [Pd(PhCN)2Cl2] were carried out at room
temperature in CH2Cl2 solution in a 1 : 1.2 complex : ligand
ratio. The products, [Pd(N-N*)Cl2], 5–8, (N-N*= (Sa)-1, 5;
(Sa)-2, 6; (S,S)-3, 7; and (S,S)-4, 8), were obtained in almost
quantitative yields as yellow solids by precipitation from CH2Cl2–
hexane; which later underwent elemental analysis and 1H NMR
spectroscopy.10

The cationic complexes, [Pd(g3-PhCHCHCHPh)(N-
N*)]CF3SO3, (9–11) (N-N*= (Sa)-1, 9; (S,S)-3, 10; and
(S,S)-4, 11), which are the catalytic species in the allylic
substitution reaction, were synthesized by the reaction of [Pd(g3-
PhCHCHCHPh)(l-Cl)]2 with a stoichiometric amount of the N-
N*-chiral ligand, in CH2Cl2 solution, and, subsequently, after 1 h,
with solid AgCF3SO3. Filtration through Celite and evaporation
of the solvent yields a solid product, which was recrystallized using
CH2Cl2–hexane. The (Sa)-2 ligand failed to give the corresponding
cationic complex [Pd(g3-PhCHCHCHPh)((Sa)-2)]CF3SO3, but
it reacted easily with [Pd(g3-H2CCHCH2)Cl]2, in the absence of
phenyl-substituents on terminal allylic carbon atoms, to give
[Pd(g3-H2CCHCH2)((Sa)-2)]CF3SO3, 12.

The compounds 9–11 were characterized by elemental analysis,
conductivity measurements and spectroscopic multinuclear NMR
studies; these will be widely discussed in later sections. The
experimental data allowed us to establish that (Sa)-1, (Sa)-2, (S,S)-
3 and (S,S)-4 ligands act, in the compounds 5–11, as chelating
ligands leading to a square planar geometry.10 Unfortunately,
crystals of compounds 9–11 suitable for X-ray analysis could not
be obtained.

NMR Studies

In the 1H NMR spectra of 5–8, the shift of the N-N* ligand signals
indicates their coordination to the palladium centre. For example,
in the 1H NMR spectra of [Pd((Sa)-1)Cl2], 5, and [Pd((S,S)-3)Cl2],
7, the pyridine ortho-hydrogen was observed to shift downfield.
The same shift of the ortho-hydrogen signal of the quinoline
framework was observed in the 1H NMR spectra of [Pd((Sa)-
2)Cl2], 6, and [Pd((S,S)-4)Cl2], 8. However, a different effect was
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noted for the cationic complexes [Pd(g3-PhCHCHCHPh)((Sa)-
1)]CF3SO3, 9, [Pd(g3-PhCHCHCHPh)((S,S)-3)]CF3SO3, 10, and
[Pd(g3-PhCHCHCHPh)((S,S)-4)]CF3SO3, 11, in which the ortho-
hydrogen lies at an upfield chemical shift due to the ring current
effect of the cis phenylic substituent in the allylic moiety (see
below). As expected, the signals of diastereotopic CH2-hydrogens
further split due to ligand chelation.

In order to gain information about the conformational isomers
of compounds 9–11 present in solution and their concentration
ratio, we undertook a multinuclear NMR study. Fig. 2 shows
the possible conformational isomers for a cationic species such
as [Pd(g3-PhCHCHCHPh)(N-N*)]+, indicating the nomenclature
and the symbols used for the allyl-carbon atoms and the adopted
atoms numeration.11

Furthermore, it was delineated that in solution, the different
conformations can be in equilibrium and may give rise to exchange
processes.12 Thus, preliminarily to a catalytic test, it was very
useful to have knowledge about the allylic conformational isomers
present under the catalytic conditions and to retrieve information
about the possible steric or electronic effects, which determine the
site of nucleophilic attack.13,14 As far as the asymmetric C2-chiral
bidentate ligands (Sa)-1, (Sa)-2, (S,S)-3 and (S,S)-4, are concerned,
they exhibit a chiral framework on the more basic and more steri-
cally demanding nitrogen atom; it is clear that their coordination to
the palladium(II) centre modifies differently the electronic features
of terminal allylic carbon atoms and induces a desymmetrization
of the allyl moiety. As pointed out above, in the (Sa)-1 and (S,S)-3
ligands, the basicity of the chiral framework N-donor atom is of
ca. five pKa units higher than that of (Sa)-2 and (S,S)-4.8

In a typical experiment, a weighed amount of any species Pd(g3-
PhCHCHCHPh)(N-N*)CF3SO3, 9–11, is dissolved in CDCl3, in
the NMR tube. When equilibrium is reached, the conformational
isomers present in solution are detected by 1H, and13C NMR
spectroscopy. A combination of 1H COSY, 13C, 1H heteronuclear
correlation (HMQC), and 2D NOESY experiments is used to
ascertain the allylic arrangement in the conformational isomers
and the related structures in solution. Relevant 1H and 13C NMR
data are summarized in Table 1.

The 1,3-diphenylallyl cationic complex [Pd(g3-PhCHCH-
CHPh)((Sa)-1)]CF3SO3, 9, exists in CDCl3 solution as a mixture

Fig. 2 Possible allyl–palladium conformational isomers and adopted
atoms numeration.

of two prevalent isomers, the endo-syn-syn, 9a, and the exo-anti-
syn, 9b, in an ca. 70 : 30 ratio (Fig. 3). The NMR spectra failed
to clearly show the presence of the exo-syn-syn conformational
isomer in solution, that is normally considered on the basis of
the DFT calculation, the conformer, at lowest energy, together
with endo-syn-syn.3g The 2-D exchange spectra indicate that the
9a and 9b isomers exchange at room temperature with a g3:g1:g3

mechanism, on the NMR time-scale.12 Selective NOEs between
the allyl protons and the proximate ligand protons allow the

Table 1 Selected 1H and 13C NMR data for complexes 9–11a ,b

H1 H2 H3 C1 C3

endo-syn-syn-9 (9a) 4.33 6.48 4.95 78.3 77.5 7.48 (d, 1H, Hopy) 4.72 (d, 1H, 2J 15 Hz, CH2, 4a), 4.08 (d, 1H, 2J 12 Hz, CH2, 5a),
3.70 (d, 1H, 2J 15 Hz, CH2, 4b), 3.35 (d, 1H, 2J 14 Hz, CH2, 6a), 2.89 (d, 1H, 2J 12 Hz,
CH2, 5b), 2.35 (d, 1H, 2J 14 Hz, CH2, 6b)

exo-anti-syn-9 (9b) 5.38 6.35 4.84 85.1 73.2 7.53 (d, 1H, Hopy), 5.47 (br, 1H, CH2, 4a), 4.27 (br, 1H, CH2, 5a), 3.69 (br, 1H, CH2,
4b), 3.44 (br, 1H, CH2, 6a), 2.95 (br, 1H, CH2, 5b), 2.64 (br, 1H, CH2, 6b)

exo-syn-syn-10 (10ad) 4.84 6.52 4.88 77.9 76.3 7.56 (d, 1H, Hopy), 4.48 (d, 1H, 2J 15 Hz, CH2, 4a), 3.73 (d, 1H, 2J 15 Hz, CH2, 4b),
2.73 (m, 1H, CH, 5), 2.28 (m, 1H, CH, 6), 1.44 (d, 3H, 3J 7 Hz, CH3), 1.01 (d, 3H, 3J
7 Hz, CH3)

endo-syn-syn-10 (10bd) 4.65 6.58 4.79 78.2 77.7 7.16 (d, 1 H, Hopy), 3.94 (d, 1H, 2J 15 Hz, CH2, 4a), 3.78 (d, 1H, 2J 15 Hz, CH2, 4b),
3.09 (m, 1H, CH, 6), 2.43 (m, 1H, CH, 5), 1.57 (d, 3H, 3J 7 Hz, CH3), 0.70 (d, 3H, 3J
7 Hz, CH3)

endo-syn-syn-11 (11a) 5.10 6.57 5.14 79.0 83.4 7.79 (d, 1H, Hopy), 3.69 (m, 1H, CH, 5), 2.17 (m, 1H, CH, 6), 1.67 (d, 3H, 3J 7 Hz,
CH3), 0.70 (d, 3H, 3J 7 Hz, CH3)

exo-syn-syn-11 (11b) 5.08 6.64 5.19 78.8 75.9 7.48 (d, 1H, Hopy), 4.67 (m, 1H, CH, 6), 3.55 (m, 1H, CH, 5), 1.15 (d, 3H, 3J 7 Hz,
CH3), 0.98 (d, 3H, 3J 7 Hz, CH3)

a Chemical shifts, d, are reported in ppm. b In CDCl3 solution. c Coupling constants are in Hz. d At 223 K.
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Fig. 3 Interpretation of NOESY data in determining the 9a and 9b
isomers.

distinction between the endo-syn-syn and exo-anti-syn isomers 9a
and 9b, respectively. The major isomer exhibits an endo-syn-syn
arrangement of the allyl unit, as shown by the coupling constants
of 12 Hz between the terminal allylic protons H3 and H1 with the
central H2 proton. The strong NOE cross peak observed between
the two terminal allylic protons H3 and H1 in 9a, also supports
the syn-syn configuration. The unambiguous assignment of the
major isomer 9a as endo-syn-syn is based on several critical NOE
contacts (Fig. 3). For the exo-anti-syn isomer 9b, all the signals
are broad, also at lower temperatures, due to the exchange process
with the isomer 9a; the exchange obviously involves the isomer
9b in minor population with a faster rate constant, i.e. a wider
line-width. Its conformation was assigned considering the NOE
contact shown in Fig. 3, and particularly the contact between H2

and H1 and especially the selective one between H2 and a proton
on the CH2 group bonded to the N1 nitrogen atom in the azepine
fragment, since such NOE contact is not observed for the major
isomer 9a.

In both isomers, the chemical shift of the ortho-hydrogen of the
pyridine moves to high field because it is affected by the resonance
cone of the phenyl bonded to the allylic fragment.

A correlation between the 13C NMR chemical shifts of the
terminal allylic carbons and their electrophilicity, provided by
the different trans influence of the chelating heteroatom donors
and/or repulsive steric interaction of the substituents on the
chelating donor atoms with the allylic carbon substituents, has
been reported and used as a tool for predicting their reactivity.13

In both isomers, 9a and 9b, the 13C chemical shift values indicate
that the terminal allyl carbons trans to the pyridinyl nitrogen atom
are more deshielded (C1 78.3 ppm for 9a and 85.1 ppm for 9b) than
those trans to the chiral framework nitrogen atom (C3 77.5 ppm
for 9a and 73.2 ppm for 9b); this means that C1 of both 9a and 9b
would be more sensitive than C3 towards nucleophilic attack. The
weakening of the Pd–C1 bond is enhanced due steric hindrance
between the phenyl on the C1 allyl carbon and the CH2 group
bonded to the nitrogen atom in the azepine fragment as shown
by cross peaks in the 2D NOESY experiment (see also theoretical
calculations section).

In addition, the increased downfield shift observed for C1 of
9a versus C1 of 9b, and the larger difference in the chemical
shift between C3 and C1 in 9b (ca. 12 ppm), compared to that
observed for the same carbon atoms in 9a (almost negligible, ca. 1
ppm), allow us to reason that 9b is more reactive than 9a towards
nucleophilic attack at allylic carbon. All these data support the
general model of the complex 9 proposed in Fig. 4, which shows
nucleophilic addition occurring at an allyl carbon atom trans
to the pyridinyl group consistent with the observed S absolute
configuration of the allylic alkylation products.

Fig. 4 Proposed transition state models for the asymmetric allylic
substitutions in 9.

Further positive cross peaks show that a mechanism exchange
involves other minor isomers whose characterization was not pos-
sible due to their very low concentration and signal broadening.
We do not exclude the fact that one of these minor isomers could
be the exo-syn-syn conformer; as yet we are not able to explain
its low concentration with the DFT calculations indicating a
low energy difference between the endo-syn-syn and exo-syn-syn
conformational isomers.

A different situation was found for the species 10 containing
the (S,S)-3 ligand. The 2D NOESY experiment, run at low
temperature, made it possible to assign the configuration of the
major isomers present in solution as endo-syn-syn (about 54%)
and exo-syn-syn (about 42%) (see Fig. 5).

Fig. 5 Interpretation of NOESY data in determining 10a and 10b
isomers.

Both the endo-syn-syn 10a and exo-syn-syn 10b species are
involved in an exchange process, not between themselves, but with
other minor isomers, as shown by a broadening of the proton
signals at room temperature. In fact, all signals are broad at
room temperature and we observed coalescence. By lowering the
temperature to 223 K, all the signals sharpened except for the
methyl and hydrogen protons close to the pyrrolidinyl nitrogen
atom on account of undergoing a quick exchange and therefore
they appeared broad. In this case, a steric hindrance between the
phenyl on the allylic carbon atom and the CH2 of the pyrrolidinyl
group was observed; this is not able to occur with the methyl
group that is free to move at low temperatures too. Under
catalytic conditions, however, the nucleophile did not distinguish
between the two terminal allyl-carbon atoms because at room
temperature, the complex undergoes a fast exchange, determining
the coalescence state.

The 2D NOESY experiment allowed the detection of [Pd(g3-
PhCHCHCHPh)((S,S)-4)]CF3SO3, 11, with the configuration in
solution of only two isomers in a greater amount as endo-syn-
syn (67%), 11a, and exo-syn-syn (29%), 11b. For the other two
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Table 2 Calculated (DFT) distances, angles and relative energies of 9–11

DE/kJ mol−1 Pd–C1/Å Pd–C3/Å Pd–N1/Å Pd–N2/Å N1–Pd–C1/
◦ N2–Pd–C3/

◦

endo-syn-syn 9 0 2.248 2.220 2.224 2.136 108.08 105.60
exo-syn-syn 9 5.56 2.272 2.203 2.226 2.138 108.06 105.40
exo-anti-syn 9 21.46 2.241 2.239 2.216 2.132 106.51 105.24
endo-syn-anti 9 26.90 2.252 2.218 2.222 2.148 107.26 106.17
endo-syn-syn 10 0 2.271 2.228 2.257 2.130 110.12 103.59
exo-syn-syn 10 3.15 2.299 2.207 2.262 2.129 109.88 103.40
exo-anti-syn 10 15.96 2.231 2.266 2.241 2.122 106.68 104.44
endo-syn-anti 10 50.28 2.273 2.289 2.283 2.142 110.89 103.22
endo-syn-syn 11 0 2.290 2.223 2.255 2.108 108.78 104.50
exo-syn-syn 11 1.91 2.292 2.213 2.259 2.106 108.30 104.19
exo-anti-syn 11 19.03 2.251 2.260 2.250 2.100 106.40 104.65
endo-syn-anti 11 21.53 2.300 2.191 2.250 2.110 109.34 103.35

The N1–Pd–N2 and C1–Pd–C3 averaged bite angle values of the coordinated ligands and of the diphenylallyl-moiety coordination are 79.7◦ (78.0–80.8◦)
and 66.8◦ (65.4–68.6◦), respectively.

isomers evidenced, it was not possible to establish an accurate
configuration because they were found in low concentration and
gave rather broad signals.

The two species 11a and 11b do not exchange in solution
at 298 K temperature. The syn-syn configuration for the major
isomers was assigned through the NOE peaks between the two
allylic protons H1 (5.14 ppm) and H3 (5.10 ppm) for 11a and
H1 (5.19 ppm) and H3 (5.08 ppm) for 11b and by the coupling
constants of 12 Hz between the two terminal hydrogens and
the central proton H2. In both isomers, the chemical shift of
the ortho-hydrogen of the quinoline shifted to high field because
they are affected by the resonance cone of the allylic phenyl.
The pyrrolidinyl ring hydrogens were in exchange due to the
intramolecular axial–equatorial interconversion.

The terminal allylic carbon atoms C1 signals of 11a and 11b
are shifted to a lower frequency than the C3 atoms because they
were cis to the sterically bulky pyrrolidinyl group. The different
electronic characteristics of the two isomers led to different
chemical shifts for the two terminal allylic carbons (11a: 83.4 ppm,
C3; 79.3 ppm, C1; 11b: 79.2 ppm, C3; 75.9 ppm, C1); therefore
the allylic carbon atoms exhibit a different behaviour and the
two isomers give the product in a different conformation. The
endo-syn-syn isomer was characterized by a higher chemical shift
difference (4.1 ppm) between the two terminal allylic carbons than
the exo-syn-syn isomer (3.3 ppm) present at minor concentration,
and this, not being the isomers involved in an exchange process
and not occurring under Curtin–Hammett conditions, may be the
reason why the ee of the obtained products is not notable.

Theoretical calculations

Theoretical calculations have been performed on some conforma-
tional isomers of the cationic palladium(II)–allyl species [Pd(g3-
PhCHCHCHPh)(N-N*)]+ (N-N*= (Sa)-1, 9; (S,S)-3, 10; (S,S)-
4, 11), to obtain information about their stability and structural
features. The models used reproduce the features of the complete
structures in a reliable way, namely the coordination environment
of the palladium(II) centre and the chelate ring formed by the (Sa)-
1, (S,S)-3 and (S,S)-4, ligands. We performed DFT calculations on
a molecule analogous to 9, containing a biphenyl moiety instead
of a binaphthyl one. Since the DFT calculations were applied to

a static molecule, the difference between real binaphthyl species
and the biphenyl-optimized model did not produce different
results. We further verified that other phenylic groups present in
the binaphthyl do not interact with phenyl-substituents on the
palladium coordinated allyl moiety; in fact, the aforesaid groups
are directed towards the less congested region of the cationic
species. The observed geometrical parameters reported in Table 2,
because of basis-set used (SDD) in the DFT calculation, gave bond
distances around the transition metal atom, which were slightly
longer than the experimental ones.15

The adopted atom numeration is reported in Fig. 2. Selected
computed bond distances, angles and relative energies for the
isomers at lower energy are reported in Table 2. In all optimized
models of 9–11, theoretical calculations indicate that the endo-
syn-syn and exo-syn-syn conformational isomers are those at
lower energy and of those, concerning the Pd–C bond distances,
the Pd–C1 (C1 being the allyl-carbon atom trans to the 2-
pyridinyl or the 8-quinolinyl nitrogen atom), are longer than
the Pd–C3 (C3 being the allyl-carbon atom in trans position to
nitrogen of the chiral frameworks (S)-(+)–2,2′-(2-azapropane-1,3-
diyl)-1,1′-binaphthalene) or trans-2,5-dimethylpyrrolidinyl. For
[Pd(g3-PhCHCHCHPh)((Sa)-1)]+, 9, the models indicate that the
energy difference between the endo-syn-syn and the exo-syn-
syn conformational isomers is low (5.56 kJ), while the energy
difference between the endo-syn-syn and the exo-anti-syn isomers
is 21.46 kJ mol−1; the difference between the Pd–C1 and Pd–C3

is lower for the endo-syn-syn conformational isomer (0.028 Å)
than for the exo-anti-syn isomer (0.069 Å). In the conformational

Fig. 6 Minimized structures of the Pd–allyl complex 9 in which is seen
the repulsions between the allylic-phenyl group and the CH2 group of the
azepine fragment.

This journal is © The Royal Society of Chemistry 2007 Dalton Trans., 2007, 1509–1519 | 1513
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isomers of 9, the models used clearly show the existence of repul-
sive interactions between the phenyl-substituent on the terminal
allylic carbon atoms and the heterocyclic ring of coordinated
(Sa)-1. Both the endo-syn-syn or exo-anti-syn isomers show the
pyridinyl ortho-hydrogen directed toward the centre of the phenyl-
substituent on the allyl carbon in a cis position (Fig. 6); the
distance between the ortho-hydrogen and the Cpivot of the phenyl
ring of about 2.65 Å indicates a short contact between the
pyridinyl-ring and the phenyl-substituent. Also, in the exo-syn-
syn isomer, we observed the same short contact with a mean value
of 2.64 Å.

Likewise, the minimized models indicate repulsive interactions
between one –CH2– of the chiral frameworks (S)-(+)–2,2′-(2-
azapropane-1,3-diyl)-1,1′-binaphthalene) moiety and the Cpivot of
the phenyl-substituent on the allyl carbon atom in a cis position to
azepine nitrogen atom. The distance between the –CH2– and the
Cpivot of the phenyl ring was shown to be about 2.68 Å. This short
contact interaction contributed to make the palladium–carbon
bond (Pd–C1) in a trans position to pyridinyl longer than the one
in a trans position to the azepine moiety.

Geometry optimization of models for [Pd(g3-PhCHCHCHPh)-
((S,S)-3)]+, 10, and [Pd(g3-PhCHCHCHPh)((S,S)-4)]+, 11, indi-
cate the endo-syn-syn and exo-syn-syn conformational isomers
as being more stable and the exo-anti-syn as the isomer having
stability closer to that of the above-mentioned isomers. For 10 and
11, the endo-syn-syn was observed to be a more stable isomer and
the energy difference with respect to the exo-syn-syn was estimated
as 3.15 and 1.91 kJ mol−1 respectively.

It is noteworthy that a trans-2,5-dimethylpyrrolidinyl chiral
framework was almost perpendicular to the metal coordination
plane. In the complexes 10 and 11, containing the trans-2,5-
dimethylpyrrolidinyl chiral framework, the (S,S)-3 and (S,S)-
4 coordinated chiral ligands established important repulsive
interactions between the allylic phenyl-substituent and the CH2

and CH of the pyrrolidinyl ring. The distances between the Cpivot

of the phenyl ring and the CH2 and CH were about 2.69 Å. In
this case, no significant interactions between the allylic phenyl-
substituent and the methyl groups were found. In all optimized
models, we found a pronounced unsymmetrization in the terminal
allyl carbon–palladium distances.

In the compounds 9–11, the computed angle values of N1–Pd–
N2, N1–Pd–C1, N2–Pd–C3 and C1–Pd–C3 changed in a restricted
range, particularly in their more stable conformational isomers
exo-syn-syn and endo-syn-syn (Table 2). There was a significant
difference between the N1–Pd–C1 and N2–Pd–C3 angle values;
the larger value of the N1–Pd–C1 average angle 108.9◦ (108.1–
110.1◦) than the N2–Pd–C2 one 104.4◦ (103.4–105.6◦) was the
result of the important short contact interactions between the
phenyl substituent on the C1 allyl-carbon atom and the (S)-
(+)–2,2′-(2-azapropane-1,3-diyl)-1,1′-binaphthalene or trans-2,5-
dimethylpyrrolidinyl chiral frameworks.

Palladium-catalyzed asymmetric allylic alkylation reactions

We tested the versatility of the chelating C2-chiral ligands (Sa)-
1, (S,S)-3 and (S,S)-4, in the palladium–allyl catalyzed substitu-
tion reaction of 1,3-diphenylallyl acetate with dimethylmalonate
(Scheme 1). In accord with the previous results indicating the
failure of the cationic complex [Pd(g3-PhCHCHCHPh)((Sa)-

Table 3 Allylic alkylation of 1,3-diphenylprop-2-enyl acetate with
dimethyl malonatea

Entry Ligand Solvent Time/h Yieldb (%) eec (%)

1 (Sa)-1 CH2Cl2 2.5 96 82 (S)
2 (Sa)-1 Toluene 2.5 100 82 (S)
3 (Sa)-2 CH2Cl2 No reaction
4 (S,S)-3 CH2Cl2 3 100 6 (R)
5 (S,S)-4 CH2Cl2 36 58 32 (R)

a [(g3-C3H5)PdCl]2 (0.0064 mmol), ligand (0.0128 mmol), H2C(COOMe)2

(2.56 mmol), BSA (2.56 mmol), KOAc (0.06 mmol), CH2Cl2
5. b Yield of

analytically pure product after column chromatography. c Determined by
1H NMR spectroscopy (CDCl3: 0.25 equiv. [Eu(hfc)3]).5

Scheme 1

2)]CF3SO3 synthesis, the ligand (Sa)-2 did not result in a catalytic
process.

The product 2-(1,3-diphenylallyl)dimethylmalonate was ob-
tained in a yield and an enantiomeric excess strongly depending
on the features of the chiral ligand used in the catalytic process.
The best result was obtained using the ligand (Sa)-1, in which case,
the substitution product of 1,3-diphenyl-2-propenyl acetate with
dimethylmalonate was obtained with an enantiomeric excess of
82% (S) and a yield of 96% (Table 3, entry 1). Changing the
solvent exerted no significant effect either on the yield or the
enantiomeric excess (Table 3, entry 2). The (S,S)-3 and (S,S)-4
ligands afforded the 2-(1,3-diphenylallyl)dimethylmalonate substi-
tution product with a lower enantiomeric excess than (Sa)-1 ligand;
respectively in 6% (R), 100%, 32% (R), and 58% yield (Table 3,
entries 4 and 5). Using the ligand in the (S,S)-configuration,
the 2-(1,3-diphenylallyl)dimethyl-malonate was obtained in the
R configuration.

Discussion

The different performances of the reported ligands in the catalytic
process could be classified in relation to the different sp3 or
sp2 carbon atom spacer of the ligand arms. In the (Sa)-1, and
(S,S)-3 ligands, the sp3 carbon atom spacer induces higher
flexibility than the sp2 spacer carbon atom present in (Sa)-2
and (S,S)-4. The N1–C(sp2)–C(sp2)–N2 atom arrangement induces
rigidity on (Sa)-2 and (S,S)-4; consequently, their coordination as
chelating N-N-ligands to the g3-diphenylallyl–palladium moiety
is not much favourite. The fact that (Sa)-2 failed to react with
[Pd(g3-PhHCCHCHPh)Cl]2 to give the cationic complex [Pd(g3-
PhHCCHCHPh)((Sa)-2)]CF3SO3, but it reacts easily with [Pd(g3-
H2CCHCH2)Cl]2, in which phenyl-substituents are not present on
terminal allylic carbon atoms, to give [Pd(g3-H2CCHCH2)((Sa)-
2)]CF3SO3, 12, strongly supports the viewpoint that the electronic
properties of the chiral framework N-donor atom are not respon-
sible for this behaviour. Moreover, the reaction which utilizes 11
as a catalyst requires an induction time to occur. Differently, the
flexibility of the N1–C(sp3)–C(sp2)–N2 atom arrangement allows

1514 | Dalton Trans., 2007, 1509–1519 This journal is © The Royal Society of Chemistry 2007
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both nitrogen atoms of the (Sa)-1 and (S,S)-3 ligands to easily
approach the palladium atom and also to form conformational
isomers, which are not of high stability, as for the 9b isomer of the
(Sa)-1 ligand.

It is a widely proven fact that the enantioselectivity of the allylic
substitution reaction process is determined by the regioselectivity
of the nucleophilic attack at the terminal allylic carbon atoms.14 As
shown by NMR studies and confirmed by theoretical calculations,
in the palladium–diphenyl–allyl catalysts 9–11, the regioselectivity
is mainly induced by the different intra-complex steric hindrances
between the trans-2,5-dimethylpyrrolidinyl or the (S)-(+)–2,2′-(2-
azapropane-1,3-diyl)-1,1′-binaphthalene) moieties, contained in
the (Sa)-1, (S,S)-3, and (S,S)-4 ligands, and the phenyl-substituent
on the allyl carbon atom in a cis position.12–14 As discussed in the
“NMR studies” section and results from Pd–C bond distances
deduced by DFT calculations, the trans-influence of the N-donor
atoms bound to the palladium centre, is not the main factor
determining the regioselectivity of the catalytic process. Very
indicative of the negligible role of the ligand N-donor atom’s power
are the computed bond distances Pd–N1, Pd–N2, Pd–C1 and Pd–
C3 average value (Å) for the most stable conformational isomers
exo-syn-syn and endo-syn-syn (the result is practically unchanged
considering all the conformational isomers reported in Table 2):
9: Pd–N1 2.250, Pd–N2 2.137, Pd–C1 2.260, Pd–C3 2.211; 10:
Pd–N1 2.259, Pd–N2 2.129, Pd–C1 2.285, Pd–C3 2.217; 11: Pd–
N1 2.257, Pd–N2 2.107, Pd–C1 2.291, Pd–C3 2.218. The distance
of the Pd–C3 bond, in a trans position to the chiral framework
N1, having higher donor power is always shorter than the Pd–C1

bond distance; the reported data clearly indicate that repulsive
interactions between the chiral framework coordinated through
N1-donor atom and the phenyl-substituent at C1-allylic carbon
atom minimizes the electronic effect of the N1-donor atom. While
the Pd–N2 bond distance discriminates between the pyridinyl- and
quinolidinyl ligands, the Pd–N1 bond distance, the same as Pd–C1

and Pd–C3 ones, is nearly unchanged in compounds 9–11.
The understanding of the origin of the enantioselectivity of

the catalytic allylic substitution process requires, in principle, a
knowledge of the regioselectivity of the nucleophilic attack at the
terminal allylic carbon atoms for each conformational isomers
of the catalytic species. Fortunately, the regioselectivity of the
nucleophilic attack at terminal allylic carbons is supplied by the 13C
NMR spectra, from the chemical shift values of the allylic carbon
atoms and, in a more specific way, from the difference between
their relative values. The results discussed here clearly prove that
structural features of the coordinated chiral ligand, like flexibility
or rigidity, are not able to fully explain the experimental data.

In fact, in the catalytic intermediate 9, the downfield chemical
shift of 13C allylic carbon C1 in the exo-anti-syn conformer
indicated that it is more suited to nucleophilic attack with respect
to the same carbon atom in the other prevalent conformer. 13C
NMR spectra indicate that in the exo-anti-syn isomer, nucleophilic
attack at carbon C1 is also favoured by the smaller steric hindrance
of the closer S-binaphthyl fragment (see Fig. 4). The endo-syn-
syn and the exo-anti-syn isomers are involved in an exchange
process, and the exo-anti-syn conformational isomer is the most
reactive towards nucleophilic attack (in the exo-anti-syn isomer the
difference in the 13C NMR chemical shift of terminal allylic carbon
atoms is about 12.0 ppm). The related reaction is faster than the
endo-syn-syn conformer (Fig. 4) and, occurring under Curtin–

Hammett conditions, the exo-anti-syn conformational isomer
determines the enantioselectivity of the process and the absolute
configuration of the substitution product. However, nucleophilic
attack at C1 allylic carbon atoms in the endo-syn-syn and in the exo-
anti-syn isomers, gives 2-(1,3-diphenylallyl)dimethylmalonate in
the S absolute configuration for both cases; this allows the retrieval
of the allylic alkylation reaction product in high enantiomeric
excess and in the S absolute configuration.

The behaviour of 10, as a catalyst, is very significant. As
expected, the major isomers in solution are exo-syn-syn, 10a, and
endo-syn-syn, 10b, which have been suggested to be involved in a
fast exchange process, with coalescence at catalytic experimental
conditions. It can be assumed that under these conditions, the
nucleophile does not distinguish between the two terminal allylic
carbons and as a result the catalytic reaction gives the product
in low yield with very low enantiomeric excess, even if a more
accurate analysis should take into account a comparison between
the typical rate of allylic alkylation reaction and that of the
dynamic process observed for this system.

Compound 11 contains the more rigid chiral ligand (S,S)-
4 and allows us to obtain the allylic substitution product only
with a very low enantiomeric excess. This contrasts with the fact
that (S,S)-4 induces the greatest difference observed (comparing
conformational isomer which differs only for the coordinated
chiral ligand16) between th e13C chemical shift values of the
terminal allylic carbon atoms, respectively of 4.1 and 3.3 ppm,
in the endo-syn-syn, 11a, and exo-syn-syn, 11b, conformational
isomers. The comparison of these 13C NMR data with those
of the conformational isomers, which are different only for the
chelated chiral ligands, indicates that the ligand rigidity enhances
the regioselectivity of the nucleophilic attack, more than the ligand
flexibility. It is noteworthy that the endo-syn-syn, 11a, and exo-syn-
syn, 11b conformational isomers are not involved in an exchange
process with each other.

The situation observed for every isomer would reasonably
suppose that the (S,S)-4 ligand, owing to its rigidity, induces high
regioselectivity in allylic carbon nucleophilic attack; consequently,
the 2-(1,3-diphenyl-allyl)dimethylmalonate product would have
to be obtained with high enantiomeric excess. As a matter of
fact, every isomer catalyzes the related process and gives the
product with the prevalence of one enantiomer (ee). The observed
enantiomeric excess of 2-(1,3-diphenylallyl)dimethylmalonate is
the result of a balance between the amounts of 2-(1,3-
diphenylallyl)dimethylmalonate, in the R and S absolute confor-
mation, produced from each catalyst isomer present in solution.
The models indicate that the dimethylmalonate nucleophilic attack
at C1 allylic carbon atoms of isomers 11a and 11b, should obtain
the 2-(1,3-diphenylallyl)dimethylmalonate in the R and S absolute
configuration, respectively. It can reasonably be supposed that, in
this case, the low enantiomeric excess can be due to the presence,
in solution, of more isomers that give the product in the different
absolute configuration.

The results also indicate that rigidity of the 2-pyridinyl and
8-quinolinyl heterocyclic rings containing the nitrogen donor
atom also induces repulsive interactions with the substituent on
the terminal allylic carbon atom in a cis-position, even if to a
more minor extent than the chiral N-donor chiral framework.
Therefore, this is also a factor determining the regioselectivity of
the nucleophilic attack.

This journal is © The Royal Society of Chemistry 2007 Dalton Trans., 2007, 1509–1519 | 1515
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It is noteworthy to mention that the metallacycle ring effect is
not a factor which influences the process, since all the ligands
reported here form a five-membered ring by chelation to the
palladium centre.

Conclusions

The rigidity or flexibility features of the coordinated chiral
chelating ligands (Sa)-1, (Sa)-2, (S,S)-3 and (S,S)-4 do not explain
the results obtained in the palladium–allyl catalyzed substitution
reaction of 1,3-diphenylallyl acetate with dimethylmalonate. In
order to overcome the seeming contradictions that emerge from the
results, the characterization of the conformational isomers of the
palladium–diphenylallyl catalytic species (at least, occurring under
Curtin–Hammett conditions, those in major concentrations) and
the identification of exchange processes are indispensable. An
indicative knowledge of the amount and of the absolute con-
figuration of the 2-(1,3-diphenylallyl)dimethylmalonate reaction
product, for every catalytically active palladium–diphenylallyl
conformational isomer present in solution, is of fundamental
importance for a reasonable and rigorous explanation about the
origin of the observed enantioselectivity of the catalytic product.
Therefore, deeper NMR studies and theoretical calculations are
indispensable supports to the interpretation of the experimental
results and to the reached conclusions in the palladium(II)
catalyzed allylic substitution reactions.

Experimental

General methods

All manipulation were carried out under an argon atmosphere
using standard Schlenk techniques. Freshly distilled solvents
were used throughout and dried by standard procedures. Pub-
lished methods were used to prepare the compound (2R,5R)-
2,5-hexandiol cyclic sulfate,17 (Sa)-(+)–2,2′-[2-(methyl-2-pyridyl)-
2-azapropane-1,3-diyl]-1,1′-binaphthalene, 17, and [Pd(g3-PhCH-
CHCHPh)(l-Cl)]2.18 All other reagents were purchased from
Sigma-Aldrich and Strem and were used as supplied. For column
chromatography, silica gel 60 (220 ± 440 mesh) and neutral
aluminium oxide activity grade 1 (70–290 mesh) purchased from
Fluka was used. Optical rotations were obtained with a JASCO
P-1010 Automatic Polarimeter in a 1 dm cell; c in g per 100 mL. 1D
and 2D NMR experiments were carried out using a Bruker AMX
R300 spectrometer. 1H NMR spectra were referenced to internal
tetramethylsilane. For the 9–11 compounds, the resonances of
the terminal allylic carbon C1 and C3 are reported in Table 1.
Standard pulse sequences were employed for phase-sensitive (TPPI
method) 1H-2D-NOESY, 13C–1H-correlation (HMQC) studies.19

Elemental analyses were performed by Redox s.n.c., Cologno
Monzese, Milano.

All calculations were carried out using the Gaussian G03W
program package.15 The structures and bonding parameters were
computed at the density functional (DFT) B3LYP level of theory,
using Becke’s exchange functional, which includes the Slater
exchange along with corrections involving the gradient of the
density20 and Perdew and Wang’s gradient-corrected correlation
functional.21, 22

Preparations

(Sa)-(−)-2,2′-[(7-Quinolinyl)-2-azapropane-1,3-diyl]-1,1′-binaph-
thalene (Sa)-2. To a solution of (S)-(−)-2,2′-dibromomethyl-
1,1′-binaphthalene (400 mg, 0.91 mmol) in anhydrous THF
(40 mL) under an inert atmosphere was added 8-aminoquinoline
(792 mg, 5.5 mmol). The solution was stirred under reflux for
18 h then cooled to rt. The solution was filtered and the solid
residue was washed with THF. The resulting collected solution
was concentrated in vacuo. The recovered residue was dissolved
in CHCl3, washed sequentially with H2O and brine, and the
organic layer was dried over anhydrous Na2SO4. The solid residue
recovered after evaporation of the solvent was then purified
by column chromatography (neutral Al2O3; CH2Cl2–Et2O, 85 :
15) affording (Sa)-2 as a yellow powder. Yield: 82% (315 mg,
0.74 mmol). [a]26

D = −318.2 (c 1, CHCl3). 1H NMR (CDCl3): d
8.91 (dd, 1H, 3J 4 Hz, 4J 2 Hz, Ar-H), 8.15 (dd, 1H, 3J 8 Hz, 4J
2 Hz, Ar-H), 7.91 (dd, 2H, 3J 8 Hz, Ar-H), 7.88 (d, 2H, 3J 8 Hz,
Ar-H), 7.57 (d, 2H, 3J 8 Hz, Ar-H), 7.53–7.18 (m, 9H, Ar-H), 6.97
(dd, 1H, 3J 7 Hz, 4J 2 Hz, Ar-H), 4.73 (d, 2H, 3J 12 Hz, CH2),
4.17 (d, 2H, 3J 12 Hz, CH2). Anal. Calcd for C31H22N2 (422.52):
C, 88,12; H, 5,25; N, 6,63. Found: C, 88,03; H, 5,37; N, 6,60%.

(S,S)-(+)-2-(2,5-Dimethylpyrrodin-1-ylmethyl)pyridine (S,S)-3.
2-Aminomethylpyridine (447 mg, 4.13 mmol) and (2R,5R)-2,5-
hexandiol cyclic sulfate (400 mg, 2.22 mmol) were refluxed in dry
THF (10 mL) for 16 h. The resulting precipitate indicated the
presence of the Zwitterionic amine–sulfate species. The Schlenk
flask was cooled to −78 ◦C and n-butyllithium (1.6 M, 1.53 mL,
2.42 mmol) was added. The mixture was warmed to room
temperature and then refluxed for 72 h. Diethyl ether was added
to the solution which was then washed with 10% ammonium
chloride, water, and brine and extracted into diethyl ether. The
extract was dried (MgSO4) and concentrated to yield the crude
material. Purification using column chromatography, alumina,
hexane–diethyl ether 2 : 1, gave (S,S)-3 as a yellow oil. Yield:
75% (320 mg, 1.68 mmol). [a]26

D = −101.1 (c 1, CHCl3). 1H NMR
(CDCl3): d 8.51 (d, 1H, 3J 4 Hz, Ar-H), 7.61 (td, 1H, 3J 8 Hz, 4J
2 Hz, Ar-H), 7.47 (d, 1H, 3J 8 Hz, Ar-H), 7.10 (m, 1H, Ar-H),
3.89 (d, 1H, 2J 14 Hz, CH2), 3.76 (d, 1H, 2J 14 Hz, CH2), 3.08 (m,
2H, CH), 2.01 (m, 2H, CH2), 1.38 (m, 2H, CH2), 0.97 (d, 6H, 3J
7Hz, CH3). Anal. Calcd for C12H18N2 (190.28): C, 75.74; H, 9.53;
N, 14.72. Found: C, 75.78; H, 9.51; N, 14.68%.

(S,S)-(+)-8-(2,5-Dimethylpyrrodin-1-yl)quinoline (S,S)-4. 8-
Aminoquinoline (595 mg, 4.13 mmol) and (2R,5R)-2,5-hexandiol
cyclic sulfate (400 mg, 2,22 mmol) were refluxed in dry THF
(10 mL) for 16 h. The resulting precipitate indicated the presence
of the Zwitterionic amine–sulfate species. The Schlenk flask was
cooled to −78 ◦C and n-butyllithium (1.6 M, 1.53 mL, 2.42 mmol)
was added. The mixture was warmed to room temperature and
then refluxed for 72 h. Diethyl ether was added to the solution
which was then washed with 10% ammonium chloride, water,
and brine and extracted into diethyl ether. The extract was dried
(MgSO4) and concentrated to yield the crude material which was
purified using column chromatography, alumina, hexane–diethyl
ether 2 : 1, to give (S,S)-4 as a yellow oil which crystallize on
cooling. Yield: 77% (390 mg, 1.72 mmol). [a]26

D = −220.2 (c 1,
CHCl3). 1H NMR (CDCl3): d 8.85 (dd, 1H, 3J 4 Hz, 4J 2 Hz,
Ar-H), 8.06 (dd, 1H, 3J 8 Hz, 4J 2 Hz, Ar-H), 7.41 (t, 1H, 3J 8 Hz,
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Ar-H), 7.33 (dd, 1H, 3J 8 Hz, 4J 4 Hz, Ar-H), 7.29 (dd, 1H, 3J
8 Hz, 4J 2 Hz, Ar-H), 7.00 (dd, 1H, 3J 8 Hz, Ar-H), 4.62 (b, 2H,
CH), 2.30 (m, 2H, CH2), 1.67 (m, 2H, CH2), 0.95 (b, 6H, CH3).
Anal. Calcd for C15H18N2 (226.32): C, 79.61; H, 8.02; N, 12.38.
Found: C, 79.55; H, 8.12; N, 12.36%.

[Pd(N-N*)Cl2] (5–8). The [Pd(N-N*)Cl2] complexes with N-
N* = (Sa)-1 (5), (Sa)-2 (6), (S,S)-3 (7), (S,S)-4 (8), were synthesized
in the same way with the following procedure.

To a solution of [Pd(benzonitrile)2Cl2] (20 mg, 52.1 mmol) in
CH2Cl2 the ligand (62.6 mmol) was added. After the addition the
colour of the solution switches from orange to light yellow. After
3 h solvent was removed in vacuo and the residue was washed with
hexane. Recrystallization from a 3 : 1 ratio of CH2Cl2–hexane gave
the complex as a yellow solid product.

[Pd((Sa)-1)Cl2] (5). Yield: 85% (25 mg, 0.044 mol). 1H NMR
(CDCl3): d 8.97 (dd, 1H, 3J 6 Hz, 4J 2 Hz, Ar-H), 8.28 (d, 1H,
3J 8 Hz, Ar-H), 8.07 (d, 1H, 3J 8 Hz, Ar-H), 8.00–7.88 (td, 3H,
3J 8 Hz, 4J 2 Hz, Ar-H), 7.83 (td, 1H, 3J 8 Hz, 4J 2 Hz, Ar-H),
7.72 (d, 1H, 3J 8 Hz, Ar-H), 7.48 (m, 3H, Ar-H), 7.28 (m, 5H,
Ar-H), 5.75 (d, 1H, 2J 15 Hz, CH2), 4.83 (d, 1H, 2J 14 Hz, CH2),
4.45 (d, 1H, 2J 14 Hz, CH2), 4.43 (d, 1H, 2J 12 Hz, CH2), 3.64
(d, 1H, 2J 15 Hz, CH2), 3.02 (d, 1H, 2J 12 Hz, CH2). Anal. Calcd
for C28H22Cl2N2Pd (563.81): C, 59.65; H, 3.93; N, 4.97. Found: C,
59.61; H, 3.92; N, 4.91%.

[Pd((Sa)-2)Cl2] (6). Yield: 81% (25.3 mg, 0.042 mol). 1H
NMR (CDCl3): d 9.65 (dd, 1H, 3J 5 Hz, 4J 2 Hz, Ar-H), 8.43
(dd, 1H, 3J 8 Hz, 4J 2 Hz, Ar-H), 8.28 (d, 1H, 3J 8 Hz, Ar-H),
8.08 (dd, 2H, 3J 8 Hz, 4J 4 Hz, Ar-H), 8.00 (dd, 2H, 3J 19 Hz, 4J
8 Hz, Ar-H), 7.87 (dd, 1H, 3J 8 Hz, 4J 2 Hz, Ar-H), 7.63 (dd, 1H,
3J 5 Hz, Ar-H), 7.56 (t, 1H, 3J 7 Hz, Ar-H), 7.49–7.40 (m, 5H,
Ar-H), 7.31 (t, 1H, 3J 7 Hz, Ar-H), 7.21 (d, 2H, 3J 4 Hz, Ar-H),
6.06 (d, 1H, 2J 14 Hz, CH2), 4. 94 (d, 1H, 2J 12 Hz, CH2), 4.48
(d, 1H, 2J 14 Hz, CH2), 4.14 (d, 1H, 2J 12 Hz, CH2). Anal. Calcd
for C31H22Cl2N2Pd (599.85): C, 62.07; H, 3.70; N, 4.67. Found: C,
62.12; H, 3.64; N, 4.61%.

[Pd((S,S)-3)Cl2] (7). Yield: 75% (14.5 mg, 0.039 mol). 1H
NMR (CDCl3): d 9.05 (d, 1H, 3J 6 Hz, Ar-H), 7.94 (t, 1H, 3J 8 Hz,
Ar-H), 7.65 (d, 1H, 3J 8 Hz, Ar-H), 7.40 (t, 1H, 3J 7 Hz, Ar-H),
4.54 (d, 1H, 2J 15 Hz, CH2), 4.12 (m, 1H, CH), 3.62 (d, 1H, 2J
15 Hz, CH2), 3.03 (m, 1H, CH), 2.30 (m, 1H, CH2), 2.11 (m, 1H,
CH2), 1.93 (d, 3H, 3J 7 Hz, CH3), 1.89 (m, 1H, CH2), 1.63 (m, 1H,
CH2), 1.61 (d, 3H, 3J 7 Hz, CH3). Anal. Calcd for C12H18Cl2N2Pd
(367.61): C, 39.21; H, 4.94; N, 7.62. Found: C, 39.30; H, 4.92; N,
7.57%.

[Pd((S,S)-4)Cl2] (8). Yield: 78% (16.4 mg, 0.041 mol). 1H
NMR (CDCl3): d 9.62 (dd, 1H, 3J 5 Hz, 4J 1 Hz, Ar-H), 8.43
(dd, 1H, 3J 8 Hz, 4J 2 Hz, Ar-H), 7.91 (dd, 1H, 3J 7 Hz, 4J 2 Hz,
Ar-H), 7.78–7.70 (m, 2H, Ar-H), 7.58 (dd, 1H, 3J 8 Hz, 4J 5 Hz,
Ar-H), 5.70 (m, 1H, CH), 3.76 (m, 1H, CH), 2.73 (m, 1H, CH2),
2.27 (m, 1H, CH2), 2.12 (m, 1H, CH2), 2.19 (d, 3H, 3J 7 Hz, CH3),
1.97 (m, 1H, CH2), 1.06 (d, 3H, 3J 7 Hz, CH3). Anal. Calcd for
C15H18Cl2N2Pd (403.64): C, 44.63; H, 4.49; N, 6.94. Found: C,
44.60; H, 4.53; N, 6.91%.

[Pd(g3-PhCHCHCHPh)(N-N*)]CF3SO3 (9–11). The follow-
ing procedure for the preparation of 11 is representative and the
[Pd-(g3-PhCHCHCHPh)(N-N*)]CF3SO3 complexes (N-N*) =
(Sa)-1 (9), (S,S)-3 (10), (S,S)-4 (11), were synthesized in a similar
manner. This complex was synthesized by reaction of [Pd(g3-

PhCHCHCHPh)(l-Cl)]2 (0.020 g, 0.030 mmol) with the ligand
(N-N*) (0.06 mmol) in CH2Cl2 (25 ml) at room temperature. After
1 h AgCF3SO3 (0.015 g, 0.06 mmol) was added and the mixture
was stirred for 10 min. The suspension was filtered through a pad
of Celite, the solvent evaporated in vacuo except for a few millilitres,
and the product precipitated with hexane. Recrystallized from
CH2Cl2–hexane in a 3 : 1 ratio, a yellow powder was obtained.

[Pd(g3-PhCHCHCHPh)((Sa)-1)]CF3SO3 (9). Yield: 75%
(38 mg, 0.045 mmol). 1H NMR (CDCl3) at 298 K: endo-syn-syn d
8.23 (d, 1H, 3J 8 Hz, Ar-H), 8.10 (d, 1H, 3J 8 Hz, Ar-H), 8.06–7.88
(m, 4H, Ar-H), 7.86 (t, 1H, 3J 8 Hz, Ar-H), 7.62 (t, 1H, 3J 8 Hz,
Ar-H), 7.48 (d, 1H, Hopy), 7.47–7.23 (m, 10H, Ar-H), 7.24 (m, 6H,
Ar-H), 7.05 (t, 1H, 3J 8 Hz, Ar-H), 6.80 (t, 1H, 3J 8 Hz, Ar-H),
6.48 (dd, 1H, 2J 12 Hz, CH2, 2), 4.95 (d, 1H, 2J 12 Hz, CH2, 3),
4.72 (d, 1H, 2J 15 Hz, CH2, 4a), 4.33 (d, 1H, 2J 12 Hz, CH2, 1),
4.08 (d, 1H, 2J 12 Hz, CH2, 5a), 3.70 (d, 1H, 2J 15 Hz, CH2, 4b),
3.35 (d, 1H, 2J 14 Hz, CH2, 6a), 2.89 (d, 1H, 2J 12 Hz, CH2, 5b),
2.35 (d, 1H, 2J 14 Hz, CH2, 6b); exo-anti-syn: d 8.26 (br, 1H, Ar-
H), 8.07 (br, 1H, Ar-H), 8.04–7.86 (m, 4H, Ar-H), 7.85 (br, 1H,
Ar-H), 7.59 (br, 1H, Ar-H), 7.53 (d, 1H, Hopy), 7.48–7.21 (m, 10H,
Ar-H), 7.20 (m, 6H, Ar-H), 7.02 (br, 1H, Ar-H), 6.80 (t, 1H, 3J
8 Hz, Ar-H), 6.35 (br, 1H, CH2, 2), 5.47 (br, 1H, CH2, 4a), 5.38
(br, 1H, CH2, 1), 4.84 (br, 1H, CH2, 3), 4.27 (br, 1H, CH2, 5a), 3.69
(br, 1H, CH2, 4b), 3.44 (br, 1H, CH2, 6a), 2.95 (br, 1H, CH2, 5b),
2.64 (br, 1H, CH2, 6b). Conductivity value of 89 lS in methanol
solution, using a 5 × 10−4–1 × 10−4 molar concentration. Anal.
Calcd for C44H35F3N2O3PdS (835.24): C, 63.27; H, 4.22; N, 3.35.
Found: C, 64.51; H, 3.98; N, 3.41%.

[Pd(g3-PhCHCHCHPh)((S,S-3)]CF3SO3 (10). Yield: 76%
(29.2 mg, 0.046 mmol). 1H NMR (CDCl3) at 223 K: exo-syn-
syn d 7.80–7.61 (m, 8H, Ar-H), 7.56 (d, 1H, Hopy), 7.51–7.37 (m,
6H, Ar-H), 6.52 (dd, 1H, 2J 12 Hz, CH2, 2), 4.88 (d, 1H, 2J 12 Hz,
CH2, 3), 4.84 (d, 1H, 2J 12 Hz, CH2, 1), 4.48 (d, 1H, 2J 15 Hz, CH2,
4a), 3.73 (d, 1H, 2J 15 Hz, CH2, 4b), 2.73 (m, 1H, CH, 5), 2.28 (m,
1H, CH, 6), 2.00 (m, 1H, CH2, 7a), 1.65 (m, 1H, CH2, 8a), 1.44
(d, 3H, 3J 7 Hz, CH3), 1.28 (m, 1H, CH2, 8b), 1.17 (m, 1H, CH2,
7b), 1.01 (d, 3H, 3J 7 Hz, CH3); endo-syn-syn: d 7.80–7.61 (m, 8H,
Ar-H), 7.16 (d, 1H, Hopy), 7.51–7.37 (m, 6H, Ar-H), 6.58 (dd, 1H,
2J 12 Hz, CH2, 2), 4.79 (d, 1H, 2J 12 Hz, CH2, 3), 4.65 (d, 1H, 2J
12 Hz, CH2, 1), 3.94 (d, 1H, 2J 15 Hz, CH2, 4a), 3.78 (d, 1H, 2J
15 Hz, CH2, 4b), 3.09 (m, 1H, CH, 6), 2.43 (m, 1H, CH, 5), 2.14
(m, 1H, CH2, 7a), 1.57 (d, 3H, 3J 7 Hz, CH3), 1.40 (m, 1H, CH2,
7b), 1.28 (m, 1H, CH2, 8a), 1.24 (m, 1H, CH2, 8b), 0.70 (d, 3H,
3J 7 Hz, CH3). Conductivity value of 83 lS in methanol solution,
using a 5 × 10−4–1 × 10−4 molar concentration. Anal. Calcd for
C28H31F3N2O3PdS (639.04): C, 52.63; H, 4.89; N, 4.38. Found: C,
53.68; H, 4.86; N, 4.42%.

[Pd(g3-PhCHCHCHPh)((S,S)-4)]CF3SO3 (11). Yield: 82%
(33.2 mg, 0.049 mmol). 1H NMR (CDCl3) at 298 K: endo-syn-syn d
8.35 (d, 1H, 3J 4 Hz, Ar-H), 8.33 (t, 1H, 3J 6 Hz, Ar-H), 7.92–7.45
(m, 9H, Ar-H), 7.79 (d, 1H, Hopy), 7.22–7.13 (m, 4H, Ar-H), 6.57
(dd, 1H, 2J 12 Hz, CH2, 2), 5.14 (d, 1H, 2J 12 Hz, CH2, 3), 5.10 (d,
1H, 2J 12 Hz, CH2, 1), 3.69 (m, 1H, CH, 5), 2.17 (m, 1H, CH, 6),
1.91 (m, 1H, CH2, 7a), 1.67 (d, 3H, 3J 7 Hz, CH3), 1.61 (m, 1H,
CH2, 8a), 1.38 (m, 1H, CH2, 8b), 0.70 (d, 3H, 3J 7 Hz, CH3), 0.49
(m, 1H, CH2, 7b); exo-syn-syn: d 8.92 (d, 1H, 3J 4 Hz, Ar-H), 8.35
(t, 1H, 3J 6 Hz, Ar-H), 7.92–7.45 (m, 9H, Ar-H), 7.48 (d, 1H, Hopy),
7.22–7.13 (m, 4H, Ar-H), 6.64 (dd, 1H, 2J 12 Hz, CH2, 2), 5.19 (d,
1H, 2J 12 Hz, CH2, 3), 5.08 (d, 1H, 2J 12 Hz, CH2, 1), 4.67 (m,
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1H, CH, 6), 3.55 (m, 1H, CH, 5), 2.10 (m, 1H, CH2, 7a), 1.52 (m,
1H, CH2, 7b), 1.36 (m, 1H, CH2, 8a), 1.15 (d, 3H, 3J 7 Hz, CH3),
1.05 (m, 1 H, CH2, 8b), 0.98 (d, 3 H, 3J 7 Hz, CH3). Conductivity
value of 80 lS in methanol solution, using a 5 × 10−4–1 × 10−4

molar concentration. Anal. Calcd for C31H31F3N2O3PdS (675.07):
C, 55.15; H, 4.63; N, 4.15. Found: C, 55.20; H, 4.64; N, 4.18%.

[Pd(g3-CH2CHCH2)((Sa)-2)]CF3SO3 (12). This complex was
synthesized by reaction of [Pd(g3-C3H5)(l-Cl)]2 (0.010 g,
0.027 mmol) with the ligand (Sa)-2 (0.023 g, 0.065 mmol) in
CH2Cl2 (5 ml) at room temperature. After 1 h AgCF3SO3 (0.014 g,
0.055 mmol) was added and was stirred for 10 min. The suspension
was filtered through a pad of Celite, the solvent evaporated in
vacuo except for a few millilitres, and the product precipitated
with hexane. Recrystallized from CH2Cl2–hexane in a 3 : 1 ratio, a
light pink powder was obtained. Yield: 70% (13.7 mg, 0.019 mol).
1H NMR (CDCl3): d 9.28 (d, 1 H, 3J 5 Hz, Ar-H), 8.51 (d, 1H,
3J 8 Hz, Ar-H), 8.17 (t, 2H, 3J 9 Hz, Ar-H), 8.07 (d, 2H, 3J 8 Hz,
Ar-H), 8.01 (d, 1H, 3J 8 Hz, Ar-H), 7.95 (d, 1H, 3J 8 Hz, Ar-H),
7.82 (dd, 1H, 3J 8 Hz, Ar-H), 7.59 (m, 5H, Ar-H), 7.37 (m, 4H,
Ar-H), 5.83 (b, 1H, CH2), 5.05 (d, 1H, CH), 5.00 (b, 2H, CH2),
4.86 (b, 2H, CH2), 4.46 (b, 1H, CH2), 4.30 (d, 1H, CH2), 3.37
(d, 1H, CH2). Conductivity value of 82 lS in methanol solution,
using a 5 × 10−4–1 × 10−4 molar concentration. Anal. Calcd for
C35H27F3N2O3PdS (719.08): C, 58.46; H, 3.78; N, 3.90. Found: C,
58.50; H, 3.75; N, 3.91%.

Palladium-catalyzed allylic alkylation

General procedure. In a 30 ml Schlenk tube equipped with
magnetic stirring bar, under argon, [Pd(g3-C3H5)(l-Cl)]2 (2.34 mg,
0.0064 mmol) was treated with the N-N* ligand (0.0128 mmol)
in CH2Cl2 (0.7 ml). The solution was degassed (three freeze–thaw
cycles) and stirred for 0.5 h. After this period, to the solution was
sequentially added the 1,3-diphenyl-1-acetoxypropene (323 mg,
1.28 mmol), dimethylmalonate (338.2 mg, 2.56 mmol), N,O-
bis(trimethylsilyl)acetamide (520.8 mg, 2.56 mmol), and KOAc
(6 mg, 0.06 mmol) and then degassed (three freeze–thaw cycles).
The reaction was monitored by TLC (eluent: hexane–AcOEt
3 : 1) and, at the end, the mixture was diluted with Et2O and
extracted with two portions of ice-cold saturated aqueous NH4Cl
solution. The solution was dried (MgSO4) and evaporated in vacuo;
the residue was purified by column chromatography (silica gel,
4 × 30 cm, hexane–AcOEt 3 : 1) to afford the product as a
colourless oil. The optical purity was determinated by NMR using
paramagnetic shift reagent [Eu(hfc)3]. Assignment of the absolute
configuration was made by the sign of the optical rotation.
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