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Abstract

The synthesis of the new palladium metallacycles containing imines derived from 1-(1-naphthyl)ethyl-
amine is reported. These new organometallic complexes have been used to resolve the P-chiral ligand
benzylcyclohexylphenylphosphine. The absolute con®guration of (RC,SP)-[PdCl{2-[HC�N-CH(Me)C10H6]-
3-ClC6H3}(PBzCyPh)] has been determined by single crystal X-ray analysis. # 2000 Elsevier Science Ltd.
All rights reserved.

1. Introduction

Enantiomerically pure cyclopalladated compounds are of great interest as a consequence of
their useful applications in many areas such as the determination of enantiomeric excess1 and
absolute con®guration of chiral compounds,2 the asymmetric synthesis of optically active organic
molecules3 and the resolution of Lewis bases.4 Ortho-palladated derivatives of the tertiary amines
N,N-dimethyl-1-(1-naphthyl)ethylamine and N,N-dimethyl-a-methylbenzylamine have been used
in nearly all the stereochemical applications of such compounds; however, only over the last
few years has the application of other new cyclometallated compounds in these ®elds been
explored.1b,1c,5 In contrast to the wide use of these metallacycles for the resolution of bi- and
polydentate ligands few agents have been found for the resolution of monodentate P-chiral
ligands, in spite of the interest of such phosphines since metal complexes featuring marked
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asymmetry near the catalytic center are considered to be excellent stereoselectivity inducers.6 It
should be noted that the resolution of any monodentate Lewis base by enantiomerically pure
cyclopalladated compounds requires a more e�cient resolving agent, compared to that required
for the bidentate analogues.5f In this paper we describe the synthesis of novel chiral cyclopalla-
dated compounds containing enantiomerically pure imine ligands and their use for the resolution
of the P-chiral ligand benzylcyclohexylphenylphosphine, which has been shown to be a very useful
ligand for the catalytic asymmetric hydrovinylation of vinyl aromatic derivatives.5a

2. Results and discussion

Imines can undergo metallation on di�erent carbon atoms, giving organometallic complexes of
di�erent structures: endo-metallacycles, if the C�N bond is included in the metallacycle, or exo-
derivatives (Fig. 1). In addition, imines can exist as E- or Z-isomers, but in general, N-substituted
aldimines adopt the more stable E-form.7 Endo- or exo-metallacycles can be obtained from imines
in the E-form but exo-metallacycles only can be formed from the Z-isomer.

Imines 1 were treated with palladium acetate in acetic acid for 24 h at 60�C. Subsequent
treatment of the reaction residues with LiCl in ethanol a�orded, after puri®cation by SiO2

column chromatography, the corresponding chloro-bridged cyclopalladated dimers 2. Overall
NMR data showed that only the endo-derivative was formed, in agreement with studies reporting
the strong tendency of imines to form endo-metallacycles.8 The aromaticity of the ®ve-membered
metallacycle, involving the two conjugated bonds C�C, C�N and the ®lled d orbital of the
metal of appropriate symmetry has been proposed to explain the greater stability of endocyclic
compounds.9

The 1H NMR spectra of 2 showed two series of signals, assigned to the metallated ligands
(experimental), which can be explained by the existence of a mixture of cis- and trans-isomers of
these dinuclear derivatives, as has been reported for the cyclopalladated compound containing
the N,N-dimethyl-1-(1-naphthyl)ethylamine.4a Reaction of dimers 2 with PPh3 a�orded the
mononuclear complexes [PdCl(C-N)(PPh3)] 3 (C-N being the metallated imine). The high-®eld
shift of the aromatic protons of the palladated ring in 3, due to the aromatic rings of the phosphine,
indicates the cis disposition of the phosphorus relative to the metallated carbon atom and the

Figure 1.
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chemical shift of the phosphorus con®rms this arrangement.10 This arrangement is usual in
cyclopalladated compounds containing phosphines.11

Reaction of dimers 2 with the coordination compound dichlorobis[(þ)-benzylcyclohexylphenyl-
phosphine]nickel(II) a�orded the mononuclear complexes [PdCl(C-N)(PBzCyPh)], as a 1:1 mixture
of diastereomers (RC,RP)-4 and (RC,SP)-4 (Scheme 1). NMR data of 4 show the cis disposition of
phosphorus relative to the metallated carbon. It should be noted that H1 and H2 resonances are
more high ®eld shifted in 4 than in their PPh3 analogues 3. This fact has been explained by the
restricted rotation around the Pd±P bond and suggests that the rotamers with the phenyl group in
the proximity of the metallacycle are predominant.5f

All the new organometallic compounds obtained were characterized by elemental analysis, IR
spectra, and 1H and 31P NMR spectra. In some cases, 2D NMR experiments and positive FAB-
mass spectra, were carried out to complete the characterization. The HCMe methinic proton
signal appeared shifted to low ®eld in relation to free imines for all the organometallic com-
pounds. This down®eld shift can be explained by the paramagnetic anisotropy of the metal12 and
suggests that these compounds adopt a conformation in which this proton is close to the metal
atom, which minimizes steric repulsions.
For all the compounds containing a chlorine substituent in an ortho position on the aromatic

ring (compounds b) the HC�N proton resonance appeared at lower ®elds than for the non-
substituted derivatives, indicating an intramolecular interaction between the atoms, as has been
found for related palladium and platinum metallacycles.5d,13 The crystal structure determination
of (RC,RP)-4b con®rms this, see Figure 2.

Scheme 1. (i) PdAc2, AcH, 60�C, 24 h; (ii) LiCl, EtOH, 20�C; (iii) PPh3, acetone, 20�C, 30 min, or [NiCl2(PBzCyPh)2,

THF, 45 min
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2.1. Resolution of the phosphine

The elution of the mixture of (RC,RP)-4 and (RC,SP)-4 through a SiO2 column allowed the
separation of the ®rst diastereomer eluted (RC,SP)-4 with a d.e. higher than 95% (Table 1), with
the three cyclopalladated imines (see below for the assignment of absolute con®guration).
Otherwise, recrystallization of a saturated solution of a mixture of (RC,RP)-4a and (RC,SP)-4a or
a mixture of (RC,RP)-4b and (RC,SP)-4b in ether a�orded the diastereomers (RC,RP)-4a and
(RC,RP)-4b, respectively, with a d.e. higher than 95% in both cases.

To evaluate the enantiomeric excess of such mixtures the 31P{1H} NMR spectra should be used
because the 1H NMR spectra of each pair of diastereomers 4 are very similar. This is an unusual
result, since cyclopalladated compounds are usually good agents for the determination of
enantiomeric purities of phosphines because the 1H NMR spectra of the monomeric compounds
[Pd(C-N)XL] show a good diastereomeric peak separation.1 The crystal structure of (RC,RP)-4b
can explain the similarity of the proton NMR spectra of diastereomers 4 (see below).
The absolute con®guration of the phosphine in (RC,RP)-4b was determined by X-ray crystal-

lography (Fig. 2). The X-ray analysis of this diastereomer reveals the presence of two crystal-
lographically independent molecules (labelled A and B) in the asymmetric unit and both
molecules have the same absolute con®guration of the two stereogenic centers. For clarity, only
molecule B is depicted in Fig. 2; the ORTEP plot of molecule A has been deposited as supple-
mentary material. There are slight di�erences in the bond distances and angles between both
molecules and these values are similar to those reported for related metallacycles10,14 (Table 2).
The palladium atom is in a square-planar environment, coordinated to carbon, chlorine, nitrogen
and phosphorus atoms. The coordination plane shows a tetrahedral distortion, the deviation
from the mean plane being: ^0.120, ^0.149, +0.083 and 0.114 AÊ for Cl, C1, P and N, respectively.
The phosphorus and nitrogen atoms adopt a trans arrangement and the absolute con®guration of
the phosphine ligand in this diastereomer is R. The metallacycle contains the C�N bond and it is
roughly planar, the deviation from the mean plane being: 0.091, ^0.097, 0.043, 0.075 and ^0.111AÊ

for Pd, N, C1, C2 and C3, respectively.
The crystal structure of (RC,RP)-4b shows that the three substituents of the phosphine are placed

away from the naphthyl group of the imine. In addition, the benzyl group of the phosphine is
oriented towards the chloro ligand but, in contrast, the phenyl and cyclohexyl groups are located in
the proximity of the metallacycle (see Fig. 3). It is reasonable to assume that in the diastereomer

Table 1
Separation of diastereomers 4
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Table 2
Selected bond lengths [AÊ ] and angles [deg] for (RC,RP)-4b

Figure 2. ORTEP plot of the structure of (RC,RP)-4b
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(RC,SP)-4b the benzyl group should also be oriented towards the chloro ligand, and the main
structural change would be the exchange of the positions of cyclohexyl and phenyl groups which
should have a slight e�ect on the proton NMR.15

The distance between the HC�N carbon atom and the chlorine substituent in an ortho position
on the imine is 3.077(6) and 3.091(6), for molecules A and B, respectively, showing the existence
of an intramolecular interaction between these groups.5d,13

Reaction of 1,2-bis(diphenylphosphino)ethane (dppe) with the enantiomerically pure cyclo-
palladated derivatives 4 liberated the enantiopure free phosphine PBzCyPh (31P NMR: �=^6.1).
The displacement proceeds with a retention of the con®guration at phosphorus as veri®ed by the
quantitative regeneration of the starting material 4 from the free ligand and the corresponding
dinuclear cyclopalladated derivative 2. The addition of dppe to solutions of each one of the dif-
ferent diastereomers of 4a or 4c and subsequent reaction of the free phosphine formed with the
cyclopalladated compound 2b permitted the determination of the absolute con®guration of the
phosphine in all the diastereomers by 31P NMR.
In conclusion, optically active palladacycles, containing imines derived from 1-(1-naphthyl)-

ethylamine, are good resolution agents for monodentate phosphines. The diastereomers formed
when these cyclopalladated complexes react with [NiCl2(PBzCyPh)2] (used as a storage agent for
this easily oxidable phosphine) can be easily separated, with a d.e. higher than 95%. Subsequent
reaction of the pure diastereomers with dppe, under nitrogen, a�ords the free enantiomerically
pure phosphine. These imine cyclopalladated derivatives are better resolution agents for this
phosphine than the primary or tertiary metallated amines previously reported,5a because the yields
for the separation process are better than the yields obtained when the amine complexes are used.16

Furthermore, the separation of the diastereomers can also be accomplished by recrystallization
when the imine derivatives are used, whereas column chromatography is essential for the
separation of the diastereomers containing metallated amines.

Figure 3. Structure of (RC,RP)-4b. The naphthyl and CHMe groups have been omitted for clarity
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3. Experimental

1H NMR spectra at 200 MHz were recorded on a Varian Gemini 200 spectrometer, and 1H
NMR at 500 MHz and 31P{1H} at 101.26 MHz were recorded, respectively, on a Varian VXR
500 or a Bruker DRX 250 spectrometer. Chemical shifts (in ppm) were measured relative to SiMe4
for 1H and to 85% H3PO4 for 31P. Microanalyses were performed at the Institut de QuõÂmica
Bio-OrgaÁ nica de Barcelona and the Serveis CientõÂ ®co-TeÁ cnics de la Universitat de Barcelona.
Infrared spectra were recorded as KBr disks on a Nicolet 520 FT-IR spectrometer. The optical
rotations of the complexes (c=g/100 mL, in CHCl3) were determined at 20�C using a Perkin±
Elmer 241-MC polarimeter. Mass spectra were recorded on a Fisons VG-Quattro spectrometer.
The samples were introduced in a matrix of 2-nitrobenzylalcohol for FAB analysis and then
bombarded with cesium atoms.

3.1. Materials and synthesis

All the reactions involving free PBzCyPh were carried out using Schlenk techniques under
nitrogen atmosphere. All solvents were dried and degassed by standard methods. Tetrahydro-
furan was distilled over sodium±benzophenone, under a nitrogen atmosphere, before use. All
chemicals were of commercial grade and used as received. [NiCl2(PBzCyPh)2] was prepared
according to the procedure described elsewhere.5a

3.2. Synthesis of imines 1a±c

A mixture of (R)-(+)-1-(1-naphthyl)ethylamine and the corresponding aldehyde was re¯uxed
in ethanol for 3 h. The resulting solution was concentrated in vacuo and the oil obtained was
characterized by IR and 1H NMR spectra and was used without further puri®cation.

1H NMR (200 MHz, CDCl3) data for 1a: �=8.42 (s, 1H, HC�N), 8.21 (d, 1H, JHH=7.8 Hz,
Ar), 7.85±7.78 (m, 5H, Ar), 7.58±7.40 (m, 6H, Ar), 5.40 (q, JHH=6.6 Hz, 1H, HCMe), 1.75 (d,
JHH=6.6 Hz, 3H, Me). IR (cm^1): 1641 (C�N).

1H NMR (200 MHz, CDCl3) data for 1b: �=8.9 (s, 1H,HC�N), 8.27 (d, JHH=8.0 Hz, 1H, Ar),
8.19 (m, 1H, Ar), 7.9±7.74 (m, 3H, Ar), 7.56±7.44 (m, 3H, Ar), 7.36±7.31 (m, 3H Ar), 5.41 (q,
JHH=6.6 Hz, 1H, HCMe), 1.75 (d, JHH=6.6 Hz, 3H, Me). IR (cm^1): 1637 (C�N).

1H NMR (200 MHz, CDCl3) data for 1c: �=9.06 (s, 1H,HC�N), 9.0 (d, JHH=8.4 Hz, 1H, Ar),
8.35 (d, JHH=8.4 Hz, 1H, Ar), 7.92±7.85 (m, 4H, Ar), 7.78 (d, JHH=8.2 Hz, 2H, Ar), 7.62±7.40 (m,
6H, Ar), 5.40 (q, JHH=6.6 Hz, 1H, HCMe), 1.80 (d, JHH=6.6 Hz, 3H, Me). IR (cm^1): 1637
(C�N).

3.3. Synthesis of 2

A stirred suspension of Pd(O2CMe)2 (2.23 mmol, 0.5 g) in acetic acid (30 mL) was treated with
the corresponding imine (2.23 mmol) at 60�C for 24 h. The resulting solution was concentrated in
vacuo and the residue was treated with 4.44 mmol (186 mg) of LiCl in ethanol for 30 min. The
brown solid formed was isolated by ®ltration and puri®ed by column chromatography over SiO2,
with CHCl3:MeOH (100:2) as eluent to obtain compounds 2 in 40±45% yield.
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Characterization data for 2a: anal. (%) calcd for C38H32N2Cl2Pd2: C, 57.02; H, 4.03; N, 3.50.
Found: C, 56.8; H, 4.2; N, 3.3. 1H NMR (200 MHz, CDCl3): �=8.33 (d, JHH=8.4 Hz, 2H, Ar),
7.90 (d, JHH=8.0 Hz, 4H, Ar), 7.69±7.42 (m, 12H, Ar, HC�N), 6.90 (m, 6H, Ar), 6.09 (m, 2H,
HCMe), 2.00 (d, JHH=7.0 Hz, 3H, Me), 1.94 (d, JHH=6.6 Hz, 3H, Me).
Characterization data for 2b: anal. (%) calcd for C38H30N2Cl4Pd2: C, 52.48; H, 3.45; N, 3.22.

Found: C, 52.25; H, 3.65; N, 3.28. 1H NMR (200 MHz, CDCl3): �=8.30 (d, JHH=8.4 Hz, 2H,
Ar), 7.90±7.80 (m, 6H, HC�N, Ar), 7.65±7.2 (m, 10H, Ar), 6.90±6.86 (m, 4H, Ar), 6.10 (m,
HCMe), 2.00 (d, JHH=6.6 Hz, 3H, Me), 1.90 (d, JHH=7.0 Hz, 3H, Me).
Characterization data for 2c: anal. (%) calcd for C46H36N2Cl2Pd2: C, 61.35; H, 4.03; N, 3.11.

Found: C, 61.1; H, 4.0; N, 3.3. 1H NMR (200 MHz, CDCl3): �=8.40 (d, JHH=7.5 Hz, 2H, Ar),
8.19 (s, 2H, HC�N), 7.9±7.2 (m, 24H, Ar), 6.20 (m, 2H, HCMe), 2.09 (d, JHH=7.0 Hz, 3H, Me),
2.00 (d, JHH=6.4 Hz, 3H, Me).

3.4. Synthesis of 3

A stirred suspension of compounds 2 ( 0.25 mmol) was treated with PPh3 (0.5 mmol, 0.13 g) in
acetone (30 mL) for 30 min at room temperature and then ®ltered. The ®ltrate was concentred in
vacuo and the solid formed was puri®ed by column chromatography over SiO2, with
CHCl3:MeOH as eluent (100:2 for 3a and 100:1 for 3b and 3c) to obtain compounds 3. The yields
of the products were 70, 45 and 35% for 3a, 3b and 3c, respectively.
Characterization data for 3a: anal. (%) calcd for C37H31NClPPd: C, 67.08; H, 4.71; N, 2.11.

Found: C, 66.8; H, 4.5; N, 2.0. 1H NMR (200 MHz, CDCl3): �=8.50 (d, JHH=8.4 Hz, 1H, Ar),
7.90±7.30 (m, 22H, HC�N, Ar), 6.90 (m, 2H, HCMe, H4), 6.75 (t, JHH=6.6 Hz, 1H, H3), 6.40
(m, 2H, H1, H2), 1.90 (d, JHH=6.6 Hz, 3H, Me). 31P NMR (101.26 MHz, CDCl3): �=41.90 s.
Characterization data for 3b: anal. (%) calcd for C37H30NCl2PPd: C, 63.77; H, 4.34; N, 2.00.

Found: C, 63.4; H, 4.1; N, 1.9. 1H NMR (200 MHz, CDCl3): �=8.50 (d, JHH=8.4 Hz, 1H, Ar),
8.22 (d, JHH=8.4 Hz, 1H, HC�N), 7.80±7.30 (m, 21H, Ar), 6.90 (q, JHH=6.6 Hz, 1H, HCMe),
6.70 (d, JHH=7.6 Hz, 1H, H3), 6.30 (t, JHH=7.8 Hz, 1H, H2), 6.2 (t, JHH=7.6 Hz, 1H, H1), 1.92
(d, JHH=6.6 Hz, 3H, Me). 31P NMR (101.26 MHz, CDCl3): �=41.39 s.
Characterization data for 3c: anal. (%) calcd for C41H33NClPPd: C, 69.11; H, 4.66; N, 1.96.

Found: C, 68.8; H, 4.7; N, 2.0. 1H NMR (200 MHz, CDCl3): �=8.60 (m, 2H, Ar), 7.90±7.75 (m,
9H, HC�N, Ar), 7.63±7.34 (m, 14H, Ar), 7.22±7.17 (m, 2H, Ar), 6.90 (br, 2H, HCMe, H2), 6.60
(dd, JHH=8.4 Hz, JPH=5.8 Hz, 1H, H1), 1.98 (d, JHH=6.6 Hz, 3H,Me). 31P NMR (101.26 MHz,
CDCl3): �=42.11 s.

3.5. Synthesis of 4a

A suspension formed by 0.24 mmol of 2a, 0.24 mmol (165 mg) of dichlorobis[(þ)-benzylcyclo-
hexylphenylphosphine]nickel(II) and 30 mL of THF was stirred at room temperature for 45 min
and the resulting solution was concentrated in vacuo. The solid obtained was eluted by SiO2

column chromatography with CHCl3:acetone 100:3 as eluent. The 1:1 mixture of diastereomers
(RC,RP)-4a and (RC,SP)-4a was isolated as a yellow solid in a yield of 80%. Characterization
data for 4a: anal. (%) calcd for C38H39NClPPd: C, 66.86; H, 5.75; N, 2.05. Found: C, 67.1; H,
5.7; N, 2.0. 31P NMR (101.26 MHz, CDCl3): �=40.57 s, 40.09 s. MS-positive FAB: 646
[(M^Cl)+].
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3.6. Synthesis of 4b

With 2b as starting material the synthesis of 4b was analogous to the preparation of 4a. The
solid obtained was eluted by SiO2 column chromatography with CHCl3:acetone 100:1 as eluent.
The 1:1 mixture of diastereomers (RC,RP)-4b and (RC,SP)-4b was isolated as a yellow solid in a
yield of 85%. Characterization data for 4b: anal. (%) calcd for C38H38NCl2PPd: C, 63.65; H,
5.34; N, 1.95. Found: C, 63.8; H, 5.2; N, 1.9. 31P NMR (101.26 MHz, CDCl3): �=40.54 s, 40.85 s.
MS-positive FAB: 681 [(M^Cl)+].

3.7. Synthesis of 4c

With 2c as starting material the synthesis of 4c was analogous to the preparation of 4a. The
solid obtained was eluted by SiO2 column chromatography with a mixture of CHCl3:acetone
100:2 as eluent. The 1:1 mixture of diastereomers (RC,RP)-4c and (RC,SP)-4c was isolated as a
yellow solid in a yield of 75%. Characterization data for 4c: anal. (%) calcd for C42H41NClPPd:
C, 68.85; H, 5.64; N, 1.91. Found: C, 68.6; H, 5.4; N, 1.8. 31P NMR (101.26 MHz, CDCl3):
�=41.02 s, 40.74 s. MS-positive FAB: 696 [(M^Cl)+].

3.8. Separation of 4a diastereomers

A 1:1 mixture of diastereomers (RC,RP)-4a and (RC,SP)-4a (200 mg) was carefully eluted at
room temperature, in a SiO2 column (30�400 mm, 30 g SiO2) with CHCl3:acetone (100:2) as
eluent. The eluted solution was collected in fractions of 15 mL, concentrated in vacuo and
checked by 31P{1H} NMR spectroscopy (101.26 MHz). The diastereomer (RC,SP)-4a was
obtained in 31% yield (31 mg), with a d.e. higher than 95%. The recrystallization of a 1:1 mixture
of diastereomers (RC,RP)-4a and (RC,SP)-4a (200 mg) from a saturated solution of ethyl ether at
20�C a�orded (RC,RP)-4a in 85% yield (85 mg), with a d.e. higher than 95%. 1H NMR data (500
MHz, CDCl3) for (RC,SP)-4a: �=8.50 (d, 3JHH=8.0 Hz, 1H, Ar), 7.86 (m, 2H, Ar), 7.60±7.10 (m,
15H, HC�N, Ar), 6.90 (q, 3JHH=6.5 Hz, 1H, HCMe), 6.84 (d, 3JHH=7.5 Hz, 1H, H4), 6.70 (t,
3JHH=7.5 Hz, 1H, H3), 6.40 (t, 3JHH=7.5 Hz, 1H, H2), 6.08 (dd, 3JHH=7.0 Hz, 4JPH=5.5 Hz,
1H, H1), 3.90 (m, 2H, CH2Ph), 2.5±1.2 (m, 11H, Cy), 1.91 (d, 3JHH=6.5 Hz, 3H, Me). 31P NMR
(101.26 MHz, CDCl3): �=40.57 s. ���20D=+109.35 deg cm2 g^1, c=10.1 mg/mL. 1H NMR data
(500 MHz, CDCl3) for (RC,RP)-4a: �=8.58 (d, 3JHH=8.2 Hz, 1H, Ar), 7.86 (d, 2H, Ar), 7.70±7.05
(m, 15H, HC�N, Ar), 6.95 (m, 1H, HCMe), 6.86 (d, 3JHH=7.4 Hz, 1H, H4), 6.70 (t, 3JHH=7.4
Hz, 1H, H3), 6.41 (t, 3JHH=7.4 Hz, 1H, H2), 6.09 (dd, 3JHH=7.2 Hz, 4JPH=4.6 Hz, 1H, H1), 3.90
(m, 2H, CH2Ph), 2.60±1.20 (m, 11H, Cy), 1.93 (d, 3JHH=6.6 Hz, 3H, Me). 31P NMR (101.26
MHz, CDCl3): �=40.09 s.

3.9. Separation of 4b diastereomers

The separation of diastereomers 4b was analogous to the separation of 4a, using a mixture of
CHCl3:CH2Cl2 (100:4) as eluent. The diastereomer (RC,SP)-4b was obtained in 34% yield (34
mg), with a d.e. higher than 95%.The recrystallization of a 1:1 mixture of diastereomers (RC,RP)-
4b and (RC,SP)-4b (200 mg) from a saturated solution of ethyl ether at 20�C a�orded (RC,RP)-4b
in 85% yield (85mg), with a d.e. higher than 95%. 1HNMRdata (500MHz, CDCl3) for (RC,SP)-4b:
�=8.52 (d, JHH=8.4 Hz, 1H, Ar), 8.19 (d, JHH=8.0 Hz, 1H, HC�N), 7.86 (m, 2H, Ar), 7.70±7.10
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(m, 14H, Ar), 6.98 (m, 1H, HCMe), 6.62 (d, JHH=7.4 Hz, 1H, H3), 6.30 (t, JHH=8.0 Hz, 1H, H2),
5.90 (dd, 3JHH=8.0 Hz, 4JHH=5.4 Hz, 1H, H1), 4.00±3.69 (m, 2H, CH2Ph), 2.60±1.10 (m, 11H,
Cy), 1.92 (d, 3JHH=6.6 Hz, 3H, Me). 31P (101.26 MHz, CDCl3): �=40.85 s. 1H NMR data (500
MHz, CDCl3) for (RC,RP)-4b: �=8.60 (d, JHH=8.4 Hz, 1H, Ar), 8.20 (d, JHH=8.0 Hz, 1H,
HC�N), 7.85 (dd, 2H, Ar), 7.70±7.10 (m, 14H, Ar), 6.99 (m, 1H, HCMe), 6.62 (d, JHH=8.0 Hz,

Table 3

Crystal data and structure re®nement for (RC,RP)-4b
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1H, H3), 6.30 (t, JHH=7.8 Hz, 1H, H2), 5.87 (dd, JHH=7.6 Hz, JPH=5.2 Hz, 1H, H1), 3.93±3.82
(m, 2H, CH2Ph), 2.70±1.20 (m, 11H, Cy), 1.93 (d, 3JHH=6.6 Hz, 3H, Me). 31P (101.26 MHz,
CDCl3): �=40.54 s.

3.10. Separation of 4c diastereomers

The separation of diastereomers 4c was analogous to the separation of 4a, using a mixture of
CHCl3:acetone (100:1) as eluent. The diastereomer (RC,SP)-4c was obtained in 72% yield (72
mg), with a d.e. higher than 95%. 1H NMR data (500 MHz, CDCl3) for (RC,SP)-4c: �=8.50 (m,
2H, Ar), 7.92±7.06 (m, 20H, HC�N, Ar), 7.02 (m, 1H, HCMe), 6.80 (d, JHH=8.5 Hz, 1H, H2),
6.30 (dd, JHH=8.5 Hz, JPH=5.2 Hz, 1H, H1), 3.80 (dd, 2H, CH2P), 2.70±1.10 (m, 11H, Cy), 1.98
(d, 3JHH=6.6 Hz, 3H, Me). 31P (101.26 MHz, CDCl3): �=41.02 s. ���20D=+56.39 deg cm2 g^1,
c=6.8 mg/mL. 1H NMR data (500 MHz, CDCl3) for (RC,RP)-4c: �=8.60 (d, JHH=8.4 Hz, 1H,
Ar), 8.50 (d, JHH=8.0 Hz, 1H, Ar), 7.90±7.05 (m, 21H, HC�N, Ar, HCMe), 6.87 (d, JHH=8.8
Hz, 1H, H2), 6.30 (dd, JHH=8.8 Hz, JHH=5.4 Hz, 1H, H1), 3.90 (m, 2H, CH2P), 2.70±1.20 (m,
11H, Cy), 1.90 (d, 3JHH=6.6 Hz, 3H, Me). 31P (101.26 MHz, CDCl3): �=40.74.

3.11. Crystallographic studies

A pale yellow prismatic crystal (0.1�0.1�0.2 mm) was selected and mounted on an Enraf±
Nonius CAD4 four-circle di�ractometer. Unit cell parameters were determined from automatic
centering of 25 re¯ections (12���21�) and re®ned by the least-squares method. Intensities were
collected with graphite monochromatized MoKa radiation, using the !/2�-scan technique. 8602
re¯ections were measured in the range 2.07���29.95; 8319 of which were non-equivalent by
symmetry {Rint (on I)=0.016} and 7341 were assumed as observed applying the condition
I�2�(I). Three re¯ections were measured every 2 h as orientation and intensity control, signi®cant
intensity decay was not observed. Corrections were made for Lorentz-polarization but not for
absorption. A summary of experimental details is given in Table 3.
The structure was solved by Patterson synthesis, using the SHELXS computer program17 and

re®ned by the full-matrix least-squares method, with the SHELX93 computer program,18 using
8269 re¯ections (very negative intensities were not assumed). The function minimized was �
w[jFoj2^jFcj2]2, where w=[�2(I)+(0.0414P)2+0.3064P]^1, and P=(jFoj2+2jFcj2)/3; f , f 0 and f 00

were taken from the International Tables of X-Ray Crystallography.19 The chirality of the
structure was de®ned from the Flack coe�cient, which is equal to ^001(2) for the given results.20

Thirty-eight atoms were located from a di�erence synthesis and re®ned with an overall isotropic
temperature factor and 38 atoms were computed and re®ned with an overall isotropic temperature
factor using a riding model.
Supporting information available: Crystallographic data (excluding structure factors) for

(RC,RP)-4b is available from the Cambridge Crystallographic Data Centre.
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