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Herein the preparation of a planar chiral imine CN-palladacycle free of redox activity is reported. The
direct cyclopalladation of a [2.2]paracyclophane-derived imine (HL) afforded the racemic dimer
{Pd(g2-L)(-Cl)}2 1; its ortho-palladated structure was confirmed by spectroscopic (1H and 31P NMR) data
for mononuclear derivatives and the X-ray study of the phosphane adduct (g2-L)PdCl(PPh3) 4. Both the
(Spl,Spl)- and (Rpl,Rpl)-enantiomers of dimer 1 were isolated by the diastereoselective decoordination of the
(RC)-valinate auxiliary ligand (Val) from the adduct (g2-L)Pd(j2-Val) 5 using column chromatography on
silica gel. The absolute configuration of these new CN-palladacycles was established by the independent
synthesis of the (Rpl,Rpl)-enantiomer of dimer 1 from the pre-resolved (Spl)-4-formyl[2.2]paracyclophane.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The high efficiency of planar chiral palladacycles in the processes
of chiral recognition is well known;1 some of them provide enanti-
oselectivities up to 99% ee in asymmetric catalysis. However, the
majority of the described cyclopalladated complexes (CPCs) of this
stereochemical type are derived from redox-active ferrocene-,1a–c,2

ruthenocene,2k,3 or cobalticene-based ligands1h,i,k–m,4 or contain
the (tricarbonyl)chromium moiety.5 Examples of non-metallocenic
CPCs with planar chirality are limited to diastereo- (I) and regioiso-
meric (II) derivatives of cyclopalladated oxazolinyl[2.2]paracyclo-
phane6 (Chart 1).

The collection of optically active imine-derived palladacycles is
rather rich, including metallocenic compounds with planar
chirality2c,f,i–n,p,5a and C*-chiral palladacycles,7 mainly benzylidene-
imine derivatives bearing a carbon stereocenter in the N-substituent.
Some of them possess mesomorphic properties7f or anticancer
activity,7d or may be used as resolving agents.7g,k Achiral and race-
mic cyclopalladated imines have also been investigated8 and have
found application as (pre)catalysts in diverse processes9 and
liquid-crystalline materials.10 Starting our program of preparation
of non-metallocenic planar chiral CPCs free of redox activity, we
recently reported the synthesis of the first enantiopure phospha-
palladacycle with a [2.2]paracyclophane (pCp) skeleton.11 The
aim of this research was to prepare a planar chiral palladacycle
ll rights reserved.
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of the CN-type bearing an imine nitrogen donor atom and estimate
its stereochemical peculiarities.
2. Results and discussion

2.1. CN-Palladacycle preparation

Racemic N-(2,6-dimethylphenyl)-[2.2]paracyclophane-4-car-
baldimine (HL) was prepared by a reported method;12 several con-
ditions for its direct cyclopalladation were tested. For imine
substrates it is common to employ palladium(II) acetate in glacial
acetic acid with heating;13 this approach was reported as a
‘high-yield method’13d providing yields up to quantitative.13a,d,h

However, in the cyclopalladation of imine HL under these condi-
tions (Method 1), racemic dimer 1 was obtained in a rather low
yield of 41%. The same reaction when conducted in toluene, affor-
ded dimer 1 with an increased yield of 85% (Method 2, Scheme 1).

The next method of the cyclopalladation of imine HL was based
on solid-phase C–H bond activation on silica (Method 3). This ap-
proach was recently developed in detail for the cyclopalladation
of diverse N- and P-donor ligands.14a Previously reported examples
of solid-phase14b or silica-assisted cyclometallation14c,d are rare.

The solid-state heating of a mixture of palladium(II) acetate and
ligand HL loaded on silica under rather mild conditions (85 �C,
14 h) resulted in efficient C–H bond activation. The four-step
procedure includes (Scheme 2): (i) C–H bond activation to give
acetate-bridged dimer rac-2, (ii) imine palladacycle elution by pyr-
idine solution as the mononuclear derivative (g2-L)Pd(OAc)(Py),
followed by (iii) acetate/chloride anion exchange to give adduct
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rac-3, and finally (iv) labile auxiliary pyridine ligand replacement
by a more tightly bound triphenylphosphine ligand affording the
phosphane derivative rac-4. Despite this multi-step protocol, the
final product was isolated in a high yield of 70%. This method
may be useful for preparation of diverse mononuclear derivatives
of the new CN-palladacycle.

For further spectroscopic studies, both mononuclear deriva-
tives, rac-3 and rac-4 were prepared independently by the reaction
of the chloride bridge cleavage in dimer rac-1 (Scheme 3).
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2.2. CN-Palladacycle resolution

Initially, we undertook an attempt to perform the resolution of
the racemic imine CN-palladacycle via kinetic separation of its
enantiomers at the stage of dimer rac-1 complexation with (R)-
valinate (Val) as chiral auxiliary ligand. However, this attempt
was not successful. In the reaction of dimer rac-1 with (R)-valinate
in the Pd:Val ratio of 2:1 in MeOH at room temperature, the unre-
acted dimer remained racemic (½a�24

D � 0), while the (R)-valinate
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Figure 1. Alternative directions of C–H bond activation.
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derivative appears to be a nearly equal mixture of two diastereo-
mers (1H NMR data).

To solve this problem we turned our attention to a new meth-
odology of racemic palladacycle resolution elaborated recently.15

This is based on the diastereoselective decomplexation of the aux-
iliary ligand in diastereomeric derivatives on silica. As the chiral
derivatizing agent for the transformation of enantiomers of the
racemic dimer 1 into diastereomers we chose the (R)-valinate li-
gand (Val) instead of the (S)-prolinate ligand in the reported sys-
tem.15 We assumed that the primary amino group of the valinate
may make for a more efficient CPC interaction with the sorbent.
The decreased stability of mononuclear derivatives of PC-16a,b and
CN-palladacycles16c containing bidentate auxiliary ligands bearing
hard donor atoms (including a-amino acidate ones16a,b) on silica is
well known. As might be expected, we detected the partial formal
‘decomposition’ (really decomplexation) of the mononuclear (R)-
valinate complex 5 into the starting dimer 1 on TLC plates. From
our preceding results,15 it was reasonable to suppose that in this
case, the ‘monomer?dimer’ transformation can also occur as a dia-
stereoselective process. Thus, we performed the chromatographic
separation of an equimolar mixture of two diastereomers,
(Rpl,RC)-5 and (Spl,RC)-5 (Scheme 4).

After elution via a SiO2-loaded flash-column only two com-
pounds were isolated: the optically active dimer (+)D-1 and one
of the two diastereomers of its (R)-valinate derivative 5 in the
yields of 40% and 68%, respectively. Both these complexes were
thus obtained in a stereochemically pure state. The comparison
of the 1H NMR spectra of chromatographically isolated diastereo-
mer (Spl,RC)-5 and the starting mixture of diastereomers (Rpl,RC)-
5/(Spl,RC)-5 confirms the absence of any admixture of another
(Rpl,RC)-5 diastereomer in the first sample, which corresponds to
a diastereomeric purity of >98% de. The complete enantiomeric
purity (>98% ee) of the chromatographically isolated dimer
(Rpl,Rpl)-1 was confirmed by comparison of its specific rotation
with that of the sample of the other enantiomer, (Spl,Spl)-1, ob-
tained by protolytic removal of the auxiliary valinate ligand from
the pure diastereomer (Spl,RC)-5: ½a�22

D ¼ þ551 (c 0.247, CH2Cl2)
and �549 (c 0.253, CH2Cl2), respectively.

The absolute configuration of the imine palladacycles obtained
was established by the independent synthesis of the (Rpl,Rpl)-enan-
tiomer of dimer 1. The starting (Spl)-4-formyl[2.2]paracyclophane
with an enantiomeric purity of 96.3% ee was obtained by resolu-
tion of the racemic aldehyde via its diastereomeric Schiff bases
with (RC)-a-methylbenzylamine,17 and then converted into opti-
cally active imine (Spl)-HL by the method described for the race-
mate.12 The cyclopalladation of imine (Spl)-HL was performed by
Method 2, described for the racemate. The positive sign of the spe-
cific rotation determined for the dimer (Rpl,Rpl)-1, ½a�22

D ¼ þ559 (c
0.247, CH2Cl2), is indicative of the same (Rpl,Rpl)-configuration of
dimer (+)D-1, which was chromatographically isolated during race-
mate resolution. The large value of the specific rotation of the di-
mer (Rpl,Rpl)-1 prepared from the scalemic aldehyde is indicative
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of its enantiomeric purity being close to complete in the stages
of the imine (Spl)-HL synthesis or isolation of its cyclopalladation
product (Rpl,Rpl)-1.

2.3. Spectroscopic studies of imine CN-palladacycle derivatives

Taking into account Bolm et al.’s research results,6 we consid-
ered two possible sites for the C–H bond activation in the pCp-de-
rived imine ligand HL: the aromatic (sp2)C–H bond of the
functionalized phenylene ring (regioisomer A) and the aliphatic
(sp3)C–H bond of the closest methylene group (regioisomer B,
Fig. 1). This forced us to conduct detailed spectroscopic studies of
the mononuclear derivatives 3–5 of the new CN-palladacycle. The
signal assignment in their 1H NMR spectra was performed using di-
verse NMR techniques and invoking parameters from the X-ray dif-
fraction study of adduct 4.
2.3.1. Phosphane adduct rac-4
The 1H NMR spectrum of the phosphane derivative rac-4 is in

complete accordance with its ortho-palladated structure. The aro-
matic protons of the pCp-framework provided only six well re-
solved signals in the range of d 5.72–6.78 ppm, separated from
signals of other aromatic protons (d 7.11–7.64 ppm). As a starting
point in the assignment of the aromatic protons of the pCp moiety,
we used the H(8) proton signal, which appears as a doublet with
the constant 5JHP � 0.8. Protons H(15) and H(16) of the non-palla-
dated C6H4 ring were identified on the basis of NOE experiments
revealing their dipole–dipole interaction with the corresponding
pseudo-geminal protons, H(8) and H(7) (Fig. 2a).

The methylene proton signals appear as four groups of over-
lapped multiplets in the range of d 2.74–3.30 ppm and one sepa-
rated signal at d 1.93 ppm. The latter was identified as belonging
to the H(2a) proton due to its NOE enhancement (4.0%) from the
irradiation of the aromatic H(8) proton: the H(8)���H(2a) distance
is equal to 2.540 Å in the crystal. The methylene protons H(10a),
H(1s), and H(9a) were identified due to their dipole–dipole interac-
tions with aromatic H(16), H(13), and H(7) protons, respectively
(Fig. 2a). The assignment of the signal at d 3.27 ppm to the H(9s)
                                                    (Spl,RC)-5
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proton was based on an intense response of the imine a-CH proton
on irradiation at this frequency: the a-CH���H(9s) distance is equal
to 2.218 Å in the crystal. These data exclude the regioisomeric
structure B (Fig. 1).

The trans(P,N)-geometry of the phosphane derivative 4 in solu-
tion is evident from the following data. (i) The high-field position
of the H(2a) proton signal (d 1.93 ppm) is indicative of the anisot-
ropy influence of the aromatic rings of auxiliary PPh3 ligand: in the
crystal the distance between the H(2a) atom and centroid of the
closest PPh-ring is significantly shorter (2.81 Å) than that found
for the H(2s) atom (3.34 Å). (ii) A slight dipole–dipole interaction
(0.8%) was observed between the H(2s)-proton and ortho-protons
of the PPh3 ligand; these data may also be considered as additional
support for the methylene signal assignment. The trans(P,N)-geom-
etry of the coordination sphere is quite typical for the phosphane
derivatives of benzylidene imine palladacycles.13c–e,g,18 The only
known exception from this rule (III, Chart 2) was explained by ste-
ric hindrance for standard trans(P,N)-configuration.19

The value of the constant 4JHP = 7.3 Hz for the aldimine CH@N
proton in the spectrum of the complex 4 may be used for estima-
tion of the palladacycle conformation, taking into account that the
efficiency of two nuclei coupling is dependent on the extent of
coplanarity of the linking bonds.20 For its benzaldimine analogues
this parameter varies in the range of 7.8–10.0 Hz,13c–e,g,18a–e,g with
an averaged value of 8.45 Hz and record value of 10.0 Hz reported
for the palladacycle of very high planarity.13e The decreased value
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of the constant 4JHP in the case of the phosphane adduct 4 is indic-
ative of some deviation of the a-H–C@N–Pd–P nuclei from planar
disposition. This means that the palladacycle conformation or the
metal coordination environment in the pCp-derived systems may
not be so ideally planar as is typical for the benzaldimine
analogues.

The rather significant difference between the chemical shifts of
diastereotopic methyl groups of imine N-aryl substituent in the
1H NMR spectrum of the adduct 4 is worth noting: d 2.35 and
2.68 ppm for Me1 and Me2, respectively, while in the free imine
HL both Me-groups are equivalent (d 2.29 ppm). The low-field shift
of the signal of the Me2 group in the NMR spectrum of adduct 4 can
be caused by a pronounced deshielding influence of the palladium-
bonded chloride ligand in the case of the preferred nearly planar
orientation of the N-aryl ring regarding mcpl. NOE data confirm this
assumption: irradiation of the imine CH@N proton resulted in the
rather intense response (2.8%) of only one of the two Me groups
(Me1) giving the signal at d 2.35 ppm, whereas the other Me-group
provided only a low response (0.7%).

2.3.2. Pyridine derivative rac-3
The 1H NMR spectrum of the pyridine derivative rac-3 consists

of two sets of signals in ca. 5:1 ratio. Strong signal overlapping
hampers the complete signal assignment for both isomers (see
Section 4). NOE experiments (Fig. 2b) allow us to differentiate
between the H(12) and H(13) proton signals of the major isomer.
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Irradiation at the frequency of the Me2 group of the N-Ar substitu-
ent results in responses of signals at d 6.49 and 6.94 ppm (1.9% and
1.1%, respectively). Taking into account a difference between
averaged distances (Me2)H���H(12) and (Me2)H���H(13) found for
adduct 4 in the crystal (2.821 and 4.033 Å, respectively) we can
assign these signals to the H(12) and H(13) protons, respectively.

The C2-symmetry of the N-aryl substituent (2,6-Me2C6H3) ex-
cludes the possibility of atropoisomerism caused by the hindered
rotation about the N–C(Ar) bond, which was described for some
ferrocenyl ketimine CPCs bearing a non-symmetric N-aryl substi-
tuent.9d,21 Consequently, we can propose the existence of
trans(N,N) and cis(N,N) isomers in solution.

This seems to be an unexpected result, since regioselective
bonding of auxiliary N-donor ligands in a trans-position regarding
the nitrogen atom of a palladacycle is typical for the CN-CPCs in
general and for imine CPCs in particular. This trend is based on
the difference between structural trans-influences (STI) of mild
carbanionic and hard nitrogen atoms of the palladacycle.22 Despite
this general trend observed for hundreds of complexes of this kind,
several exceptions to this rule were reported,23 including examples
of amine- (IVa,b23a,b) and imine-derived CPCs (Va-c,23c–e Chart 2)
of cis(N,N)-configuration, mainly with pyridines as auxiliary
ligands.23a,c–e In several cases their anomalous cis(N,N)-geometry
was confirmed by X-ray diffraction studies.23a,b,d This configuration
may be retained in solutions as the sole form,23a or cis/trans isomer
mixtures may be detected by 1H NMR data.23c–e

The trans(N,N) geometry of the major isomer of adduct 3 (3a)
was deduced from the 1H NMR data and NOE experiments. The
high-field shift of the H(2s) proton signal (d 1.77 ppm) compared
to those of other methylene protons (d 2.32–3.28 ppm) is indica-
tive of the shielding effect of the pyridine ring. The dipole–dipole
interaction between the H(2s) proton and a-H atoms of the pyri-
dine ligand (0.8%, Fig. 2b) confirms their adjacent disposition. In
support of the cis(N,N) configuration of the minor isomer of adduct
3 (3b), we can mention the high-field shift of all pyridine proton
signals compared to those of the major isomer (Dd �0.63 ppm
for the a-protons). This effect may be explained by anisotropy
influence of the neighboring N-aryl ring of the imine palladacycle.

Numerous manifestations of 1H magnetization transfer ob-
served in our NOE experiments are indicative of dynamic behavior
of the pyridine adduct 3 in solution, which includes equilibrium
between its cis-3a and trans-3b isomers, and slow (in the NMR
timescale) rotation about the N–C(Ar) bond. Thus, magnetization
‘leaks’ from the a-proton of the pyridine ligand in major isomer
3a to the same proton of minor isomer 3b (�18.7%) to give further
a response of the b-proton of the latter isomer (+1.4%). Irradiation
of the Me1 group of the N-aryl substituent of the isomer 3a results
in magnetization transfer to the other Me group of the same isomer
(�11.0%) due to rotation of the N–Ar group, and to both these
(a) cis(N,N)-(Spl,RC)-5(5a)
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Figure 3. NOE data for cis(N,N)- (a) and trans(N,N)- (b) isomers of valinate derivative (S
geometry.
groups in minor isomer 3b (�11.9% and �6.7% for Me1 and Me2

groups, respectively) due to trans?cis isomerization. Similar ef-
fects were observed during irradiation of the Me2 group of the ma-
jor isomer 3a, namely magnetization transfer to Me1 group of 3a
and both Me1 and Me2 groups of minor isomer 3b (�10.4%,
�6.9% and �11.4%, respectively).

2.3.3. Valinate derivative (Spl,RC)-5
After spectroscopic studies of pyridine adduct 3, it seems less

surprising, that valinate derivative 5 also exists in solution as a
mixture of cis(N,N)-5a and trans(N,N)-5b geometric isomers with
predominance of the former, anomalous isomer. The 1H NMR spec-
trum of the individual (Spl,RC)-5 diastereomer consists of two sets of
signals, while four sets of signals were found in the spectrum of the
diastereomeric mixture (Rpl,RC)-5/(Spl,RC)-5. The cis(N,N)/trans(N,N)
isomer ratio was equal to ca. 2:1 and was estimated from integral
intensities of pairs of isolated singlets of imine CH protons.

Despite a strong signal overlapping in the spectrum of diaste-
reomer (Spl,RC)-5, we succeeded in the assignment of the most
important protons using the aforementioned techniques and
solvent varying (see Section 4). For example, signals of aromatic
H(12) and H(13) protons were located due to difference in their
responses on irradiation of Me2 protons of N-aryl substituent;
the signal of methylene H(9s) proton was identified leaning upon
its response to irradiation of the aldimine CH@N proton (Fig. 3).

The cis(N,N)-configuration of the major isomer (Spl,RC)-5a was
confirmed by following data: (i) an irradiation at the frequency
of the NHeq proton results in the response of the Me2 protons of
N-Ar substituent (Fig. 3a); (ii) a rather marked low-field shift of
the signal of the methylene H(2s) proton is indicative of the anisot-
ropy influence of oxygen atoms of the nearby valinate carboxylate
group: it was detected at d 4.40 ppm compared to its position at
the d 3.34 ppm in the spectrum of minor trans(N,N)-isomer. The
trans(N,N)-geometry of the minor isomer (Spl,RC)-5b was deduced
from (i) intensive response of the methylene H(2s) proton on the
irradiation at the frequency of the NHax proton (Fig. 3b), and (ii)
the increased difference between the chemical shifts of the two
diastereotopic methyl groups of the N-aryl substituent (from Dd
0.3 ppm for the major isomer 5a to Dd 0.5 ppm in the case of its
minor counterpart 5b) due to the anisotropy influence of the
oxygen atoms of the valinate carboxylate group.

Spectroscopic parameters of auxiliary valinate ligand are
indicative of the preferred N,O-chelate existence in the unusual
d(RC)-conformation with an axial position of a iPr group at the car-
bon stereocenter in both cis(N,N)- and trans(N,N)-isomers of diaste-
reomer (Spl,RC)-5. The following arguments may be presented in
support of this conclusion.

(i) The multiplicity of the two NH proton signals, br dd and
br d, is in accordance with d(RC) stereochemistry. From Newman
(b) trans(N,N)-(Spl,RC)-5(5b)
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projections along the N–C(a) bond, it is clear that only in d(RC)-
conformation of the N,O-chelate ring an observable spin–spin cou-
pling with the a-CH proton can be expected for only one of the two
NH protons, namely NHax (Fig. 4a), while in the case of the alterna-
tive k(RC)-conformation conditions for spin–spin coupling are very
similar for NHax and NHeq protons (Fig. 4b, cf.24).
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data for major cis(N,N) isomer 5a and for minor trans(N,N)-isomer 5b are presented
directly and in brackets, respectively.

Figure 5. Molecular structure and numbering scheme for the phosphane derivative
rac-4.

Table 1
Selected bond lengths (Å) and angles (�) for phosphane adduct rac-4

Bond Length (Å) Angles Value (�)

Pd(1)–C(4) 2.033(2) C(5)–C(4)–Pd(1) 111.62(17)
Pd(1)–N(1) 2.097(2) C(4)–Pd(1)–N(1) 80.82(9)
Pd(1)–P(1) 2.2704(7) C(17)–N(1)–Pd(1) 112.56(17)
Pd(1)–Cl(1) 2.3712(7) N(1)–C(17)–C(5) 119.1(2)
N(1)–C(17) 1.285(3) C(4)–C(5)–C(17) 115.0(2)
N(1)–C(18) 1.437(3) C(4)–Pd(1)–P(1) 101.35(7)
P(1)–C(38) 1.819(2) N(1)–Pd(1)–Cl(1) 92.13(6)
P(1)–C(32) 1.835(3) P(1)–Pd(1)–Cl(1) 87.56(2)
P(1)–C(26) 1.837(3) C(18)–N(1)–Pd(1) 127.59(16)
(ii) NOE experiments provided evidence of the closer proximity
of the a-CH to the NHax proton compared to the a-CH���NHeq dis-
tance: the observed intensities of a-CH responses on the NHax

and NHeq irradiation are equal to 3.6% and 0.7% for major isomer
5a, and 3.5% and <0.2% for minor form 5b (Fig. 4a).

(iii) The difference in the dipole–dipole interaction of the two
protons of NH2 group with the protons of the iso-propyl substitu-
ent at the C*-stereocenter is also in agreement with the d(RC) con-
formation of the chelate ring. The responses of methine (1.8%) and
methyl group protons (0.4–0.7%) were detected only upon
irradiation at the frequency of the NHeq proton (Fig. 4a), while
any similar effects were not observed upon irradiation of the NHax

proton.
Thus, we can mention two peculiarities of the structure of the

valinate derivative (Spl,RC)-5: (i) it exists as an equilibrium mix-
ture of two geometric isomers, unusual cis(N,N) and standard
trans(N,N) forms, with twofold predominance of the former, and
(ii) the valinate chelate ring exists in solution in the d(RC) confor-
mation with an axial disposition of the iso-propyl substituent
at the carbon stereocenter, that is unusual for amino acidate
complexes.25

2.4. X-ray diffraction study of the phosphane adduct rac-4

The ortho-palladated structure of dimer rac-1 was unambigu-
ously established by X-ray diffraction study of its mononuclear
phosphane derivative rac-4; the trans(P,N)-geometry of the coordi-
nation sphere of the metal in the latter was also confirmed. The
molecular structure of the complex 4 is presented in Figure 5; se-
lected bond lengths and angles are given in Table 1; its structural
and stereochemical peculiarities are discussed using the (Spl)-enan-
tiomer as an example.

Taking into account that complex 4 is the first representative of
imine CN-palladacycles with planar chirality of a non-metallocenic
nature, it was necessary to compare its structural peculiarities with
those of known achiral analogues derived from N-aryl benzaldi-
mines to estimate the influence of phenylene ring replacement
by a pCp-moiety. The model compounds are represented by seven
dimers (VI–VIII) and two mononuclear phosphane derivatives (IX,
Chart 3).9l,26
The Pd–C bond length in complex 4 (2.033 Å) is slightly in-
creased compared to those in its achiral analogues (1.951–
2.016 Å for VI–IX); the Pd–N bond length (2.097 Å) is almost the
same as that found for known phosphane derivatives IXa,b
(2.109–2.122 Å). The Pd–P bond length in complex 4 (2.270 Å) lies
in the range from 2.249 to 2.305 Å, found for its analogues IXa and
IXb, respectively. Its weakening in the sequence IXa > 4 > IXb may
be explained by the following factors: (i) difference in steric
requirements of phosphane ligands (Tolman angles h for PPh3

and PCy3 are equal to 145� and 170�, respectively.27), (ii) increasing
of steric encumbrance due to the volume of N-aryl substituent
(Ph < 2,6-Me2C6H3 < 2,6-Pri

2C6H3), and (iii) repulsion of the phos-
phane ligand from the pCp-moiety in adduct 4.

The coordination environment around palladium in adduct 4
displays significant tetrahedral distortion, with the interplanar
angle {C4Pd1N1}/{P1Pd1Cl} equal to 16.9� essentially exceeding
the range for all other achiral analogues (1.7–9.9�). According to
the convention of skew lines,28 the configuration of a pseudo-tetra-
hedron may be defined as D, on the basis of the negative value of
the torsion angle \C4N1Cl1P1 connecting the four palladium-
bonded atoms (�16.48�). From comparison of these data with re-
lated parameters for the diastereomeric 4-oxazolinyl-pCp-derived
analogues (Rpl,SC)-I and (Spl,SC)-I one may conclude that both the
extent of tetrahedral distortion and its direction are dependent
on both chirality elements: (i) the interplanar angle {CPdN}/
{PPdCl} increases from 16(2)� for (Spl,SC)-I up to 30.84� in (Rpl,SC)-
I, and (ii) the configuration of pseudo-tetrahedron inverts from D
to K after passing from (Spl,SC)-I to (Rpl,SC)-I (\CNClP �12.35 b
+29.02�, respectively).

The palladacycle in complex (Spl)*-4 may be described as a
slightly distorted envelope with the metal in the top position
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which deviates from the plane of four remaining atoms by �0.22 Å.
Such palladacycle distortion has to be recognized as typical for
imine CN-complexes since it was found for 13 of the 17 palladacy-
cles. The high extent of palladacycle planarity is typical for imine
CPCs: the average magnitude of the absolute values of intrachelate
torsion angles (-av)16b,29 varies in the range 0.25–3.50� for dimers
VIa,b, VIIa,b,d, increasing to some extent with the appearance of
the MeO-substituent in the proximity of metallation site in dimers
VIIc, VIII (-av 6.27–6.70�) or due to introduction of the bulky phos-
phine ligand in adducts IXa,b (-av 10.68–10.96�). In the case of com-
plex (Spl)*-4, the palladacycle puckering is only moderate (-av 6.19�)
with a negligible extent of twisting (\CNCC –0.93�).

It is known30 that the phenylene rings of pCp-moiety adopt a
boat-like form due to steric reasons. Their non-planarity extent
may be characterized by angles between the plane of the four cen-
tral atoms (forming the boat basis) and planes including the meth-
ylene-bonded ipso-carbon atoms. In the case of complex (Spl)*-4,
this parameter varies in the range of 11.89–16.56�, which is com-
parable with the related parameters of Bolm’s complexes I
(10.84–16.19�). In all these structures, this kind of deformation is
more pronounced for the palladated phenylene ring, possessing
additional puckering: the boat base is twisted according to the tor-
sion angles equal to �3.01, �3.08, and +6.52� for complexes (Spl)*-
4, (Spl,SC)-I, and (Rpl,SC)-I, respectively. The signs of these angles are
indicative of the dependence of this twist direction from the con-
figuration of the chiral plane: for complexes (Spl)*-4 and (Spl,SC)-I
this angle is negative, while for (Rpl,SC)-I diastereomer, it is positive.
To confirm the validity of such a correlation, we should note that
the same dependence was found in a series of organic 4-X-5-Y-
disubstituted derivatives of [2.2]paracyclophane, which exhibited
a marked twist of the tetrasubstituted phenylene ring (\C8C7C5C4

>2.0�): in eleven compounds with an (Spl)-configuration, the tor-
sion angle is negative, while it is positive in the case of 18 com-
pounds with an (Rpl)-configuration (CCDC data). Thus, the twist
of the tetrasubstituted phenylene ring cannot be considered as a
fortuitous phenomenon.

The rotameric state of the PPh3 ligand in the phosphane adduct
(Spl)*-4 was estimated using a known approach.31 The average value
(xav) of torsion angles, xA, xB, and xC (characterizing disposition of
three PPh-groups), is equal to 130.54� that is an indication of the M
configuration of the PPh3 propeller. The PPh3 propeller has the same
M configuration in diastereomer (Spl,SC)-I (xav 130.62�), but the
opposite P configuration in diastereomer (Rpl,SC)-I (xav 48.83�). It al-
lows to suggest that the rotameric state of the PPh3 propeller in the
crystal is governed by the configuration of the chiral plane.

3. Conclusion

In conclusion, we have prepared the first planar chiral imine
CN-palladacycle based on the [2.2]paracyclophane backbone and
free of redox activity. Three versions of a direct cyclopalladation
of a pCp-derived imine were developed, including a solid-phase
reaction, to afford the racemic dimer 1 in the yields up to 85%, de-
spite decreased sp2-character of the aromatic C–H bond to be acti-
vated. The ortho-palladated structure of dimer 1 was confirmed by
spectroscopic (1H and 31P NMR) studies of its mononuclear deriv-
atives 3–5 and the X-ray diffraction study of the phosphane adduct
4. Resolution of the racemic dimer 1 was performed by diastereo-
selective decoordination of the (RC)-valinate auxiliary ligand from
the corresponding adduct 5 under the conditions of column chro-
matography on silica gel. Both (Spl,Spl)- and (Rpl,Rpl)-enantiomers
of dimer 1 were isolated in a stereochemically pure state in mod-
erate yields. The enhanced efficiency of this new methodology
compared to the previously reported system15 based on the use
of (SC)-prolinate ligand may be attributed to a more efficient
interaction with SiO2 of the primary amino groups of the chelated
(RC)-valinate compared to the secondary ones of the (SC)-prolinate
ligand. The absolute configuration of this new CN-palladacycle was
established by independent synthesis of the (Rpl,Rpl)-enantiomer
of dimer 1 starting from the (Spl)-4-formyl[2.2]paracyclophane
resolved by the standard method.

With regard to the reactivity of the new imine CN-palladacycle,
we have disclosed a disadvantageous peculiarity: it appears to be
unable to regioselectively bond mono- and bidentate auxiliary li-
gands bearing a rather hard O- and/or N-donor atom. The corre-
sponding mononuclear derivatives exist as mixtures of geometric
trans(N,N)- and cis(N,N)-isomers. However, coordination of P-donor
ligands occurs with complete regioselectivity in the trans(P,N)-con-
figuration. This circumstance imposes certain restrictions on the
new CN-palladacycle application for chiral recognition.
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These new imine CN-CPCs may be considered as compound of
pure planar chirality only from a formal point of view. Detailed
analysis of structural parameters of phosphane adduct (Spl)*-4
has shown, that it acquires at least two additional chirality ele-
ments: a pseudo-tetrahedral D-configurated metal environment,
and a twisted metallated phenylene ring of the pCp-framework.

4. Experimental

4.1. General

The 1H and 31P NMR spectra were recorded with a Bruker
Avance-400 spectrometers operating at the frequencies 400 and
161.9 MHz for 1H and 31P nuclei, respectively. The measurements
were carried out at ambient temperature in CDCl3 solutions (unless
otherwise indicated). The chemical shifts are reported on the d-scale
in parts per million relative to TMS as internal standard for protons
and relative to H3PO4 as an external reference for the 31P nuclei. The
assignment of signals was based on the homo- and heteronuclear
decoupling—1H{1H} and 1H{31P} COSY, and NOE experiments. Opti-
cal rotations were measured with a VNIEKI-Prodmush AI-EPO pola-
rimeters in a 0.25 dm cell at 22 �C. The melting points were
measured with a Electrothermal IA 9000 series device in a sealed
capillary. All reactions were conducted under an argon atmosphere
using TLC control on Silufol UV-254. The purification of the com-
pounds was performed by means of short dry column32 or flash-
chromatography on Silica Gel 60 (from Fluka) (unless otherwise
indicated). Enantiomeric analysis of (Spl)-4-formyl[2.2]paracyclo-
phane was performed by HPLC (Varian 5000 LC) on Chiracel OD
(250 � 4.6 mm) with hexane/isopropanol 9/1 as eluent, flow rate
1 mL/min, temperature 20 �C, detector UV 254 nm, the retention
times were 11.8 (S) and 15.8 min (R), respectively.

4.2. Solvents and starting reagents

Toluene was dried over CaCl2, refluxed over Na, and then dis-
tilled from Na; dichloromethane and chloroform were passed
through a short Al2O3 column and distilled over P2O5; chloroform-
d1 was distilled from CaH2; hexane and petroleum ether were dis-
tilled from Na; methanol and pyridine were distilled from MeONa
and Na, respectively. Acetone of high purity (from Reachim) was
used without additional purification. Glacial acetic acid was pre-
pared by twofold low-temperature recrystallization. (R)-Valine
and Pd(OAc)2 (from Aldrich), and Et2SnCl2 (from Alfa Aesar), were
used as received. Triphenylphosphine was purified by twofold
recrystallization from a benzene/hexane mixture and acetone;
2,6-dimethylaniline (from Aldrich) was distilled in vacuo just before
use (bp 102–104�/20 mmHg). (RC)-a-Methylbenzylamine of 97% ee
was purchased from Merck and used without purification. Racemic
4-formyl[2.2]paracyclophane was prepared by reported method33

and purified using column chromatography on silica (h 23 cm, d
2.7 cm; eluents toluene/hexane 5:1 mixture); Rf 0.5 (CHCl3). The
(Spl)-enantiomer of the 4-formyl[2.2]paracyclophane was obtained
by resolution of the racemic aldehyde via its diastereomeric imine
derivatives with (RC)-a-phenylethylamine:17 ½a�25

D ¼ �173 (c 0.42,
CHCl3), 96.3% ee. Racemic N-(2,6-dimethylphenyl)-[2.2]paracyclo-
phane-4-carbaldimine (HL) and its (Spl)-enantiomer were prepared
by a reported method;12 for (Spl)-HL ½a�22

D ¼ þ443 (c 0.492, CH2Cl2).

4.3. Cyclopalladation of the imine HL

4.3.1. Racemic di-l-chlorobis{4-(N-2,6-dimethylphenyl) imino-
methyl[2.2]paracyclophan-5-yl-C,N}dipalladium(II), rac-1

Method 1. A suspension of the racemic imine HL (0.0580 g,
0.1709 mmol) and Pd(OAc)2 (0.0384 g, 0.171 mmol) in glacial ace-
tic acid (4 mL) was heated at 60 �C for 8 h. The reaction mixture
was evaporated in vacuo to dryness, the solution of the residue
in dichloromethane (10 mL) was treated with a solution of LiCl
(0.0149 g, 0.351 mmol) in acetone (5 mL). After stirring at rt for
2 h the solvent was removed, the residue treated with water
(15 mL), and the dimer formed was extracted with dichlorometh-
ane (3 � 5 mL). The combined organic solutions were dried over
MgSO4, evaporated in vacuo to dryness, and the crude product
was purified using flash column chromatography on silica (h
14 cm, d 1.9 cm) with toluene and toluene/acetone 10:1 mixture
as eluents. After precipitation from dichloromethane by hexane
and drying in vacuo, dimer rac-1 was obtained in the yield of
41% (0.0335 g, 0.0350 mmol) as a yellow amorphous powder: mp
(dec) 240–245 �C, Rf 0.66 (10:1 toluene/acetone). Anal. Calcd for
C50H48Cl2N2Pd2: C, 62.51; H, 5.04; N, 2.92. Found: C, 62.25; H,
4.81; N, 3.18.

Method 2. A suspension of the imine HL (0.0580 g, 0.1709
mmol) and Pd(OAc)2 (0.0384 g, 0.171 mmol) in toluene (10 mL)
was heated at 60 �C for 7 h. The reaction mixture was evaporated
in vacuo to dryness, the residue was treated with the solution of
LiCl (0.0149 g, 0.351 mmol) in acetone (5 mL). After stirring at rt
for 1 h the solvent was removed, the residue was treated with
water (15 mL), and after additional stirring for 0.5 h the precipi-
tate formed was filtered, washed with water, and dried in vacuo
over CaCl2 to afford chromatographically pure (TLC data) dimer
rac-1 in the yield of 85% (0.0697 g, 0.0726 mmol) as yellow amor-
phous powder: Rf 0.66 (10:1 toluene/acetone).

Method 3. Racemic chloro{4-(N-2,6-dimethylphenyl)iminom-
ethyl[2.2]paracyclophan-5-yl-C,N}(triphenylphosphine-P)palla-
dium(II), rac-4. A solution of the imine HL (0.0500 g, 0.1473 mmol)
in the minimum volume of dichloromethane (1 mL) was mixed
with SiO2 (0.0552 g), evaporated to dryness, and heated at 85 �C
for 14 h. The dimer rac-2 formed was eluted from silica by a
solution of pyridine (0.0835 g) in dichloromethane (20 mL) as its
pyridine adduct, which was then treated with a solution of LiCl
(0.0125 MC, 0.295 mmol) in acetone (5 mL) and stirred at rt for
1 h. After addition of PPh3 (0.0425 g, 0.162 mmol) to the pyridine
derivative 2 formed and stirring at rt for 0.5 h, the reaction mixture
was evaporated. The residue was dissolved in dichloromethane, fil-
tered from admixtures, and recrystallized from chloroform/hexane
to afford phosphane adduct rac-4 in a yield of 70% (0.0762 g,
0.1026 mmol): mp (dec) 228–229 �C, Rf 0.68 (3:1 toluene/acetone).
1H and 31P NMR data are identical to those presented below (see
Section 4.4.1).
4.3.2. Enantiopure dimer (Rpl,Rpl)-di-l-chlorobis{4-(N-2,6-
dimethylphenyl)iminomethyl[2.2]paracyclophan-5-yl-
C,N}dipalladium(II), (Rpl,Rpl)-1 (independent synthesis)

A suspension of the imine (Spl)-HL (0.1012 g, 0.2981 mmol) and
Pd(OAc)2 (0.0669 g, 0.2981 mmol) in toluene (15 mL) was heated
at 60 �C for 7 h. The reaction mixture was evaporated in vacuo to
dryness, the residue was treated with a solution of LiCl (0.0255 g,
0.6015 mmol) in acetone (10 mL), and stirred at rt for 1 h. Then
the solvent was removed, the residue was treated with water
(20 mL), stirred for 0.5 h, and the precipitate formed was filtered,
washed with water, and dried in vacuo over CaCl2. After the addi-
tional chromatographic purification on dry column (Silica gel, h
7 cm, d 4.5 cm; eluents are toluene/hexane mixtures of increasing
polarity, in ratios from 1:5 to 10:1) and precipitation from toluene
by petroleum ether dimer (Rpl,Rpl)-1 was obtained in a yield of 72%
(0.1029 g, 0.1071 mmol) as a yellow amorphous powder: mp (dec)
284–285 �C, Rf 0.66 (10:1 toluene/acetone), ½a�24

D ¼ þ559 (c 0.247,
CH2Cl2). Anal. Calcd for C50H48Cl2N2Pd2: C, 62.51; H, 5.04; N,
2.92; Found: C, 62.61; H, 4.88; N, 2.83.
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4.4. Synthesis of mononuclear derivatives of dimer rac-1

4.4.1. Racemic chloro{N-4-(2,6-dimethylphenyl)iminomethyl
[2.2]paracyclophan-5-yl-C,N}(triphenylphosphine-P)
palladium(II), rac-4

A slight excess of PPh3 (0.0787 g, 0.0301 mmol) was added to a
suspension of racemic dimer 1 (0.0130 g, 0.0135 mmol) in toluene
(5 mL). The homogeneous reaction mixture was stirred at rt for
0.5 h, concentrated in vacuo to a minimum volume, and target
complex was precipitated by hexane to afford after drying in vacuo
over CaCl2 adduct rac-4 in a yield of 76% (0.0152 g, 0.0205 mmol)
as a yellow amorphous powder: mp (dec) 228–229 �C, Rf 0.68
(3:1 toluene/acetone). Monocrystals of this complex were obtained
by slow evaporation of its solution in chloroform. Anal. Calcd for
C43H39ClNPPd: C, 69.55; H, 5.29; N, 1.89. Found: C, 69.68; H,
5.27; N, 1.94.

31P NMR (CDCl3): d 30.31 ppm (s). 1H NMR (CDCl3): aromatic
protons of the [2.2]paracyclophane moiety: d 5.72 (br dd, 1H,
3JHH 7.6, 5JHP 0.8, H8), 6.03 (d, 1H, 3JHH 7.6, H7), 6.46 (dd, 1H, 3JHH

7.8, 4JHH 1.8, H15), 6.49 (dd, 1H, 3JHH 7.8, 4JHH 1.8, H12), 6.58 (dd,
1H, 3JHH 7.8, 4JHH 1.8, H16), 6.78 (dd, 1H, 3JHH 7.8, 4JHH 1.8, H13);
methylene protons of [2.2]paracyclophane moiety: d 1.93 (ddd,
1H, 2JHH 13.2, 3JHH 10.4, 3JHH 3.9, H2a), 2.76 (ddd, 1H, 2JHH 13.2,
3JHH 10.4, 3JHH 4.3, H1a), 2.79 (ddd, 1H, 2JHH 13.2, 3JHH 10.5, 3JHH

4.3, H2s), 2.92 (ddd, 1H, 2JHH 13.2, 3JHH 10.4, 3JHH 4.9, H10s), 2.95
(ddd, 1H, 2JHH 13.7, 3JHH 10.9, 3JHH 4.9, H9a), 3.09 (ddd, 1H, 2JHH

13.2, 3JHH 10.9, 3JHH 3.1, H10a), 3.08 (ddd, 1H, 2JHH 13.2, 3JHH 10.5,
3JHH 3.9, H1s), 3.27 (ddd, 1H, 2JHH 13.7, 3JHH 10.4, 3JHH 3.1, H9s); side
chain protons: d 2.35 (s, 3H, Me), 2.68 (s, 3H, Me), 7.12–7.15 (m,
3H, C6H3), 8.19 (d, 1H, 4JHP 7.3, CH@N); PPh3 protons: d 7.26–7.28
(m, 6H, meta-H), 7.35–7.38 (m, 3H, para-H), 7.61 (ddd, 6H, 4JHH

1.3, 3JHH 7.5, 3JHP 11.0, ortho-H).

4.4.2. Racemic chloro{4-(N-2,6-dimethylphenyl) iminomethyl[2.2]-
paracyclophan-5-yl-C,N}(pyridine-N)palladium(II), rac-3

A suspension of dimer rac-1 (0.600 g, 0.0625 mmol) in chloro-
form (5 mL) was treated with a slight excess of pyridine
(0.0110 g, 0.1395 mmol; 1.2 mL of 0.1163 M solution). The homo-
geneous reaction mixture was stirred at rt for 20 min, and evapo-
rated to dryness. The residue was dissolved in minimum volume
of toluene and the target complex was precipitated by hexane con-
taining trace quantity of pyridine (1 drop per 3 mL). The precipitate
formed was filtered, washed with hexane, dried in vacuo over
CaCl2 to afford adduct rac-3 as a yellow amorphous powder in a
yield of 78% (0.0548 g, 0.0980 mmol): mp (dec) 174–175 �C, Rf

0.4 (1:1 toluene/acetone).� Anal. Calcd for C30H29ClN2Pd: C, 64.41;
H, 5.22; N, 5.01. Found: C, 64.54; H, 5.32; N, 4.92.

1H NMR (CDCl3; two sets of signals in 5:1 ratio). For major
trans(N,N)-isomer 3a: aromatic protons of the [2.2]paracyclophane
moiety: d 6.21 (d, 1H, 3JHH 7.8, H7/8), 6.22 (d, 1H, 3JHH 7.8, H8/7), 6.49
(dd, 1H, 3JHH 7.8, 4JHH 1.9, H12), 6.57 (dd, 1H, 3JHH 7.8, 4JHH 1.9, H15),
6.64 (dd, 1H, 3JHH 7.8, 4JHH 1.9, H16), 6.94 (dd, 1H, 3JHH 7.8, 4JHH 1.9,
H13); methylene protons of [2.2]paracyclophane moiety: d 1.77
(ddd, 1H, 2JHH 13.8, 3JHH 9.4, 3JHH 4.4, H2s), 2.32 (ddd, 1H, 2JHH

13.8, 3JHH 9.5, 3JHH 5.3, H2a), 2.85 (ddd, 1H, 2JHH 13.3, 3JHH 9.5,
3JHH 4.4, H1a), 3.03 (m, 1H, H1s), 3.28, 3.15, 3.06, 2.99 (group of
m, each 1H, H9s, H9a, H10s, H10a); side chain protons: d 2.39 (s,
3H, Me), 2.78 (s, 3H, Me), 7.13 (m, 1H, H40 of C6H3), 7.18 (m, 2H,
H30, H50 of C6H3), 7.94 (s, 1H, CH@N); pyridine protons: 7.34 (m,
2H, b-H), 7.82 (m, 1H, c-H), 8.91 (m, 2H, a-H). For minor
cis(N,N)-isomer 3b: aromatic protons of [2.2]paracyclophane moi-
ety: d 6.20 (d, 1H, 3JHH 7.8, H7/8), 6.30 (d, 1H, 3JHH 7.8, H8/7); other
� Partial decomposition of the pyridine adduct on silica was observed resulting in
the formation of dimer 1 (Rf >0.99).
palladacycle protons: 7.97 (s, 1H, CH@N), 2.26 (s, 3H, Me), 2.64 (s,
3H, Me); pyridine protons: 7.00 (m, 2H, b-H), 7.48 (m, 1H, c-H),
8.28 (m, 2H, a-H); signals of remaining protons are hidden under
those of the major isomer.

4.5. Racemic dimer 1 resolution

4.5.1. Chiral derivatization: (Rpl,RC/Spl,RC)-{4-(N-2,6-dimethylphenyl)
iminomethyl[2.2]paracyclophan-5-yl-C,N}(valinato-N,O)-
palladium(II), 5

A suspension of dimer rac-1 (0.0903 g, 0.094 mmol) in metha-
nol (10 mL) was consecutively treated with (R)-valine (0.0221 g,
0.188 mmol) and sodium bicarbonate (0.0158 g, 0.188 mmol).
The reaction mixture was stirred at rt for 4 h, evaporated in vacuo;
the residue was dissolved in dichloromethane, filtered from inor-
ganic admixtures, and evaporated to give a mixture of diastereo-
meric complexes 5 as a yellow amorphous powder, and used
without further additional purification: Rf 0.44 (20:1 CH2Cl2/
MeOH).�

4.5.2. Diastereoselective (R)-valinate decoordination from
complex (Rpl,RC/Spl,RC)-5

The equimolar mixture of two diastereomers, (Rpl,RC)-5 and
(Spl,RC)-5 (105.50 g, 0.1880 mmol), was eluted through a flash-col-
umn (Silpearl, h 19 cm, d 2.5 cm; eluents are mixtures of dichloro-
methane and methanol of increasing polarity, in ratios from
100:1, via 80:1, 50:1, 30:1, and 20:1 to 10:1). The following com-
plexes were isolated: dimer (Rpl,Rpl)-1 and (R)-valinate derivative
(Spl,RC)-5.

For dimer (Rpl,Rpl)-1: a yield of 40% (0.0179 g, 0.0186 mmol) was
obtained after precipitation from dichloromethane by petroleum
ether; mp (dec) 280–283 �C, Rf 0.66 (10:1 toluene/acetone), ½a�22

D ¼
þ551 (c 0.247, CH2Cl2). Anal. Calcd for C50H48Cl2N2Pd2: C, 62.51;
H, 5.04; N, 2.92. Found: C, 62.56; H, 5.18; N, 2.82. 1H NMR (CDCl3,
series of broad signals): d 7.78 (s, 1H, CH@N), 7.17 (m, 2H, meta-
NC6H3), 7.03 (m, 1H, para-NC6H3), 7.03 (br s, 1H, pCp), 6.60 (m,
2H, pCp), 6.49 (m, 1H, pCp), 6.14 (m, 2H, pCp), 3.76 (m, 1H, CH2

from pCp), 3.30 (m, 1H, CH2 from pCp), 2.98–3.17 (m, 4H, CH2 from
pCp), 2.52 (m, 2H, CH2 from pCp), 2.21 (s, 3H, MeC6H3), 2.85 (s, 3H,
MeC6H3).

For (R)-valinate derivative (Spl,RC)-5: a yield of 68% (0.0356 g,
0.0635 mmol), a yellow crystalline solid after recrystallization
from dichloromethane/hexane; mp (dec) 238–242 �C, Rf 0.57
(10:1 CH2Cl2/MeOH); ½a�24

D ¼ �589 (c 0.367, CH2Cl2). Anal. Calcd
for C30H34N2O2Pd: C, 64.23; H, 6.11; N, 4.99. Found: C, 64.01; H,
6.26; N, 4.88.

1H NMR (CDCl3, two sets of signals in 2:1 ratio). For major
cis(N,N)-isomer 5a: aromatic protons of the [2.2]paracyclophane
moiety: d 6.24 (d, 1H, 3JHH 7.8, H7), 6.30 (d, 1H, 3JHH 7.8, H8), 6.50
(dd, 1H, 3JHH 7.8, 4JHH 1.8, H12), 6.59 (dd, 1H, 3JHH 7.8, 4JHH 1.8,
H16), 6.62 (dd, 1H, 3JHH 7.8, 4JHH 1.8, H15), 7.03 (dd, 1H, 3JHH 7.8,
4JHH 1.8, H13); methylene protons of the [2.2]paracyclophane moi-
ety: d 2.78 (m, 1H, H2a), 3.15 (m, 1H, H1s), 3.23 (m, 1H, H9s), 2.95-
3.45 (group of m, 4H, H1a, H9a, H10s, H10a), 4.37 (ddd, 1H, 2JHH 13.2,
3JHH 9.2, 3JHH 2.8, H2s); side chain protons: d 2.27 (s, 3H, Me1), 2.75
(s, 3H, Me2), 7.15 (br d, 1H, 3JHH 7.4, H30 of C6H3), 7.19 (t, 1H, 3JHH

7.4, H40 of C6H3), 7.25 (br d, 1H, 3JHH 7.4, H50 of C6H3), 7.89 (s, 1H,
CH@N); for Val� ligand: 0.99 (br d, 1H, 2JHH 10.6, NHeq), 1.06 (d,
3H, 3JHH 6.9, Me1), 1.18 (d, 3H, 3JHH 6.9, Me2), 2.19 (br dd, 1H,
2JHH 10.6, 3JHH 6.7, NHax), 2.46 (m, 1H, CHMe2), 3.18 (m, 1H, a-CH).

For minor trans(N,N)-isomer 5b: aromatic protons of the
[2.2]paracyclophane moiety: d 6.21 (d, 1H, 3JHH 7.8, H7/8), 6.24 (d,
� Partial decomposition of the valinate derivatives on silica results in the formation
of dimer 1 (Rf >0.99).
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1H, 3JHH 7.8, H8/7), 6.39 (br d, 1H, 3JHH 7.8, H12), 6.64 (m, 2H, H15,
H16), 6.90 (br d, 1H, 3JHH 7.8, H13); methylene protons of the
[2.2]paracyclophane moiety: d 2.59 (m, 1H, H2s), 2.85 (m, 1H),
3.10 (m, 1H, H9s), 3.34 (m, 1H), 3.00–3.20 (group of m, 4H); side
chain protons: d 2.23 (s, 3H, Me1), 2.54 (s, 3H, Me2), 7.04 (m, 1H,
H30 of C6H3), 7.06 (m, 1H, H50 of C6H3), 7.10 (t, 1H, 3JHH 7.4, H40 of
C6H3), 7.88 (s, 1H, CH@N); for Val� ligand: 1.04 (d, 3H, 3JHH 6.9,
Me1), 1.07 (d, 3H, 3JHH 6.9, Me2), 2.34 (m, 1H, CHMe2), 2.84 (br d,
1H, 2JHH 10.6, NHeq), 3.43 (m, 1H, a-CH), 4.31 (br dd, 1H, 2JHH

10.6, 3JHH 0.6, NHax).
1H NMR (CDCl3 + C6D6, two sets of signals in 2:1 ratio). For ma-

jor cis(N,N)-isomer 5a: aromatic protons of the [2.2]paracyclo-
phane moiety: d 5.98 (d, 1H, 3JHH 7.8, H7/8), 6.06 (d, 1H, 3JHH 7.8,
H8/7), 6.30 (dd, 1H, 3JHH 7.8, 4JHH 1.8, H12), 6.36 (dd, 1H, 3JHH 7.8,
4JHH 1.8, H16/15), 6.39 (dd, 1H, 3JHH 7.8, 4JHH 1.8, H15/16), 6.88 (dd,
1H, 3JHH 7.8, 4JHH 1.8, H13); methylene protons of the [2.2]paracy-
clophane moiety: d 2.55–2.63 (m, 2H), 2.77–2.90 (m, 3H), 2.97–
3.01 (m, 2H), 4.39 (ddd, 1H, 2JHH 13.2, 3JHH 9.2, 3JHH 2.8, H2s); side
chain protons: d 2.02 (s, 3H, Me1), 2.09 (s, 3H, Me2), 6.81–7.00
(m, 3H, C6H3), 7.48 (s, 1H, CH@N); for Val� ligand: 0.61 (br d, 1H,
2JHH 10.6, NHeq), 0.86 (d, 3H, 3JHH 6.9, Me1), 0.96 (d, 3H, 3JHH 6.9,
Me2), 1.95 (br dd, 1H, 2JHH 10.6, 3JHH 6.7, NHax), 2.22 (m, 1H,
CHMe2), 2.89 (m, 1H, a-CH).

For minor trans(N,N)-isomer 5b: aromatic protons of the
[2.2]paracyclophane moiety: d 5.94 (d, 1H, 3JHH 7.8, H7/8), 6.00 (d,
1H, 3JHH 7.8, H8/7), 6.17 (dd, 1H, 3JHH 7.8, 4JHH 1.8, H12), 6.40 (dd,
1H, 3JHH 7.8, 4JHH 1.8, H16/15), 6.44 (dd, 1H, 3JHH 7.8, 4JHH 1.8, H15/16),
6.77 (dd, 1H, 3JHH 7.8, 4JHH 1.8, H13); methylene protons of the
[2.2]paracyclophane moiety: d 2.59 (m, 1H, H2s), 2.65–2.96 (group
of m, 5H), 3.15 (m, 1H, H9s), 3.23 (m, 1H); side chain protons: d 2.03
(s, 3H, Me1), 2.31 (s, 3H, Me2), 6.85–6.98 (m, 3H, C6H3), 7.55 (s, 1H,
CH@N); for Val� ligand: 0.82 (d, 3H, 3JHH 6.9, Me1), 0.86 (d, 3H, 3JHH

6.9, Me2), 2.07 (m, 1H, CHMe2), 2.46 (br d, 1H, 2JHH 10.6, NHeq), 3.14
(m, 1H, a-CH), 4.09 (br m, 1H, NHax).

4.5.3. Isolation of enantiopure dimeric complex (Spl,Spl)-di-l-
chlorobis{4-(N-2,6-dimethylphenyl)iminomethyl[2.2]paracyclo-
phan-5-yl-C,N}-dipalladium(II), (Spl,Spl)-1

A solution of diastereomerically pure (R)-valinate derivative
(Spl,RC)-5 (0.0118 g, 0.021 mmol) in dichloromethane (8 mL) was
treated with diluted 0.5 M aqueous solution of HCl (2 � 5 mL) with
vigorous shaking under TLC control. The combined organic layers
were washed with water (3 � 5 mL), dried over Na2SO4, concen-
trated to dryness, and precipitated from dichloromethane by hex-
ane to give dimer (Spl,Spl)-1 in ca. 100% yield (0.0101 g, 0.0105
mmol): mp (dec) 253–256 �C, Rf 0.66 (10:1 toluene/acetone),
½a�22

D ¼ �548:6 (c 0.253, CH2Cl2). Anal. Calcd for C50H48Cl2N2Pd2:
C, 62.51; H, 5.04; N, 2.92. Found: C, 62.80; H, 5.10; N, 2.86.

4.5.4. X-ray diffraction study of phosphane adduct rac-4
Crystals of the complex 4 (C43H39ClNPPd, FW = 742.57) are

orthorhombic, space group Pbca at 100 K; a = 15.2614(5),
b = 19.1961(6), c = 23.2667(8) Å, V = 6816.2(4) Å3, Z = 8 (Z0 = 1),
dcalcd = 1.447 g cm�3, l(Mo Ka) = 7.03 cm�1. Intensities of 45,244
reflections were measured with SMART APEX II CCD (k(Mo Ka) =
0.71072 Å, 2h <58� and 9057 independent reflections (Rint = 0.0651)
were used in the further refinement. The structure was solved by
direct method and refined by the full-matrix least-squares tech-
nique against F2 in the anisotropic–isotropic approximation. The
positions of the hydrogen atom were calculated from geometrical
point of view. The refinement converged to wR2 = 0.0904 and
GOF = 1.022 for all independent reflections (R1 = 0.0355 was
calculated against F for 5914 observed reflections with I > 2r(I)).
All calculations were performed using SHELXTL PLUS 5.10.34

Crystallographic data (excluding structure factors) for the struc-
ture reported in this paper have been deposited at the Cambridge
Crystallographic Data Centre as supplementary no. CCDC 688360.
Copies of the data can be obtained free of charge via www.ccdc.
cam.uk/conts/retrieving.html (or from the CCDC, 12 Union Road,
Cambridge CB2 1EZ UK; fax: +44-1223-336-033; or deposit@ccdc.
cam.ac.uk).
Acknowledgments

This research was supported partly by the Russian Academy of
Sciences, grant OX10. The authors thank Dr. I. P. Smoliakova for
valuable discussion.
References

1. (a) Jautze, S.; Peters, R. Angew. Chem., Int. Ed. 2008, 47, 9284; (b) Jautze, S.;
Seiler, P.; Peters, R. Chem. Eur. J. 2008, 14, 1430; (c) Xin, Z.; Fisher, D. F.; Peters,
R. SynLett 2008, 1495; (d) Fisher, D. F.; Xin, Z.-q.; Peters, R. Angew. Chem., Int. Ed
2007, 46, 7704; (e) Watson, M. P.; Overman, L. E.; Bergman, R. G. J. Am. Chem.
Soc. 2007, 129, 5031; (f) Kirsh, S. F.; Overman, L. E.; White, N. S. Org. Lett. 2007,
9, 911; (g) Jautze, S.; Seiler, P.; Peters, R. Angew. Chem., Int. Ed. 2007, 46, 1260;
(h) Kirsh, S. F.; Overman, L. E. J. Am. Chem. Soc. 2005, 127, 2866; (i) Kirsh, S. F.;
Overman, L. E. J. Org. Chem. 2005, 70, 2859; (j) Anderson, E. A.; Donde, Y.;
Douglas, C. J.; Overman, L. E. J. Org. Chem. 2005, 70, 648; (k) Prasad, R. S.;
Anderson, E. A.; Richards, C. J.; Overman, L. E. Organometallics 2005, 24, 77; (l)
Kirsh, S. F.; Overman, L. E.; Watson, M. P. J. Org. Chem. 2004, 69, 8101; (m)
Anderson, E. A.; Overman, L. E. J. Am. Chem. Soc. 2003, 125, 12412; (n) Hollis, T.
K.; Overman, L. E. J. Organomet. Chem. 1999, 576, 290.

2. (a) Durand, J.; Gladiali, S.; Erre, G.; Zangrando, E.; Milani, B. Organometallics
2007, 26, 810; (b) Peters, R.; Xin, Z.-q.; Fisher, D. F.; Schweizer, W. B.
Organometallics 2006, 25, 2917; (c) Du, L.-Z.; Gong, J.-F.; Xu, C.; Zhu, Y.; Wu, Y.-
J.; Song, M.-P. Inorg. Chem. Commun. 2006, 9, 410; (d) López, C. J. Fudan Univ.
2005, 44, 726; (e) Kang, J.; Yew, K. H.; Kim, T. H.; Choi, D. H. Tetrahedron Lett.
2002, 43, 9509; (f) Zhao, G.; Wang, Q.-G.; Mak, T. C. W. Organometallics 1999,
18, 3623; (g) Zhao, G.; Wang, Q.-G.; Mak, T. C. W. J. Organomet. Chem. 1999, 574,
311; (h) Zhao, G.; Wang, Q.-G.; Mak, T. C. W. Organometallics 1998, 17, 3437; (i)
Cohen, F.; Overman, L. E. Tetrahedron: Asymmetry 1998, 9, 3213; (j) Wu, Y. J.;
Cui, X. L.; Du, C. X.; Wang, W. L.; Guo, R. Y.; Chen, R. F. J. Chem. Soc., Dalton Trans.
1998, 3727; (k) Troitskaya, L. L.; Ovseenko, S. T.; Sokolov, V. I.; Gruselle, M. Izv.
RAN, Ser. Khim 1998, 1421 [Russ. Chem. Bull. 1998 (Engl. Transl.)]; (l) Zhao, G.;
Wang, Q.-G.; Mak, T. C. W. Tetrahedron: Asymmetry 1998, 9, 2253; (m) Benito,
M.; Lopez, C.; Solans, X.; Font-Bardia, M. Tetrahedron: Asymmetry 1998, 9, 4219;
(n) Zhao, G.; Xue, F.; Zhang, Z.-Y.; Mak, T. C. W. Organometallics 1997, 16, 4023;
(o) López, C.; Bosque, R.; Sainz, D.; Solans, X.; Font-Bardia, M. Organometallics
1997, 16, 3261; (p) Freiesleben, D.; Polborn, K.; Robl, Ch.; Sünkel, K.; Beck, W.
Can. J. Chem. 1995, 73, 1164; (r) Sokolov, V. I.; Troitskaya, L. L.; Khrushchova, N.
S. J. Organomet. Chem. 1983, 250, 439; (s) Sokolov, V. I.; Troitskaya, L. L.;
Gautheron, B.; Tainturier, G. J. Organomet. Chem. 1982, 235, 369; (t) Troitskaya,
L. L.; Khrushchova, N. S.; Sokolov, V. I.; Reutov, O. A. Zh. Org. Khim. 1982, 18,
2606; (u) Komatsu, T.; Nonoyama, M.; Fujita, J. Bull. Chem. Soc. Jpn. 1981, 54,
186; (v) Sokolov, V. I.; Troitskaya, L. L.; Reutov, O. A. J. Organomet. Chem. 1979,
182, 537; (w) Sokolov, V. I.; Troitskaya, L. L.; Reutov, O. A. J. Organomet. Chem.
1977, 133, C28.

3. (a) Bonnet, S.; Li, J.; Siegler, M. A.; von Chrzanowski, L. S.; Spek, A. L.; van Koten,
G.; Gebbink, R. J. M. K. Chem. Eur. J. 2009, 15, 3340; (b) Mamedyarova, I. A.;
Nefedova, M. N.; Sokolov, V. I. J. Organomet. Chem. 1996, 524, 181; (c) Sokolov,
V. I. J. Organomet. Chem. 1995, 500, 299.

4. (a) Swift, M. D.; Sutherland, A. Tetrahedron 2008, 64, 9521; (b) Yeamine, M. R.;
Richards, C. J. Tetrahedron: Asymmetry 2007, 18, 2613.

5. (a) Overman, L. E.; Owen, C. E.; Pavan, M. M.; Richards, C. J. Org. Lett. 2003, 5,
1809; (b) Berger, A.; Djukic, J.-P.; Pfeffer, M.; de Cian, A.; Kyritsakas-Gruber, N.;
Lacour, J.; Vial, L. Chem. Commun. 2003, 658.

6. Bolm, C.; Wenz, K.; Raabe, G. J. Organomet. Chem. 2002, 662, 23.
7. (a) Del Zotto, A.; Prat, F. I.; Baratta, W.; Zangrando, E.; Rigo, P. Inorg. Chim. Acta

2009, 362, 97; (b) Qian, H.; Cui, X.; Tang, M.; Liu, Ch.; Liu, C.; Wu, Y. New J.
Chem. 2009, 33, 668; (c) Albert, J.; D’Andrea, L.; Granell, J. R.; Tavera, R.; Font-
Bardia, M.; Solans, X. J. Organomet. Chem. 2007, 692, 3070; (d) Peláez, M. A.;
Ramírez, T.; Martínez, M.; Sharma, P.; Álvarez, C.; Gutiérrez, R. Z. Anorg. Allg.
Chem. 2004, 630, 1489; (e) Bravo, J.; Cativiela, C.; Navarro, R.; Urriolabeitia, E. P.
J. Organomet. Chem. 2002, 650, 157; (f) Eran, B. B.; Singer, D.; Praefcke, K. Eur. J.
Inorg. Chem. 2001, 111; (g) Albert, J.; Cadena, J. M.; Granell, J. R.; Solans, X.;
Font-Bardia, M. Tetrahedron: Asymmetry 2000, 11, 1943; (h) Schreiner, B.;
Urban, R.; Zografidis, A.; Sünkel, K.; Polborn, K.; Beck, W. Z. Naturforsch. 1999,
54B, 970; (i) Zhao, G.; Wang, Q.-G.; Mak, T. C. W. J. Chem. Soc., Dalton Trans.
1998, 1241; (j) Böhm, A.; Schreiner, B.; Steiner, N.; Urban, R.; Sünkel, K.;
Polborn, K.; Beck, W. Z. Naturforsch. 1998, 53B, 191; (k) Albert, J.; Granell, J.;
Mínguez, J.; Muller, G.; Sainz, D.; Valerga, P. Organometallics 1997, 16, 3561; (l)
Dani, P.; Dupont, J.; Monteiro, A. J. Braz. Chem. Soc. 1996, 7, 15.

8. (a) Pugliese, T.; Godbert, N.; Aiello, I.; La Deda, M.; Ghedini, M.; Amati, M.;
Belviso, S.; Lelj, F. Dalton Trans. 2008, 6563; (b) Ares, R.; Vázquez-García, D.;
López-Torres, M.; Fernández, A.; Gómez-Blanco, N.; Vila, J. M.; Fernández, J. J. J.
Organomet. Chem. 2008, 693, 3655; (c) Albert, J.; D’Andrea, L.; Bautista, J.;

http://www.ccdc.cam.uk/conts/retrieving.html
http://www.ccdc.cam.uk/conts/retrieving.html


V. V. Dunina et al. / Tetrahedron: Asymmetry 20 (2009) 1661–1671 1671
González, A.; Granell, J.; Font-Bardia, M.; Calvet, T. Organometallics 2008, 27,
5108; (d) Dupont, J.; Consorti, C. S.; Spencer, J. Chem. Rev. 2005, 105, 2527.

9. (a) Yu, A.; Wu, Y.; Cheng, B.; Wei, K.; Li, J. Adv. Synth. Catal. 2009, 351, 767; (b)
Chitanda, J. M.; Prokopchuk, D. E.; Quail, J. W.; Foley, S. R. Organometallics 2008,
27, 2337; (c) Chen, M.-T.; Huang, C.-A.; Chen, C.-T. Eur. J. Inorg. Chem. 2008,
3142; (d) Xu, Ch.; Gong, J.-F.; Guo, T.; Zhang, Y.-H.; Wu, Y.-J. J. Mol. Catal. A:
Chem. 2008, 279, 69; (e) Cui, M.; Li, J.; Yu, A.; Zhang, J.; Wu, Y. J. Mol. Catal. A:
Chem. 2008, 290, 67; (f) Mu, B.; Li, T.; Li, J.; Wu, Y. J. Organomet. Chem. 2008, 693,
1243; (g) Yu, A.; Cheng, B.; Wu, Y.; Li, J.; Wei, K. Tetrahedron Lett. 2008, 49,
5405; (h) Mu, B.; Li, T.; Xu, W.; Zeng, G.; Liu, P.; Wu, Y. Tetrahedron 2007, 63,
11475; (i) Xu, C.; Gong, J.-F.; Wu, Y.-J. Tetrahedron Lett. 2007, 48, 1619; (j) Xu,
C.; Gong, J.-F.; Yue, S.-F.; Wu, Y.-J. Dalton Trans. 2006, 4730; (k) Gong, J.; Liu, G.;
Du, C.; Zhu, Y.; Wu, Y. J. Organomet. Chem. 2005, 690, 3963; (l) Bedford, R. B.;
Cazin, C. S. J.; Coles, J.; Gelbrich, T.; Hursthouse, M. B.; Scordia, V. J. M. Dalton
Trans. 2003, 3350; (m) Bedford, R. B.; Cazin, C. S. J.; Coles, S. J.; Gelbrich, Th.;
Norton, P. N.; Hursthouse, M. B.; Light, M. E. Organometallics 2003, 22, 987; (n)
Rocaboy, C.; Gladysz, J. A. New J. Chem. 2003, 27, 39.

10. (a) Tenchiu, A. C.; Ilis�, M.; Dumitras�cu, F.; Whitwood, A. C.; Cîrcu, V. Polyhedron
2008, 27, 3537; (b) Coco, S.; Cordovilla, C.; Espinet, P.; Gallani, J.-L.; Guillon, D.;
Donnio, B. Eur. J. Inorg. Chem. 2008, 1210; (c) Kadkin, O. N.; An, J.; Han, H.;
Galyametdinov, Y. G. Eur. J. Inorg. Chem. 2008, 1682; (d) Baena, M. J.; Buey, J.;
Espinet, P.; García-Prieto, C. E. J. Organomet. Chem. 2005, 690, 998; (e)
Saccomando, D. J.; Black, C.; Cave, G. W. V.; Lydon, D. P.; Rourke, J. P. J.
Organomet. Chem. 2000, 601, 305.

11. Dunina, V. V.; Turubanova, E. I.; Livantsov, M. V.; Lyssenko, K. A.; Grishin, Y. K.
Tetrahedron: Asymmetry 2008, 19, 1519.

12. Sergeeva, E. V.; Rozenberg, V. I.; Antonov, D. Y.; Vorontsov, E. V.; Starikova, Z.
A.; Fedyanin, I. V.; Hopf, H. Chem. Eur. J. 2005, 11, 6944.

13. (a) Favier, I.; Gómez, M.; Granell, J.; Martínez, M.; Solans, X.; Font-Bardia, M.
Dalton Trans. 2005, 123; (b) Albert, J.; Granell, J.; Tavera, R. J. Organomet. Chem.
2003, 667, 192; (c) Vila, J. M.; Pereira, T.; Ortigueira, J. M.; Amoedo, A.; Graña,
M.; Alberdi, G.; López-Torres, M.; Fernández, A. J. Organomet. Chem. 2002, 663,
239; (d) Albert, J.; Bosque, R.; Granell, J.; Tavera, R. Polyhedron 2001, 20, 3225;
(e) Albert, J.; Bosque, R.; Granell, J.; Tavera, R. J. Organomet. Chem. 2000, 595, 54;
(f) Gómez, M.; Granell, J.; Martínez, M. J. Chem. Soc., Dalton Trans. 1998, 37; (g)
Albert, J.; Gómez, M.; Granell, J.; Sales, J.; Solans, X. Organometallics 1990, 9,
1405; (h) Onoue, H.; Moritani, I. J. Organomet. Chem. 1972, 43, 431.

14. (a) Smoliakova, I. P.; Wood, J. L.; Mawo, R. Y. Synthesis of cyclopalladated
complexes on silica gel. Abstracts of Papers, 233rd ACS National Meeting,
Chicago, IL, United States, March 25–29, 2007, ORGN-164.; (b) Scaffidi-
Domianello, Y. Y.; Nazarov, A. A.; Haukka, M.; Galanski, M.; Keppler, B. K.;
Schneider, J.; Du, P.; Eisenberg, R.; Kukushlin, V. Y. Inorg. Chem. 2007, 46, 4469;
(c) Mahapatra, A. K.; Datta, S.; Goswami, S.; Mukherjee, M.; Mukherjee, A. K.;
Chakravorty, A. Inorg. Chem. 1986, 25, 1715; (d) Mahapatra, A. K.;
Bandyopadhyay, D.; Bandyopadhyay, P.; Chakravorty, A. J. Chem. Soc., Chem.
Commun. 1984, 999.

15. Dunina, V. V.; Razmyslova, E. D.; Gorunova, O. N.; Livantsov, M. V.; Grishin, Y.
K. Tetrahedron: Asymmetry 2005, 16, 817. and references cited therein.

16. (a) Dunina, V. V.; Gorunova, O. N.; Livantsov, M. V.; Grishin, Y. K.; Kuz’mina, L.
G.; Kataeva, N. A.; Churakov, A. V. Tetrahedron: Asymmetry 2000, 11, 3967; (b)
Dunina, V. V.; Gorunova, O. N.; Kuz’mina, L. G.; Livantsov, M. V.; Grishin, Y. K.
Tetrahedron: Asymmetry 1999, 10, 3951; (c) Dunina, V. V.; Zalevskaya, O. A.;
Palii, S. P.; Zagorevskii, D. V.; Nekrasov, Y. S. Izv. Russ. Akad. Nauk, Ser. Khim.
1996, 733 [Russ. Chem. Bull. 1996, 45, 694 (Engl. Transl.)].

17. Banfi, S.; Manfredi, A.; Montanari, F.; Pozzi, G.; Quici, S. J. Mol. Catal. A: Chem.
1996, 113, 77.

18. (a) Fernández, A.; Vázquez-García, D.; Fernández, J. J.; López-Torres, M.; Suárez,
A.; Castro-Juiz, S.; Vila, J. M. Eur. J. Inorg. Chem. 2002, 2389; (b) López-Torres,
M.; Juanatey, P.; Fernández, J. J.; Fernández, A.; Suárez, A.; Vázquez-García, D.;
Vila, J. M. Polyhedron 2002, 21, 2063; (c) Castro-Juiz, S.; López-Torres, M.;
Fernández, A.; Mosteiro, R.; Suárez, A.; Vila, J. M.; Fernández, J. J. Polyhedron
2001, 20, 2925; (d) Vila, J. M.; Pereira, M. T.; Ortigueira, J. M.; López-Torres, M.;
Castiñeiras, A.; Lata, D.; Fernández, J. J.; Fernández, A. J. Organomet. Chem. 1998,
556, 31; (e) Vila, J. M.; Gayoso, M.; Pereira, M. T.; Torres, M. L.; Fernández, J. J.;
Fernández, A.; Ortigueira, J. M. Z. Anorg. Allg. Chem. 1997, 623, 844; (f) Gómez,
M.; Granell, J.; Martinez, M. Organometallics 1997, 16, 2539; (g) Vila, J. M.;
Gayoso, M.; Pereira, M. T.; López, M.; Alonso, G.; Fernández, J. J. J. Organomet.
Chem. 1993, 445, 287.

19. Tenreiro, S.; Alberdi, G.; Martinez, J.; López-Torres, M.; Ortigueira, J. M.; Pereira,
M. T.; Vila, J. M. Inorg. Chim. Acta 2003, 342, 145.

20. Gunter, H.. NMR Spectroscopy. Basic Principles, Concepts, and Applications in
Chemistry; John Wiley: Chichester, 1995.

21. (a) Wu, Y. J.; Liu, Y. H.; Cui, X. L.; Yuan, H. Z.; Mao, X. A. Polyhedron 1996, 15,
3315; (b) Huo, S. Q.; Wu, Y. J.; Du, C. X.; Zhu, Y.; Yuan, H. Z.; Mao, X. A. J.
Organomet. Chem. 1994, 483, 139.

22. Dunina, V. V.; Gorunova, O. N. Russ. Chem. Rev. 2005, 74, 871.
23. (a) Calmuschi-Cula, B.; Kalf, I.; Wang, R.; Englert, U. Organometallics 2005, 24,

5491; (b) Li, Y.; Selvaratnam, S.; Vittal, J. J.; Leung, P.-H. Inorg. Chem. 2003, 42,
3229; (c) García-Ruano, J. L.; López-Solera, I.; Masaguer, J. R.; Monge, M. A.;
Navarro-Ranninger, C.; Rodríguez, J. H. J. Organomet. Chem. 1994, 476, 111; (d)
Pfeffer, M.; Sutter-Beydoun, N.; De Cian, A.; Fischer, J. J. Organomet. Chem. 1993,
453, 139; (e) Pregosin, P. S.; Rüedi, R.; Anklin, C. Magn. Reson. Chem. 1986, 24,
255.

24. Dunina, V. V.; Kuz’mina, L. G.; Kazakova, M. Y.; Gorunova, O. N.; Grishin, Y. K.;
Kazakova, E. I. Eur. J. Inorg. Chem. 1999, 1029.

25. Hawkins, C. J. Absolute Configuration of Metal Complexes; Wiley-Interscience:
New York–London–Sydney–Toronto, 1971.

26. (a) Albinati, A.; Paul, S.; Pregosin, P. S.; Regula Rüedi, R. Helv. Chim. Acta 1985,
68, 2046; (b) Hiller, W.; Castineiras, A.; Vila, J. M.; Suarez, A. T.; Pereira, M.;
Gayoso, M. Acta Crystallogr., Sect. C: Cryst. Struct. Commun. 1986, 42, 1136; (c)
Crispini, A.; De Munno, G.; Ghedini, M.; Neve, F. J. Organomet. Chem. 1992, 427,
409; (d) Chen, C.-L.; Liu, Y.-H.; Peng, S.-M.; Liu, S.-T. J. Organomet. Chem. 2004,
689, 1806; (e) Chen, C.-L.; Liu, Y.-H.; Peng, S.-M.; Liu, S.-T. Organometallics 2005,
24, 1075.

27. Tolman, C. A. Chem. Rev. 1977, 77, 313.
28. Nomenclature of Inorganic Chemistry Recommendations 1990, International

Union of Pure and Applied Chemistry, Leigh, G. J., Ed.; Blackwell Scientific
Publications: Oxford–London–Edinburg–Boston–Melbourne–Paris–Berlin–
Vienna, 1990.

29. (a) Dunina, V. V.; Gorunova, O. N.; Averina, E. B.; Grishin, Y. K.; Kuz’mina, L. G.;
Howard, J. A. K. J. Organomet. Chem. 2000, 603, 138; (b) Dunina, V. V.;
Razmyslova, E. D.; Kuz’mina, L. G.; Churakov, A. V.; Rubina, M. Y.; Grishin, Y. K.
Tetrahedron: Asymmetry 1999, 10, 3147.

30. (a) Cram, D. J.; Cram, J. M. Acc. Chem. Res. 1971, 4, 204; (b) Singler, R. E.; Cram,
D. J. J. Am. Chem. Soc. 1971, 93, 4443; (c) Cram, D. J.; Steinberg, H. J. Am. Chem.
Soc. 1951, 73, 5691.

31. (a) Ayscough, A. P.; Costello, J. F.; Davies, S. G. Tetrahedron: Asymmetry 2001, 12,
1621; (b) Dance, I.; Scudder, M. Dalton Trans. 2000, 1579; (c) Costello, J. F.;
Davies, S. G. J. Chem. Soc., Perkin Trans. 2 1999, 465; (d) Costello, J. F.; Davies, S.
G. J. Chem. Soc., Perkin Trans. 2 1998, 1683; (e) Garner, S. E.; Orpen, A. G. J. Chem.
Soc., Dalton Trans. 1993, 533.

32. Sharp, J. T.; Gosney, I.; Rowley, A. G. In Practical Organic Chemistry—A Student
Handbook of Techniques; Chapman and Hall: London, 1989. Chapter 4.2.2d.

33. Eltamani, H. Indian J. Chem. 1992, 31B, 238.
34. Sheldrick, G.M. SHELXTL-97, version 5.10, Bruker AXS Inc.: Madison, WI-53719,

USA.


	First enantiopure imine CN-palladacycle of non-metallocenic planar  chirality with the [2.2]paracyclophane backbone
	Introduction
	Results and discussion
	CN-Palladacycle preparation
	CN-Palladacycle resolution
	Spectroscopic studies of imine CN-palladacycle derivatives
	Phosphane adduct rac-4
	Pyridine derivative rac-3
	Valinate derivative (Spl,RC)-5

	X-ray diffraction study of the phosphane adduct rac-4

	Conclusion
	Experimental
	General
	Solvents and starting reagents
	Cyclopalladation of the imine HL
	Racemic di-µ-chlorobis{4-(N-2,6-dimethylphenyl) imino-	methyl[2.2]paracyclophan-5-yl-C,N}dipalladium(II), rac-1
	Enantiopure dimer (Rpl,Rpl)-di-µ-chlorobis{4-(N-2,6-dimethylphenyl)iminomethyl[2.2]paracyclophan-5-yl-C,N}dipalladium(II), (Rpl,Rpl)-1 (independent synthesis)

	Synthesis of mononuclear derivatives of dimer rac-1
	Racemic chloro{N-4-(2,6-dimethylphenyl)iminomethyl [2.2]paracyclophan-5-yl-C,N}(triphenylphosphine-P) palladium(II), rac-4
	Racemic chloro{4-(N-2,6-dimethylphenyl) iminomethyl[2.2]-	paracyclophan-5-yl-C,N}(pyridine-N)palladium(II), rac-3

	Racemic dimer 1 resolution
	Chiral derivatization: (Rpl,RC/Spl,RC)-{4-(N-2,6-dimethylphenyl) iminomethyl[2.2]paracyclophan-5-yl-C,N}(valinato-N,O)-	palladium(II), 5
	Diastereoselective (R)-valinate decoordination from complex (Rpl,RC/Spl,RC)-5
	Isolation of enantiopure dimeric complex (Spl,Spl)-di-µ-chlorobis{4-(N-2,6-dimethylphenyl)iminomethyl[2.2]paracyclo-	phan-5-yl-C,N}-dipalladium(II), (Spl,Spl)-1
	X-ray diffraction study of phosphane adduct rac-4


	Acknowledgments
	References


