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ARTICLE INFO ABSTRACT

Keywords: Novel phosphine-aminoalcohol type chiral ligands of the chemical formula Ph,PCH(CH3)CH>CH(CH3)NHCH(R)
Chiral P,N,OH ligand CH,0H (1a: (R,R)-(S), R = CHs, 1b: (S,5)-(S), R = CHs, 1c: (S,S), R = H) have been synthesized in two simple
Palladium

steps using cyclic sulfates. The coordination behavior of 1a-c having stereochemically labile nitrogen donor to
square planar Pd(II) center was investigated by X-ray crystallography, 1D and 2D NMR methods and by DFT
calculations. In the solid state of complex [Pd(1a)Cly] an intramolecular hydrogen bond could be observed
between the OH-moiety and one of the Cl co-ligands, while intermolecular hydrogen bonds were detected in the
case of [Pd(1b)Cly] between the same functionalities. In the dichloromethane solution of the complexes the
hydrogen bond was identified as a crucial factor in determining ring conformation and nitrogen configuration.
Ligand 1a coordinated stereoselectively to the metal in [Pd(1a)Cl;] leading to a complex having a single con-
formationally rigid six-membered chelate and a configurationally fixed N-donor. In contrast, coordination of
ligands 1b-c resulted in the formation of a mixture of isomers with different chelate conformation and nitrogen
configuration. The ligands were utilized in Pd-catalyzed asymmetric allylic alkylation where high enantiose-
lectivities (ees up to 96 %) and activities could be obtained.

Allylic alkylation
Hydrogen bond

1. Introduction

A challenging direction of research in asymmetric catalysis is the
design of new transition metal species that are composed of metal-
-ligand assemblies with meta-stable stereochemistry, i.e. the ligand
structure is maintained in a specific spatial arrangement solely due to
metal coordination. [1,2] In this respect, chiral ligands with non-
persistent donoratom chirality (eg. ligands with non-symmetrically
substituted sp3 N- [3,4] or S-donors [5,6] represent a valuable class of
compounds. In these cases, the stereoselective coordination of the cor-
responding donoratom ensures the efficient transfer of chirality from the
catalyst to the substrate owing to the fact that the stereogenic center is
directly connected to the metal. [7-17] Furthermore, by using this
strategy, the rather tedious and complicated synthesis of optically pure
ligands with configurationally stable donoratom(s) (eg. P-chiral com-
pounds [18,19] can be avoided. It is, however, important to note that
successful control over the stereoselectivity of the complexation requires
the thorough understanding of the factors influencing the coordination
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and demands a modular synthetic approach that ensures the possibility
of the careful structural fine tuning of the ligands. [20,11]

In addition to the stereoselective coordination, secondary in-
teractions in the catalytically active species may further enhance the
effectiveness of the chiral induction by influencing the conformation of
the catalyst or by directing the attack/orientation of the reactants. [21]
In a number of instances, a properly positioned hydroxyl function has
been interpreted to have a dominating role in obtaining increased ac-
tivity and/or enantioselectivity. An early example of such effects was
observed by Knowles et al. when the substitution of the ortho methoxy-
substituents of (R,R)-DIPAMP ((R,R-1,2-ethanediylbis[(2-methox-
yphenyD)-phenylphosphine]) by hydroxyl-groups led to highly efficient
Rh-catalyst. [22] Later, Borner reported on the unique effects of internal
hydroxyl functions in chiral rhodium(I)-diphosphine catalysts on the
asymmetric hydrogenation of functionalized olefins. These effects were
attributed to the fact that the OH-group can coordinate to the metal
exhibiting hemilabile behavior or to its ability to establish hydrogen
bonding within the framework of the ligand or between the ligand and
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Fig. 1. Hydroxyl-containing chiral ligands used in Pd-catalyzed allylic alkylation reactions.

the substrate. [23]

Besides Rh-catalyzed asymmetric hydrogenation, Pd-catalyzed
asymmetric allylic alkylation provides a convenient way to study the
role of inter- and intramolecular hydrogen bonds in determining cata-
lytic activity and selectivity. Furthermore, the presence of H-bond in-
teractions, in many cases, has a beneficial effect in the catalytic process.
Hayashi et al. developed a series of ferrocene based chiral diphosphines
containing a pendant hydroxyalkyl sidearm (Fig. 1). [24] The ligands
provided excellent enantioselectivities in palladium-catalyzed asym-
metric allylic amination reactions that was partly ascribed to the se-
lective nucleophilic attack of amine at one of the stereogenic allylic
carbon atoms which was directed by the hydroxy group of the pendant
side arm.

Moberg and coworkers found that in the Pd(0)-complexes of 2-(1-
hydroxyalkyl)pyridinooxazoline, [25-26] hydroxyalkyl substituted bis
(oxazoline) [27] or phosphino-4-(1-hydroxyalkyl)oxazoline [28] li-
gands (Fig. 1) a hydrogen bond between the metal and the hydroxyalkyl
side group strongly influences the conformational preferences of the
complex. This phenomenon was found to be a crucial factor in deter-
mining both the activity and the enantioselectivity in asymmetric allylic
alkylation reactions.

Zhang et al. could achieve high enantioselectivities in asymmetric
allylic alkylation by using OH-containing ferrocene-based oxazoline-
pyridine type chiral ligands (Fig. 1). [29] The remarkable catalytic
performance was attributed to an intramolecular hydrogen bond be-
tween the OH functionality and oxazoline moiety of the chiral ligand
that affected the conformation of the catalyst.

Recently, we have found that pentane-2,4-diyl based chiral P,N-
ligands [30] with stereogenic N-donor are capable of stereoselectively
coordinate to Pd(II)-center resulting in the formation of Pd-catalysts
with a conformationally rigid chelate having a configurationally fixed
nitrogen and electronically different coordination sites due to presence
of P and N donors (Fig. 1). [11] Inspired by our findings and the above
literature results we decided to synthesize chiral alkane-diyl based P,N-
ligands having N-(hydroxyalkyl) substituent in order to investigate their
coordination chemistry and catalytic features in allylic alkylation re-
actions. Our primary aim was to exploit their advantageous features
provided by (i) the high modularity of the synthetic procedure available
for their preparation, (ii) the stereoselective coordination of the sp3 N-
atom, (iii) the stereoelectronic differentiation enabled by the P- and N-
donors and (iv) the possibility of the formation of intramolecular
hydrogen bonds, beneficial for the catalytic process.

2. Experimental
2.1. General experimental details

All manipulations were carried out under argon using Schlenk
techniques. Solvents were purified, dried and deoxygenated by standard
methods. All other starting materials were purchased from Sigma
Aldrich and used without further purification. 31P{lH}—, BclH}- and
'H NMR measurements were carried out on a Bruker Avance 400
spectrometer (NMR Laboratory, University of Pannonia) operating at
161.98,100.61 and 400.13 MHz respectively. The 'H NMR and '3C NMR
signals were assigned from their related "H-'H COSY and '*C-'H HSQC
spectra, respectively (NMR Laboratory, University of Pannonia). X-ray
data for compound 2a and 2b were recorded on a Bruker D8 Venture
diffractometer. EI and ESI mass spectra were recorded on a Shimadzu
GCMS QP2010 SE or on a Shimadzu LCMS-2020 spectrometer (Research
Group of Analytical Chemistry, University of Pannonia), respectively.
HPLC analysis was performed using a Hewlett Packard Series 1050 in-
strument. The details of X-ray characterization and DFT calculations are
presented in the Supplementary Information.

2.2. Synthesis and characterization of the ligands

2.2.1. (2R,4R)-4-(Diphenylphosphino)-N-((S)-1-hydroxypropan-2-yl)
pentan-2-amine (1a)

The (S)-2-amino-1-propanol (455 pL, 5.84 mmol) was added to the
solution of (4S,6S)-4,6-dimethyl-1,3,2-dioxathiane 2,2-dioxide (970
mg, 5.84 mmol) in THF (3 mL) and the mixture was stirred for 48 h at
room temperature. Next, ether (20 mL) was added to the mixture. The
suspension formed was stirred for 30 min and filtered. The solid was
washed two times with ether, the residual solvent was evaporated by
vacuum to give (2S,4R)-4-(((S)-1-hydroxypropan-2-yl)ammonio)pen-
tan-2-yl sulfate as a white powder. Yield: 62 %. H NMR (400 MHz,
DMSO-dg): 6 = 8.08 (broad s, 1H), 5.33 (broad s, 1H), 4.32 — 4.21 (m,
1H), 3.58 (dd, J = 11.6, 4.0 Hz, 1H), 3.52 - 3.42 (m, 3H), 1.85-1.77 (m,
1H), 1.53 (ddd, J = 14.1, 8.7, 2.2 Hz, 1H), 1.26 (d, J = 6.5 Hz, 3H, CH3),
1.20 (d, J = 6.2 Hz, 3H, CHs), 1.16 (d, J = 6.6 Hz, 3H, CHs) ppm. 13C
NMR (101 MHz, DMSO-dg): 6 = 69.86 (s), 61.37 (s), 51.74 (s), 48.96 (s),
40.01 (s), 21.96 (s), 16.73 (s), 14.03 (s) ppm. LiPPh51,4-dioxane adduct
(4.9 g, 17.61 mmol) was dissolved in THF (35 mL) under argon and the
solution was cooled to 0 °C. (2S,4R)-4-(((S)-1-hydroxypropan-2-yl)
ammonio)pentan-2-yl sulfate (850 mg, 3.52 mmol) was added to the red
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solution in small portions. The reaction mixture was stirred at room
temperature for 48 h. The color of the reaction mixture remained red.
After evaporation of the solvent, deoxygenated water (60 mL) and ether
(40 mL) were added to the residue and the mixture was stirred until the
two phases became clear solutions. The pH of the mixture was then
adjusted to 1 with 10 % deoxygenated HCI solution. The two phases
were separated and the water phase was washed three times with 40 mL
portions of ether. The pH was adjusted to about 9-10 with dropwise
addition of a dilute solution of Na;CO3. The product was extracted four
times with 40 mL portions of ether. After drying with MgSO4 the solvent
was evaporated. The crude product mixture was purified by column
chromatography (silica gel, eluent: CHCl3/MeOH 8/1) to give (2R,4R)-
4-(diphenylphosphino)-N-((S)-1-hydroxypropan-2-yl)pentan-2-amine
(1a) as a transparent oil. Yield: 82 %. H NMR (400 MHz, CDCl3): § =
7.57 —7.47 (m, 4H, aromatic), 7.41 — 7.30 (m, 6H, aromatic), 3.56 (dd, J
= 10.7, 3.9 Hz, 1H, diast. CHH), 3.24 (dd, J = 10.7, 6.4 Hz, 1H, diast.
CHH), 3.02 - 2.91 (m, 1H, CH), 2.85 (pd, J = 6.5, 4.0 Hz, 1H, CH), 2.53
(very broad s, 1H, OH), 2.51 - 2.38 (m, 1H, CH), 1.60 — 1.49 (m, 1H,
diast. CHH), 1.43 — 1.31 (m, 1H, diast. CHH), 1.09 (d, J = 6.3 Hz, 3H,
CHs), 1.06 (dd, J = 14.7, 6.8 Hz, 3H, CH3), 1.06 (d, J = 6.5 Hz, 3H, CH3)
ppm. 13C NMR (101 MHz, CDCl3): 5 = 137.00 (d, J = 4.3 Hz, aromatic),
136.86 (d, J = 5.6 Hz, aromatic), 133.75 (d, J = 19.4 Hz, aromatic),
133.52 (d, J = 18.8 Hz, aromatic), 128.79 (s, aromatic), 128.72 (s, ar-
omatic), 128.37 (d, J = 7.0 Hz, aromatic), 128.28 (d, J = 7.2 Hz, aro-
matic), 65.30 (s), 51.62 (s), 48.51 (d, J = 11.9 Hz), 40.72 (d, J = 16.2
Hz), 27.36 (d, J = 10.0 Hz), 20.88 (s), 17.92 (s), 16.42 (d, J = 15.5 Hz)
ppm. 3P NMR (162 MHz, CDCls): & = -1.32 (s) ppm. MS (EI) m/z
calculated for CooHogNOP [M™] 329.19, found: 329.

2.2.2. (2S,4S)-4-(Diphenylphosphino)-N-((S)-1-hydroxypropan-2-yl)
pentan-2-amine (1b)

Compound 1b was synthesized according to the procedure described
for 1la. The corresponding intermediate (2R,4S)-4-(((S)-1-hydrox-
ypropan-2-yl)Jammonio)pentan-2-yl sulfate was prepared as a white
powder. Yield: 63 %. 1H NMR (400 MHz, DMSO-dg): 6 = 8.05 (broad s,
1H), 5.34 (broad s, 1H), 4.34 — 4.24 (m, 1H), 3.61 — 3.55 (m, 1H), 3.51 -
3.42 (m, 1H), 1.91 - 1.82 (m, 1H), 1.59 (dd, J = 12.6, 8.4 Hz, 1H), 1.23
(d, J = 6.0 Hz, 3H, CH3), 1.20 (d, J = 5.9 Hz, 3H, CH3), 1.15(d, J = 6.0
Hz, 3H, CH3) ppm. *C{'H} NMR (101 MHz, DMSO-dg): 6 = 70.27 (s),
61.58 (s), 51.90 (s), 48.97 (s), 40.34 (s), 22.06 (s), 15.96 (s), 13.10 (s)
ppm. The title compound (2S,4S)-4-(diphenylphosphino)-N-((S)-1-
hydroxypropan-2-yl)pentan-2-amine (1b) is a transparent oil. Yield: 78
%. 'H NMR (400 MHz, CDCl3): 6 = 7.60 — 7.46 (m, 4H, aromatic), 7.42 —
7.29 (m, 6H, aromatic), 3.54 (dd, J = 10.7, 4.1 Hz, 1H, diast. CHH), 3.23
(dd, J = 10.7, 7.2 Hz, 1H, diast. CHH), 3.04 — 2.93 (m, 1H, CH), 2.93 —
2.82 (m, 1H, CH), 2.75 (very broad s, 1H, OH), 2.51 — 2.38 (m, 1H, CH),
1.59 -1.36 (m, 2H, CH), 1.07 (dd, J = 14.8, 6.8 Hz, 3H, CH3), 1.06 (d, J
= 6.2 Hz, 3H, CH3), 1.04 (d, J = 6.5 Hz, 3H, CH3) ppm. '3C NMR (101
MHz, CDCl3): 6 = 136.97 (d, J = 10.6 Hz, aromatic), 136.83 (d, J=11.5
Hz, aromatic), 133.85 (d, J = 19.4 Hz, aromatic), 133.63 (d, J = 19.0 Hz,
aromatic), 128.92 (s, aromatic), 128.89 (s, aromatic), 128.51 (d, J = 7.0
Hz, aromatic), 128.41 (d, J = 7.2 Hz, aromatic), 65.66 (s), 51.86 (s),
48.45 (d, J = 12.4 Hz), 41.26 (d, J = 17.3 Hz), 27.30 (d, J = 10.2 Hz),
19.86 (s), 17.31 (s), 16.46 (d, J = 15.3 Hz) ppm. >'P NMR (162 MHz,
CDCl3): 8 = -0.41 (s) ppm. MS (EI) m/z calculated for CooHagNOP [M™]
329.19, found: 329.

2.2.3. (2S,4S)-4-(Diphenylphosphino)-N-(2-hydroxyethyDpentan-2-amine
(10

Compound 1c was synthesized according to the procedure described
for 1a. The corresponding intermediate (2R,4S)-4-((2-hydroxyethyl)
ammonio)pentan-2-yl sulfate was prepared as a white powder. Yield: 74
%. 'H NMR (400 MHz, DMSO-dg): § = 5.20 (broad s, 1H), 4.33 — 4.24
(m, 1H), 3.63 (t, J = 5.3 Hz, 2H), 3.42 - 3.32 (m, 1H), 3.03 — 2.88 (m,
2H), 1.88 -1.78 (m, 1H), 1.55 (ddd, J = 14.2, 8.1, 2.2 Hz, 1H), 1.23 (d, J
= 6.5 Hz, 3H, CHs), 1.20 (d, J = 6.2 Hz, 3H, CHs) ppm. '3C{'H} NMR
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(101 MHz, DMSO-dg): 6 = 70.34 (s), 56.77 (s), 51.62 (s), 45.53 (s), 39.73
(s), 22.02 (s), 16.02 (s) ppm. The title compound (2S,4S)-4-(diphenyl-
phosphino)-N-(2-hydroxyethyl)pentan-2-amine (1c) is a transparent oil.
Yield: 67 %. 'H NMR (400 MHz, CDCl3): 6§ = 7.53 — 7.43 (m, 4H, aro-
matic), 7.35 - 7.25 (m, 6H, aromatic), 3.61 — 3.53 (m, 2H, CHy), 2.86 —
2.79 (m, 1H, CH), 2.77 — 2.70 (m, 1H, diast. CHH), 2.70 — 2.62 (m, 1H,
diast. CHH), 2.57 (broad s, 1H, OH), 2.47 — 2.35 (m, 1H, CH), 1.57 - 1.45
(m, 1H, diast. CHH), 1.43 - 1.32 (m, 1H, diast. CHH), 1.03 (d, J = 6.3 Hz,
3H, CHs), 1.02 (dd, J = 14.8, 6.9 Hz, 3H, CH3) ppm. '*C NMR (101 MHz,
CDCl3): 6 =136.98 (d, J = 2.8 Hz, 1C, aromatic), 136.84 (d, J = 3.9 Hz,
1C, aromatic), 133.73 (d, J = 19.3 Hz, 2C, aromatic), 133.54 (d, J =
19.0 Hz, 2C, aromatic), 128.77 (s, 2C, aromatic), 128.39 (d, J = 7.0 Hz,
2C, aromatic), 128.29 (d, J = 7.1 Hz, 2C, aromatic), 60.86 (s, 1C), 50.95
(d,J=11.9Hz, 1C), 48.18 (s, 1C), 40.46 (d, J = 16.8 Hz, 1C), 27.24 (d, J
=10.0 Hz, 1C), 19.72 (s, 1C), 16.42 (d, J = 15.6 Hz, 1C) ppm. 3'P NMR
(162 MHz, CDCl3): & = -0.67 (s) ppm. MS (EI) m/z calculated for
C1oHgNOP [M*] 315.18, found: 315.

2.3. Synthesis and characterization of Pd-complexes

2.3.1. [Pd(1a)Cl;] (2a)

Ligand 1a (57.7 mg, 0.175 mmol) dissolved in CH,Cly (5 mL) was
added dropwise to a solution of [Pd(COD)Cl,] (50 mg, 0.175 mmol) in
CHyCly (5 mL). (COD: ZZ-cycloocta-1,5-diene.) The resulting yellow
solution was stirred for 3 h, filtered through a short pad of Celite and
concentrated to ca. 2 mL. The solution was then treated with ether (10
mlL) to precipitate a yellow powder that was filtered and washed with
ether (3 x 5 mL) to give 2a. Yield: 89 %. 'H NMR (400 MHz, CD,Cl,): &
= 8.14 - 8.07 (m, 2H, aromatic), 7.71 — 7.64 (m, 1H, aromatic), 7.64 —
7.57 (m, 2H, aromatic), 7.52 — 7.46 (m, 1H, aromatic), 7.43 — 7.34 (m,
4H, aromatic), 4.83 (d, J = 13.0 Hz, 1H, diast. CHHO), 4.30 (d, J = 12.4
Hz, 1H, NH), 3.80 (broad s, 1H, OH), 3.23 — 3.11 (m, 2H, CHN and diast.
CHHO), 2.75 - 2.62 (m, 1H, CHP), 2.42 - 2.32 (m, 1H, CHCH0), 2.20
(dddd, J =15.9, 13.1, 8.1, 2.8 Hz, 1H, diast. CHH), 2.00 (ddtd, J = 35.1,
15.8, 3.4, 3.4, 1.0 Hz, 1H, diast. CHH), 1.87 (d, J = 6.5 Hz, 3H,
CH3CHN), 1.21 (dd, J =12.7, 7.2 Hz, 3H, CH3CHP), 1.11 (d, J = 6.5 Hz,
3H, CH3) ppm. 3C NMR (101 MHz, CD,Cly): § = 134.35 (d, J = 9.6 Hz,
2C, aromatic), 133.01 (d, J = 9.7 Hz, 2C, aromatic), 132.62 (d, J = 2.8
Hz, 1C, aromatic), 131.17 (d, J = 3.1 Hz, 1C, aromatic), 129.73 (d, J =
10.6 Hz, 2C, aromatic), 128.32 (d, J = 64.0 Hz, 1C, aromatic), 128.29 (d,
J=11.9 Hz, 2C, aromatic), 124.81 (d, J = 47.0 Hz, 1C, aromatic), 65.42
(s, 1C, CH50), 56.85 (s, 1C, CHCH,0), 48.75 (d, J = 3.7 Hz, 1C, CHN),
33.26 (s, 1C, CHy), 24.73 (d, J = 27.5 Hz, 1C, CHP), 20.43 (s, 1C,
CH3CHN), 16.52 (d, J = 8.5 Hz, 1C, CH3CHP), 15.17 (s, 1C, CH3) ppm.
31p NMR (162 MHz, CD,Cly): 6 = 23.85 (s) ppm. MS (ESI) m/z calculated
for CogHogCINOPPd [MT—Cl] 472.06, found: 472.

2.3.2. [Pd(1b)Cl2] (2b)

The complex was synthesized according to the procedure described
for compound [Pd(1a)Cl;]. Yield: 85 %. Isomer I: 'H NMR (400 MHz,
CDyCly): 6 = 8.12 — 7.42 (m, 10H, aromatic overlapped with the cor-
responding signals of isomer II), 7.19 (d, J = 7.3 Hz, 1H, NH), 4.28 (t, J
= 10.7 Hz, 1H, diast. CHHO), 3.56 — 3.50 (m, 1H, diast. CHHO), 3.40 —
3.24 (m, 1H, CHCHO, overlapped with the next signal), 3.40 — 3.24 (m,
1H, CHN, overlapped with the previous signal), 2.49 - 2.37 (m, 1H,
diast. CHH), 2.36 — 2.26 (m, 1H, CHP), 2.06 — 1.90 (m, 1H, diast. CHH,
partially overlapped with the corresponding signal of isomer II), 1.28 (d,
J = 6.3 Hz, 3H, CH3CHN), 1.22 (d, J = 6.3 Hz, 3H, CH3), 0.98 (dd, J =
13.7, 6.7 Hz, 3H, CH3CHP) ppm. '3C NMR (101 MHz, CD5Cl,): § =
135.73 -125.58 (12C, aromatic, together with the corresponding signals
of isomer II), 69.57 (s, 1C, CH30), 59.72 (s, 1C, CHCH0), 48.76 (s, 1C,
CHN), 40.62 (d, J = 6.2 Hz, 1C, CHy), 21.42 (d, J = 30.1 Hz, 1C, CHP),
17.46 (s, 1C, CH3CHN), 16.93 (d, J = 6.3 Hz, 1C, CH3CHP), 11.99 (s, 1C,
CHj3) ppm. 31p NMR (162 MHz, CD5Cly): 6 = 29.23 (br s) ppm. Isomer II:
1H NMR (400 MHz, CD5Cl5): 6 = 8.12 — 7.42 (m, 10H, aromatic over-
lapped with the corresponding signals of isomer I), 5.73 (s, 1H, NH),
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Fig. 2. Two-step synthesis of chiral ligands 1a-c.
4.00 (d, J = 12.2 Hz, 1H, diast. CHHO), 3.36 (d, J = 11.2 Hz, 1H, diast. . .
CHHO, partially overlapped with the signals of isomer I), 3.23 - 3.15 (m, CH,Cl,
1H, CHN), 2.91 - 2.74 (m, 1H, CHCH0), 2.75 - 2.62 (m, 1H, CHP), 2.23 1a-c + [Pd(COD)CI,] PhyP_ NH.,
- 2.09 (m, 1H, diast. CHH, partially overlapped with the next signal), 3h,RT ,Pd\ E/\OH
2.16 — 1.98 (m, 1H, diast. CHH, partially overlapped with the previous cl cl R

signal), 1.60 (d, J = 6.4 Hz, 3H, CH3CHN), 1.42 (d, J = 6.7 Hz, 3H, CHj),
1.08 (dd, J = 14.0, 7.2 Hz, 3H, CH3CHP) ppm. °C NMR (101 MHz,
CD,Cly): § = 135.73 - 125.58 (12C, aromatic, together with the corre-
sponding signals of isomer I), 64.61 (s, 1C, CH20), 56.55 (s, 1C,
CHCH,0), 49.52 (d, J = 3.2 Hz, 1C, CHN), 36.65 (s, 1C, CH»), 24.77 (d,
J=29.1 Hz, 1C, CHP), 20.73 (s, 1C, CH3CHN), 18.89 (s, 1C, CH3), 16.61
(d, J = 5.6 Hz, CH3CHP) ppm. 3'P NMR (162 MHz, CD5Cly): § = 26.66 (s)
ppm. MS (ESI) m/z calculated for CooHogCINOPPd [M'T—Cl] 472.06,
found: 472.

2.3.3. [Pd(1c)Cly] (2¢c)

The complex was synthesized according to the procedure described
for compound [Pd(1a)Cly]. Yield: 78 %. Major isomer: H NMR (400
MHz, CD,Cl,): § = 8.23 — 8.09 (m, 2H, aromatic), 7.73 — 7.65 (m, 1H,
aromatic), 7.66 — 7.58 (m, 2H, aromatic), 7.54 — 7.46 (m, 1H, aromatic),
7.45 — 7.36 (m, 4H, aromatic), 4.75 (s, 1H, NH), 4.40 (s, 1H, diast.
CHHO), 3.84 (s, 1H, OH), 3.54 — 3.37 (m, 1H, diast. CHH), 3.08 — 2.89
(m, 1H, CHN), 2.82 — 2.62 (m, 1H, CHP), 2.48 — 2.36 (m, 2H, CH,CH,0),
2.30 — 2.18 (m, 1H, diast. CHH), 2.09 — 1.90 (m, 1H, diast. CHH), 1.79
(d, J = 6.6 Hz, 3H, CH3CHN), 1.21 (dd, J = 12.8, 7.2 Hz, 3H, CH3CHP)
ppm. 3C NMR (101 MHz, CD,Cly): 6 = 135.38 (d, J = 9.8 Hz, 2C, ar-
omatic), 133.40 (d, J = 9.6 Hz, 2C, aromatic), 133.22 (d, J = 2.6 Hz, 1C,
aromatic), 131.65 (d, J = 3.0 Hz, 1C, aromatic), 130.16 (d, J = 10.7 Hz,
2C, aromatic), 128.81 (d, J = 12.0 Hz, 2C, aromatic), 128.68 (d, J =
62.5 Hz, 1C, aromatic), 124.93 (d, J = 47.3 Hz, 1C, aromatic), 59.53 (s,
1C, CH,0), 56.43 (s, 1C, CH,CH,0), 55.28 (d, 1C, J = 3.6 Hz, CHN),
34.38 (s, 1C, CHy), 24.65 (d, J = 27.6 Hz, 1C, CHP), 20.51 (s, CH3CHN),
17.23 (d, J = 8.3 Hz, 1C, CH3CHP) ppm. 3!P NMR (162 MHz, CD5Cl,): &
= 25.00 (s) ppm. Minor isomer: >'P NMR (162 MHz, CDyCl,): 6 = 28.47
(s) ppm. MS (ESI) m/z calculated for C;oH26CINOPPd [M " —Cl] 456.05,
found: 456.

2.4. Catalytic experiments

A degassed solution of [Pd(nS-CgHs)Cl]Z (2.28 mg, 0.00625 mmol)
and chiral ligand (0.0125 mmol) in CH,Cl; (10 mL) was stirred for 15
min, then the substrate (315 mg, 1.25 mmol) was added and the solution
was stirred for a further 15 min. Subsequently, dimethyl malonate (0.43
mlL, 3.75 mmol), potassium acetate (7 mg) and N,O-bis(trimethylsilyl)-
acetamide (BSA, 0.91 mL, 3.75 mmol) were added and the reaction
mixture was stirred at room temperature. After being stirred, it was
diluted with ether (10 mL) and a saturated aqueous solution of NH4Cl
was added. The mixture was extracted with ether (3 x 10 mL) and the
extract dried over MgSO4. The solution was then passed through a short
pad of silica and was eluted with ether. The solvent was then evaporated
and the residue dissolved in a mixture of n-hexane/2-propanol. The
enantioselectivity and the conversion were determined by chiral HPLC.
HPLC separation conditions for (E)-dimethyl-2-(1,3-diphenylallyl)

2a (R,R)-(S),
2b (S,S)-(S),
2¢ (S,S), R

= Me
= Me

Fig. 3. Synthesis of Pd(II)-complexes of ligands 1a-c.

malonate: column: Kromasil 3-AmyCoat, eluent: n-hexane/2-propanol
85/15, A = 254 nm, flow rate: 0.5 mL/min, tg (R) = 10.8 min, tg (S) =
14.4 min.

3. Results and discussion
3.1. Synthesis of the novel ligands and their Pd(I)-complexes

The novel chiral P,N,0H ligands 1a-c were synthesized in two simple
steps (Fig. 2). First, the nucleophilic ring opening of the cyclic sulfate of
optically pure pentane-2,4-diol by the corresponding aminoalcohol
resulted in the formation of the sulfated amine in a zwitterionic form. In
the next step, the addition of excess LiPPhy in THF provided the desired
ligands in good yields after column chromatography. It is important to
mention that both steps occur with complete inversion at the stereogenic
centers, thus ligands 1a-c exhibit one single line in their SIp{IH} NMR
spectra. Additionally, the synthetic methodology is highly modular due

Fig. 4. ORTEP and schematic view of 2a (top) and 2b (bottom). (Hydrogen
atoms are omitted for clarity, thermal ellipsoids are depicted at 30% proba-
bility level.)
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Fig. 5. Calculated conformational/configurational minima of 2a.

to the structural versatility of the commercially available aminoalcohols
and offers a convenient way of chiral ligand synthesis without tedious
workup procedures.

In order to study the Pd(II) coordination chemistry of the ligands,
complexes of the chemical composition [Pd(L)Cl;] (2a-c) have been
prepared in the reaction of 1a-c and the suitably labile metal precursor,
[PA(COD)Cl,] (Fig. 3) using dichloromethane as solvent.

3.2. Characterization of chiral Pd(II)-complexes

The Pd(II)-complexes of ligands la-c have been characterized in
CD,Clj solution by 1D and 2D NMR spectroscopy, and 2a and 2b in the
solid phase by X-ray crystallography. In order to gain a deeper insight
into the thermodynamic stability of the possible stereoisomers DFT
structure optimization was also performed using the CAM-B3LYP func-
tional combination with the SDD basis set and pseudopotential for Pd as
well as the 6-31G* basis set for the rest of the atoms. Solvent effects of
dichloromethane were taken into account using the CPCM implicit sol-
vation model.

Single crystals of complexes 2a and 2b suitable for X-ray structure
analysis were grown by the slow evaporation of the solvent from their
solution in CH2Cly. The solid phase structure of complex 2a (Fig. 4)
contains a six-membered chelate with a square planar Pd subunit having
interatomic distances of 2.106(6) (Pd-N), 2.237(2) (Pd-P), 2.380(2) (Pd-
Cl trans to P) and 2.296(2) A (Pd-Cl trans to N) (for further geometric
data see Table S2 in the SI). The six-membered chelate ring is stabilized
in a chair conformation with equatorially and axially positioned ring
substituents moving from the phosphorus towards the nitrogen along
the ligand backbone. The nitrogen substituent is disposed in an axial
position so that its CH proton points toward the center of the chelate
ring. Thus, the nitrogen adopts (R) absolute configuration and the OH
group of the N-side chain is directed towards the Cl-ligand cis to the N.
The distance between the O and Cl atoms is 3.085(8) /1’\, and is within the
sum of the van der Waals radius of the two atoms (3.27 10\). The close
proximity of the two atoms strongly suggest the presence of an intra-
molecular OH...ClI type hydrogen bond.

The X-ray structure analysis of 2b revealed that the complex is sta-
bilized in the same six-membered chelate conformation, i.e. the methyl
substituents of the backbone are in equatorial and axial positions,
moving from the P to the N, respectively (Fig. 4). Furthermore, the N-
substituent again occupies an axial position with its methine hydrogen
pointing towards the center of the ring. As the two backbone chirality
centers have opposite configurations compared to those of 2a, but that
of the N-substituent is the same (S), the coordinated nitrogen has (S)-
configuration and the OH moiety is oriented away from the Cl ligand in
this case resulting in an intramolecular O-Cl distance of 4.25 A far away
from a possible hydrogen bond. This spatial arrangement prevents the
formation of an OH...Cl type intramolecular hydrogen bond, but
certainly increases the possibility of intermolecular H-bonding. Indeed,
in the unit cell of 2b intermolecular OH...Cl interactions can be
observed between the OH group of one molecule and a Cl ligand of a

symmetry related complex trans to its nitrogen (Figure S3). The struc-
tures are also stabilized by weak C—H...Cl hydrogen bonds. These in-
teractions link the molecules to line up into endless chains with
intermolecular Pd-Pd distances of 7.1941(7) A A comparison of the
OH...Cl type H-bond geometry in 2a and 2b suggests the intramolecular
interaction in 2a to be considerably stronger than the intermolecular
bond in 2b. This is most obvious from the much shorter intramolecular
0O-Cl distance in 2a (3.085(8) /0\) compared to the intermolecular dis-
tance (3.513(10) A) between the corresponding O an Cl atoms in 2b. A
similar conclusion can be drawn from the O—H...Cl bond angle that is
closer to linearity in 2a (167°) than in 2b (154°) (Table S3 and S5). [31]

The X-ray structures also provides information on the possible fac-
tors determining the preferred ring conformation. In both complexes the
sterically demanding N-substituent and the adjacent Me-group of the
backbone are anti-positioned relative to each other (1,2-diaxial
arrangement) and the CH of the axial N-group points toward the center
of the chelate thus minimizing steric congestion. The axial disposition of
the N-substituent is also favoured due to the presence of the cis Cl co-
ligand in the square planar palladium subunit. In this preferred
arrangement, however, only complex 2a is stabilized by intramolecular
H-bond (Table S2 and S3).

In order to elucidate the solution phase structure of complexes 2a-c,
they were subjected to 1D and 2D NMR analysis using CD2Cl; as solvent.
The 'H and *c{'H} NMR spectra of the complexes were assigned with
the help of COSY and HSQC techniques. Complex 2a exists in solution as
a single isomer. The detailed conformational analysis confirms in all
respects the structural attributes deduced from the X-ray structure. [11]
A nice indication of the axial position of the N-substituent is the char-
acteristic W-coupling between one of the methylene hydrogens and the
N—H (*J(H,H) ~ 1 Hz), that is only possible when the latter is oriented
equatorially. Furthermore, the large coupling (3J(H,H) = 12.4 Hz) be-
tween the NH and the CH of the N-substituent suggests the CH pointing
towards the center of the ring. These findings clearly evidence that the
nitrogen coordinates stereoselectively with (R)-configuration and the
six-membered chelate is fixed in one single chair conformation where
the OH is directed towards the Cl-ligand enabling the formation of
intramolecular H-bond.

Interestingly, the solution of 2b in CD,Cl; exhibits two major signals
in its 3'P{'"H} NMR spectrum in a ratio of 1:1 and additional minor
species (~10 % according to Sipglyy NMR) can be detected at room
temperature. The exact conformational analysis of the isomers could not
be performed due to the significant overlapping of the 'H NMR signals.
Nevertheless, NMR spectroscopy clearly proved that unlike ligand 1a,
compound 1b do not coordinate in a stereoselective manner giving rise
to the formation of stereoisomers. A reasonable explanation for the non-
stereoselective coordination is that in solution significant stabilization
by intramolecular hydrogen bond may occur only in stereoisomers that
are different from that observed in the solid phase.

In the 3'P{'H} NMR spectrum of complex [Pd(1c)Cly] two signals
appear in a ratio of 88/12 at room temperature. The major isomer has
the same chelate conformation and N-configuration (S) as 2b in the solid
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state according to its 1H NMR spectrum. [11]

In order to determine the role of the intramolecular hydrogen
bonding in the complex formation, DFT structures of different confor-
mations have been calculated. At first, starting from the X-ray structure
of complex 2a, two conformational minima have been found when
changing the C—C—O—H torsion angle (Fig. 5, 2a(A) and 2(B)). 2a(A)
contains the OH-bond pointing towards the Cl co-ligand (C—C—O—H
torsion angle: 92.25°), in 2a(B) the hydrogen points in almost the
opposite direction (C—C—O—H torsion angle: —78.45°). The enthalpy
difference between the two structures (19 kJ/mol) evidences the sig-
nificant stabilizing effect generated by the intramolecular hydrogen
bond in 2a(A). The formation of the H-bond in 2a(A) is also proved by
its slightly elongated O—H bond (0.976 Io\) compared to that in 2a(B)
(0.968 A). Further possible chair conformers with different N-configu-
ration were also calculated, but the stereoisomer corresponding to the X-
ray structure having intramolecular H-bond proved to be the most stable
at least by 21 kJ/mol relative to next energetically most favorable
structure (2a(C)).

In contrast to these, the enthalpy differences between the isomers of
2b with different chelate conformation and N-configuration are much
smaller, that forecasts the appearance of more than one stereoisomers in
solution (Fig. 6). Again, the most stable structure has the same ring
conformation and nitrogen configuration as was found in the solid phase
without intramolecular H-bond (2b(A)). Although the simple rotation of
its N-substituent enables the formation of H-bond (2b(B)), it cannot fully
compensate the unfavorable steric interactions in this ring conformation
resulting in somewhat higher enthalpy. However, the nitrogen- and ring-
inversion of this isomer produces a structure where the OH of the N-
substituent will be directed towards the chloro-ligand cis to N, and thus

facilitating H-bond formation and stabilizing the structure (Fig. 6).
Additionally, in this isomer the CH of the N-substituent is directed to-
wards the center of the ring. The relatively low energy of these isomers
confirms that the intramolecular hydrogen bond successfully competes
with unfavorable steric interactions, e.g. with the steric strain between
the bulky axial N-substituent and the equatorially disposed adjacent
methyl unit. Although, the formation of structures different from ste-
reoisomers 2b(A-D) cannot be excluded, according to these results it is
reasonable to assume that intramolecular hydrogen bonding is the major
factor responsible for the non-stereoselective coordination. [32]

Finally, the DFT analysis of the possible isomers of complex [Pd(2c)
Cly] predicts the formation of two isomers having axially disposed N-
substituent (Fig. 7). These structures are again interconvertible through
nitrogen- and ring inversion. Their similar stability in this case is due to
the fact that the 2-hydroxyethyl group has less steric demand compared
to the N-substituent of 2b. As a result, the repulsion between the N-
substituent and the equatorial methyl in 2¢(B) is not significant and both
structures (2c(A) and 2c(B)) are stabilized by hydrogen bonding. In
other words, the formation of hydrogen bonds does not significantly
influence the stereoselectivity of the coordination in [Pd(2c¢)Cly]. In
contrast to this, the possibility of intramolecular hydrogen bonding in
the solution phase of 2a and 2b having bulkier N-substituent, strongly
affects the relative stability of the different chelate ring conformations.

In order to investigate the effect of the differences in the stereo-
selectivity of coordination on the catalytic performance we tested li-
gands 1a-c in Pd-catalyzed asymmetric allylic alkylation reactions of the
benchmark substrate diphenylallyl acetate using dimethyl malonate as a
nucleophile precursor. The reactions were carried out in CHyCl, at a
substrate/catalyst molar ratio of 100 at room temperature. Complete
conversion could be achieved in each case after 1 h reaction time.

In the enantiodetermining step of Pd-catalyzed asymmetric allylic
alkylation, the nucleophilic agent attacks one of the allylic termini of the
corresponding Pd(I)-n‘°-allyl intermediate to form Pd(0)-n>-alkene
complexes. Therefore, the stereoselective coordination of the ligand to
the Pd(II)-center in the Pd(II)-nS—allyl intermediate is crucial to achieve
high enantioselectivity. Compounds 1a and 1b are expected to coordi-
nate stereoselectively due to the absence of hydrogen acceptor chloro-
ligands in the allyl complexes, that could change the coordination
pattern of 1b. Contrarily, the coordination of ligand 1c with sterically
less demanding N-substituent can lead to the formation of different
chelate isomers. Indeed, the relatively low selectivity (58 %) achieved
by using ligand 1c is the result of the low stereoselectivity of its coor-
dination. The best enantioselectivity, 96 %, could be obtained by ligand
1a, while ligand 1b provided the product with somewhat lower ee (90
%). It is important to underline that the catalysts modified by 1a and 1b,
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Fig. 8. Pd-catalyzed asymmetric allylic alkylation using ligands 1a-d.

having opposite backbone chirality, yielded the product enantiomers
with opposite configuration. It is also worth noting that the N-isopropyl
analogue of 1b (1d) provided the product (R)-malonate with 94 % ee
under the same reaction conditions (Fig. 8). This fact emphasizes that it
is the configuration of the pentane-2,4-diyl backbone that dictates the
absolute configuration of the product. Additionally, it also corroborates
the fact that the ligands prefer the same pentane-2,4-diyl based chelate
conformation with axially disposed N-substituent in their intermediate
n3-diphenylallyl complexes as was found in the X-ray structures of 2a-b.

However, as was reported by Moberg and coworkers, OH...Pd(0)
type hydrogen bonds can stabilize the product Pd(0)-alkene complexes.
[27] As the catalytic reaction proceeds towards the alkene-complex
during the attack of the nucleophile, the formation of the hydrogen-
bond between the OH and the metal may change the topology of the
catalyst thus influencing the stereochemical outcome of the reaction.
[28] It is therefore surmised that the difference in the selectivity of the
catalysts containing ligands 1a or 1b might originate from this phe-
nomenon. Although the role of hydrogen bonding cannot be unambig-
uously proved in the catalytic process, it is important to emphasize that
ligand 1a with hydroxyl substituent and properly tuned stereochemistry
provided somewhat higher enantioselectivity than its unsubstituted
analogue 1d.

4. Conclusions

In conclusion, we have synthesized three novel chiral phosphine-
aminoalcohol (P,N,0OH) type chiral ligands 1a-c having stereogenic ni-
trogen donoratom in order to investigate the effect of the OH-substituent
on their coordination chemistry and catalytic properties. In the solid
phase of complexes [Pd(la-b)Cly] an intra- and an intermolecular
hydrogen bond could be observed, respectively, between the OH-
substituent of the chiral ligand and one of the Cl co-ligands of the
metal. In the solution phase of [Pd(1)Cly] type complexes intra-
molecular hydrogen bonding appeared as a crucial factor in determining
the stereoselectivity of the coordination. Additionally, the presence of
the hydroxyl-substituent in the chiral ligand was shown to affect the
enantioselectivity available in Pd-catalyzed allylic alkylation suggesting
that the OH-group participates in hydrogen bonding during the catalytic
cycle. It was shown that the introduction of the OH function with the
properly tuned stereochemistry can be a useful design element that may
improve catalytic performance. Our results also emphasize that appar-
ently minor changes in the ligand structure can provide drastic differ-
ences in their coordination properties and catalytic features.
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