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The 3-phenyl-2-(pyridin-2-yl)oxazolidine ligand (ppo) was synthesised and its coordination behaviour
regarding Ni(II) and Pd(II) centres was studied. The reaction with K2PdCl4 affords [Pd(N,N¢-ppo)Cl2]
(1), in which ppo binds to palladium via the pyridyl nitrogen and the oxazolyl nitrogen atoms. On the
contrary, reaction with NiCl2·6H2O produces [Ni(N,O-ppo)2Cl2] (2), in which two ppo ligands are
coordinated via the pyridyl nitrogen and the oxygen atom of the oxazolidine ring. The X-ray diffraction
analysis of the complexes confirms a square planar geometry for Pd(II) in 1 and an octahedral
configuration around Ni(II) in 2, which, to the best of our knowledge, represents the first reported
example of a structurally characterised nickel-oxazolidine compound. In addition, both complexes
prove to be active catalysts under mild conditions in the aza-Michael reaction of
(E)-4-phenylbut-3-en-2-one (benzalacetone) with aliphatic amines.

Introduction

The rational design of coordination compounds can often be
achieved by the use of suitable heteropolydentate ligands.1 Among
others, nitrogen-containing heterocyclic ligands have been very
purposeful in the synthesis of diverse types of complexes showing
mixed structures and bonding.2 In this field, despite the large
use of oxazoline-based compounds,3 little has been reported on
their saturated counterpart, oxazolidines. The interest in the use
of these derivatives in coordination chemistry is mostly related
to the presence of two potential donor sites (N and O) together
with the ease of ring-functionalisation by varying the starting
materials. For instance, oxazolidines are conveniently prepared
by condensation of aldehydes with b-amino alcohols and the
large accessibility of the latter in enantiopure form (e.g. ephedrine
derivatives) facilitates the synthesis of a wide variety of chiral
oxazolidine-based ligands.4

Examples of the use of oxazolidine-containing compounds
in catalytic reactions are the enantioselective addition of Et2Zn
to aldehydes,5 the Ru-catalysed epoxidation of olefins6 and the
allylic substitution mediated by palladium.7 Importantly, the
majority of these catalysts are prepared in situ, and only a few
papers report the isolation and crystallographic characterisation
of oxazolidine-complexes. The first structure of a compound
containing an NH coordinated oxazolidine dates back to 1992,8
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whereas some more recent reports on the structural description of
phosphinoxazolidine-palladium9 and rhodium10 species appeared.
Finally, a paper by Jones11 and co-workers has described the only
two known crystalline structures of transition metal complexes
bearing pyridinyl-oxazolidine derivatives: these examples being
summarised in Chart 1.

Chart 1 Structurally characterised oxazolidine-based ligands or
complexes.
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We recently initiated a study on the coordination chemistry
of fully saturated N-containing heterocylces and we have already
reported on the coordination chemistry of dihydrobenzoxazine-
type ligands towards copper12 and group-12 metals.13 To continue
this study, we have now tested the coordination chemistry of
ligands based on five-membered rings, specifically those contain-
ing an oxazolidine skeleton. Herein we report the coordination
chemistry of 3-phenyl-2-(pyridin-2-yl)oxazolidine (ppo) towards
Pd(II) and Ni(II) centres. The versatility displayed by the ligand,
which coordinates in a different chelating mode depending on
the metal centre is presented (Chart 2).14 The X-ray structure
analysis of these complexes includes what, to the best of our
knowledge, is the first example of a crystallographic description
of a nickel-oxazolidine compound. Finally, the synthesised species
have been tested as catalysts in the conjugate addition of aliphatic
amines to (E)-4-phenyl-but-3-en-2-one (benzalacetone) under
mild conditions.

Chart 2 Schematic representation of the different chelating coordination
modes displayed by 3-phenyl-2-(pyridin-2-yl)oxazolidine (ppo).

Results and discussion

Synthesis of 3-phenyl-2-(pyridin-2-yl)oxazolidine (ppo)

The ligand ppo is prepared following a reported procedure15 by
heating at 70 ◦C in ethanol an equimolar mixture of 2-anilino
ethanol and 2-pyridinecarboxaldehyde (Scheme 1). The analysis
of the 1H and 13C{1H} NMR spectra (CD3CN, 25 ◦C) confirms
the formation of the desired product (see Scheme 1 for atom
numbering). Specifically, the singlet at 5.87 ppm is easily attributed
to H-2, while the diastereotopic CH2 groups in position 4 and 5
of the strained oxazolidine ring appear as multiplets centred at
3.72 and 4.23 ppm, respectively. The related 13C resonances are
observed at 93.3 ppm (C-2), 66.7 ppm (C-5) and 48.5 ppm (C4).
The ring-chain tautomerism typical of N-H-1,3-oxazolidines16 is
in this case forbidden by the presence of the phenyl substituent

Scheme 1 Synthesis of ppo and relative atom numbering.

on the starting b-amino alcohol. As a consequence, the closed
heterocyclic form is the only one present in solution, and signals
due to the corresponding iminic form are not detected in the NMR
spectra.

It should be stressed that ppo possesses a stereogenic centre in
position 2 of the oxazolidine ring. However, no efforts were made
to isolate the ligand in an enantiomerically pure form, and ppo
was always used as a racemic mixture.

Synthesis and characterisation of the complexes

The reaction of ppo with K2PdCl4 in a 1 : 1 molar ratio, in methanol
at room temperature, gives a yellow-to-orange suspension, from
which a yellow solid is isolated in good yields after filtration. To-
gether with the singlet at 5.80 ppm attributed to H-2, the 1H NMR
spectrum of 1 shows three aliphatic resonances corresponding to
the protons of the CH2 groups at 3.25 (Ha-4), 4.46 (Ha-5) and
5.03 (Hb-4/5) ppm, respectively (see ESI† for signals attribution).
The diastereotopic protons in positions 4 and 5 are markedly split
with respect to the free ligand: Ha-4 and Hb-4 being respectively
at 3.58 and 3.84 ppm, and Ha-5 and Hb-5 being both at 4.26 ppm
in free ppo. In the 13C{1H} NMR spectrum the signals relative to
C-2, C-4 and C-5 are shifted downfield as compared to the free
ligand (100.7, 58.0 and 66.9 ppm, in that order). The slightly higher
splitting associated to H-4 with respect to H-5 suggests that ppo
coordinates to palladium via the N-atom of the oxazolidine ring,
thus assuming an N,N¢ chelation mode (Fig. 1). Accordingly, the
complex can be described as [Pd(N,N¢-ppo)Cl2] (1). This finding
was further confirmed by the X-ray crystal structure analysis of 1
(Fig. 2).

Complex 1 crystallises in the centrosymmetric space group P
21/c and crystals of 1 are found as racemates. The palladium
atom adopts a square-planar geometry in which two chlorides
and the two nitrogen atoms of the ppo ligand occupy the four
coordination sites. Coordination of ppo in a N,N¢ chelating
mode imposes distortion to the square-planar geometry, the N1–
Pd1–N2 angle being acute at 82.23(13)◦. The Pd–N distances
are non-equivalent, the Pd N-pyridyl bond (2.031(3) Å) is
shorter than the Pd N-oxazolidine bond (2.095(3) Å), which
is consistent with those observed in the analogous complexes
[Pd2(N,N¢-L)2Cl2] (N,N¢-L = 3,4-dimethyl-5-phenyl-2(pyridine-2-
yl)oxazolidine)11 and [Pd2(N,N¢-L¢)2Cl2] (N,N¢-L¢ = 3-benzyl-4-
methyl-5-phenyl-2(pyridine-2-yl)oxazolidine).17

This first outcome encouraged us to investigate as well the
behaviour of ppo towards nickel(II). Treatment of a solution of
NiCl2·6H2O in acetonitrile at 60 ◦C with an equimolar amount
of ppo affords a suspension from which a green solid could be
easily recovered. The yield of the reaction is quite low (48%)
and the mother liquors remain green, most probably due to the
presence of unreacted nickel chloride. This could only be explained
by a stoichiometry different from 1 : 1 between ppo and the metal
centre in the final nickel compound, as confirmed by the elemental
analysis which gave a 1 : 2 nickel : ppo ratio. To further confirm
this hypothesis, a second reaction with double the amount of
ligand has been performed, resulting in the formation of the green
compound in quantitative yield. This complex is then formulated
as [Ni(ppo)2Cl2] (2).

The configuration at the metal centre is determined by the
X-ray structure analysis of [Ni(ppo)2Cl2]. The crystals are obtained

784 | Dalton Trans., 2012, 41, 783–790 This journal is © The Royal Society of Chemistry 2012
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Fig. 1 1H-13C HETCOR spectra of ppo (left) and 1 (right) in the aliphatic region. Dashed lines indicate H-4a/b and H-5a/b splitting in the free ligand and
after coordination to palladium.

Fig. 2 ORTEP drawing of 1 (50% probability level ellipsoids) with
selected bond lengths (Å) and angles (◦): Pd1–Cl1 2.2982(11), Pd1–Cl2
2.2899(10), Pd1–N1 2.031(3), Pd1–N2 2.095(3); Cl1–Pd1–Cl2 90.22(4),
Cl1–Pd1–N2 94.41(10), Cl2–Pd1–N1 93.40(10), N1–Pd1–N2 82.23(13).

by slow diffusion of diethylether into a DMF solution of 2. In
the crystal, the central Ni(II) atom is positioned on an inversion
centre and the metal is surrounded by two ppo ligands and two
chlorides (Fig. 3). Each molecule of ppo chelates the metal ion via

the aromatic nitrogen of the pyridyl group and the oxygen of the
oxazolidine part, thus being better described as chelating N,O-
ppo ligands. Therefore, complex 2 is best formulated as [Ni(N,O-
ppo)2Cl2]. To the best of our knowledge, this represents the sole
example reported in the literature of a crystallographic investiga-
tion of a nickel-oxazolidine complex. Despite analogous systems
previously described by us12,13 showing the N,N¢ coordination
towards hard ions such as Zn2+ and Cu2+ (absolute hardness (eV):
Zn2+: 10.8; Cu2+: 8.3, respectively), in the case of ppo the N,N¢
coordination is encountered for the soft Pd2+ (6.8 eV), the hard Ni2+

centre (8.5 eV) inducing N,O coordination to ppo. This apparently
conflicting conduct has presumably to be ascribed to the intrinsic
electronic features of the oxazolidine and the oxazine ligands.

The different coordination modes of ppo towards Pd(II) and
Ni(II) are summarised in Scheme 2.

Semi-empirical calculations (PM6 model) on the energetic levels
of the five possible isomers deriving from the N,O-coordination
of two ppo ligands to a ‘NiCl2’ framework show that the isomer
characterised via X-ray analysis is effectively the lowest in energy.
Optimisation with the COSMO18 model in acetonitrile shows that
all other possible isomers are separated by more than 40 kJ mol-1

from 2 (Fig. 4), reasonably ensuring that crystals used in the X-ray
study are representative of the isolated bulk. A similar trend was
also found from an in vacuo geometry optimisation (ESI†).

Octahedral complexes of nickel(II) are typically high spin
paramagnetic species (S = 1), hence their NMR spectra are often
either not reported19 or recorded by opening the spectral window
to remedy by signals broadening and downfield shift.20 In complex
[Ni(N,O-ppo)2Cl2], the Ni–N and Ni–O distances (2.055(4) Å

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 783–790 | 785
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Fig. 3 ORTEP drawing of 2 (50% probability level ellipsoids) with selected bond lengths (Å) and angles (◦): Ni1–Cl1 2.3857(14), Ni1–N1 2.055(4),
Ni1–O1 2.167(3); Cl1–Ni1–N1 91.17(12), Cl1–Ni1–N1i 88.83(12), Cl1–Ni1–O1 87.13(10), Cl1–Ni1–O1i 92.87(10), N1–Ni1–O1 78.82(15), N1–Ni1–O1i

101.18(15).

Fig. 4 Optimised geometries of possible isomers of 2 and relative energy (kJ mol-1) with respect to 2-opt.

Scheme 2 Coordination of ppo towards PdCl2 and NiCl2 fragments.

and 2.167(3) Å, respectively, Fig. 3) are in the range expected
for high-spin Ni(II) compounds.21 Accordingly, the 1H NMR
spectrum registered at room temperature in CD2Cl2 gives very
broad undefined signals, thus confirming the octahedral high-spin
nature of complex 2 in solution. Variable temperature magnetic
moment measurements using solution 1H NMR (Evans method)
do not show any marked changes in the magnetic moment in the
range -45 ◦C to 35 ◦C, meff being comprised between 2.87 and
3.05 mB (ESI†). The spin-only theoretical value for an octahedral
Ni(II) centre having two unpaired electrons is 2.83 mB, very close
to the experimental data obtained with 2 (the methodology for
magnetic moment measurement is summarised in the Experimen-
tal). Accordingly, we can conclude that the octahedral species is
predominant over the whole range of temperatures. This finding
is somehow corroborated by the lesser catalytic performances of
crowded [Ni(N,O-ppo)2Cl2] species in aza-Michael reactions, when
compared to the higher activity of the square planar [Pd(N,N¢-
ppo)Cl2] at low temperatures (vide infra).

786 | Dalton Trans., 2012, 41, 783–790 This journal is © The Royal Society of Chemistry 2012
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Fig. 5 1H VT NMR (CD3OD) of compound 2 (the spectra are shifted by 0.5 ppm).

Differently, the 1H NMR of 2 registered in CD3OD at room
temperature shows a pattern of resonances attributable to ppo.
Even though the signals are not well-resolved, we tentatively
carried out an interpretation of the spectrum by a comparison
with the free ligand and consequently the signal at 5.67 ppm
is attributed to H-2, whereas the three resonances at 3.40 (1H),
3.76 (1H) and 4.07 (2H) ppm are assigned to Ha-4, Ha-5 and Hb-
4/5, respectively (ESI†). Afterwards, a variable temperature NMR
experiment has been performed, lowering the temperature from
25 ◦C to -45 ◦C by 10-to-15-degree intervals (Fig. 5). Couplings
in the aromatic region firstly appear at 0 ◦C, but a better resolution
is obtained at -15 ◦C, where nearly all the multiplicities emerge.
Moreover, on further lowering the temperature to -45 ◦C the
separation of the signal centred at 4.07 ppm occurs, thus allowing
discrimination between Hb-4 (4.18 ppm) and Hb-5 (4.23 ppm). The
sharpening of the signals at low temperature does not derive from
the conversion of [Ni(N,O-ppo)2Cl2] into a diamagnetic species.
Indeed, the magnetic moment of 2 measured in CD3OD at 25 ◦C,
0 ◦C and -45 ◦C spoke for a nickel atom with two unpaired
electrons over the whole range of temperatures, meff being 2.73, 2.81
and 2.94 mB, respectively (ESI†). Narrow line widths in 1H NMR of
paramagnetic nickel(II) complexes are rationalised in terms of fast
relaxation times involving electron-spin relaxation.22 Moreover,
the value of line widths for complex 2 is very close to that observed
for free ppo (8–9 Hz), then it is supposed that the unpaired electrons
flip so rapidly with respect to the molecular motion that their effect
on the nuclear relaxation time is partially averaged out.23 Further
studies will hopefully help to better elucidate this feature in the
case of compound 2, especially with regards to the solvent effect
on this mechanism.

Aza-Michael catalytic reactions

Complexes 1 and 2 have been tested as catalysts in the conjugate
addition of aliphatic amines to a,b-unsaturated ketones. This
reaction, known as aza-Michael addition, is one of the most
efficient methods to access b-amino carbonyl compounds, among
which b-amino acids and b-lactams constitute an important target
due to their pharmacological and synthetic importance.24 Thus,
many efforts have been devoted in the last decades to develop new
catalysts for this reaction,25 with special attention to its asymmetric
variation.26

In this context, we decided to explore the catalytic activity of
complexes [Pd(N,N¢-ppo)Cl2] and [Ni(N,Oppo)2Cl2] in the conju-
gate addition of aliphatic secondary amines (Me2NH, piperidine,
morpholine) to a,b-unsaturated ketones. In this specific case, (E)-
4-phenylbut-3-en-2-one (benzalacetone) was used as a reference
substrate (Scheme 3).

Scheme 3 Aza-Michael reactions catalysed by complexes 1 and 2.

The catalyst was dissolved in anhydrous THF in the presence of
benzalacetone (1 : 100 to the metal) and the reaction temperature
was kept at 20 ◦C; then, the aliphatic amine was added (1 : 100 to

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 783–790 | 787
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Table 1 Conjugate addition of secondary aliphatic amines to benzalace-
tone catalysed by [Pd(N,N¢-ppo)Cl2] (1) and [Ni(N,O-ppo)2Cl2] (2)a

Entry Catalyst Amine Product Yieldb (%)

1 1 piperidine 92

2 1 morpholine 86

3 1 dimethylamine 83

4 2 piperidine 88

5 2 morpholine 81

6 2 dimethylamine 79

7c 1 piperidine 77

8c 2 piperidine 26

a Catalyst (0.025 mmol) : ketone : amine = 1 : 100 : 100; THF (8 ml), 20 ◦C.
Internal standard: C6(CH3)6, 50 mg. b Recorded after 24 h (GC-MS).
c Reaction temperature: -30 ◦C.

the metal), monitoring the evolution of the reaction via GC-MS.
The results are reported in Table 1.

Compounds 1 and 2 give both good to high yields of conversion
of benzalacetone into the corresponding substituted amines,
at 20 ◦C (entry 1–6). They also demonstrate activity even at
low temperatures (-30 ◦C, entry 7–8), albeit the conversion of
benzalacetone into the corresponding adduct with piperidine
remains minor with 2 as compared to 1 in these conditions. This
last behaviour can be ascribed to steric effects: the square planar
Pd(II) centre in 1 is less hindered than the octahedral Ni(II) atom
in 2, where a chloride dissociation is required to generate an active
catalytic species. The extent of this dissociation, and consequently
the nickel-based catalyst activity, is reduced at low temperature.

Conclusions

In this study, the pyridinyloxazolidine ligand 3-phenyl-2-(pyridin-
2-yl)oxazolidine (ppo) has been prepared and coordination to

palladium(II) and nickel(II) studied. The derived complexes have
been characterised by X-ray single crystal analysis, showing
different chelating modes of ppo depending on the metal. A N,N¢-
coordination in the square planar palladium species [Pd(N,N¢-
ppo)Cl2] and a N,O-coordination towards nickel in [Ni(N,O-
ppo)2Cl2] have been observed. In this latter compound, together
with the two chloride ions, the nickel centre is surrounded by
two ppo ligands, presenting an octahedral environment. These
complexes have been tested as catalyst in the conjugate addition of
aliphatic amines to benzalacetone, giving moderate-to-high yields
of conversion under mild conditions.

Experimental

Materials

All reactions were carried out under nitrogen using stan-
dard Schlenk techniques. The solvents were dried and distilled
according to standard procedures prior to use. NiCl2·6H2O,
K2PdCl4, 2-anilino ethanol, 2-pyridinecarboxaldehyde and (E)-
4-phenylbut-3-en-2-one (Aldrich) were used as purchased. All
amines employed in the catalytic runs were taken from sealed
bottles.

NMR spectra were recorded with an AVANCE 400 Bruker
spectrometer at 400 MHz for 1H NMR and 100 MHz for 13C{1H}
NMR. Chemical shifts are given as d values in ppm relative to
residual solvent peaks as the internal reference. J values are given
in Hz. 13C NMR spectra are 1H-decoupled and the determination
of the multiplicities was achieved by the APT pulse sequence.
Elemental analyses were obtained with a Perkin-Elmer CHN
Analyser 2400 Series II. Quantitative analyses of products were
performed on a Finningan Trace GC with a DB-5MS UI capillary
column (30 m, 0.25 mm) equipped with a Finningan Trace
MS.

Synthesis of 3-phenyl-2-(pyridin-2-yl)oxazolidine (ppo)

To a solution of 2-pyridinecarboxaldehyde (1 ml, d = 1.126 g ml-1,
10.51 mmol) and 2-anilino ethanol (1.32 ml, d = 1.094 g ml-1,
10.53 mmol) in ethanol (20 ml), 2–3 drops of glacial acetic acid
were added and the mixture was heated at 70 ◦C for 24 h. Then the
solvent was removed under reduced pressure, the residue dissolved
in CH2Cl2 (20 ml) and washed with aqueous NaHCO3. The organic
phase was dried over Na2SO4, filtered and the solvent evaporated
to dryness. The crude oil was crystallised from pentane giving
a light yellow solid (1.90 g, 80%, mp 77 ◦C). Found: C, 74.12;
H, 6.51; N, 12.10%. Calc. for C14H14N2O: C, 74.31; H, 6.24; N,
12.38%. dH (400 MHz, CDCl3, 25 ◦C): 3.63 (1H, dd, 2JHH = 15.0,
3JHH = 7.5, Ha-4), 3.88 (1H, m, 2JHH = 8.1, 3JHH = 6.3, 3JHH = 4.3
Hb-4), 4.26 (2H, m, 2JHH = 8.3, 3JHH = 6.9, 3JHH = 4.7, Ha/b-5), 5.96
(1H, s, H-2), 6.58 (2H, dd, 3JHH = 4.1, 4JHH = 0.9, H-7), 6.77 (1H,
td, 3JHH = 7.1, 4JHH = 0.7, H-9), 7.20 (2H, dt, 3JHH = 8.0, 4JHH =
1.2, H-8), 7.27 (1H, m, 3JHH = 7.5, 3JHH = 4.9, 4JHH = 1.0, H-11),
7.44 (1H, d, 3JHH = 7.8, H-13), 7.68 (1H, dt, 3JHH = 7.8, 4JHH = 1.7,
H-12), 8.69 (1H, td, 3JHH = 4.8, 4JHH = 0.8, H-10). dC (100 MHz,
CDCl3, 25 ◦C): 48.1 (C-4), 65.9 (C-5), 92.6 (C-2), 113.3 (C-7),
118.0 (C-9), 121.2 (C-13), 123.7 (C-11), 129.2 (C-8), 137.0 (C-12),
145.5 (C-6), 149.7 (C-10), 159.1 (C-14).

788 | Dalton Trans., 2012, 41, 783–790 This journal is © The Royal Society of Chemistry 2012
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Synthesis of [Pd(N ,N ¢-ppo)Cl2] (1)

To a solution of K2PdCl4 (250 mg, 0.766 mmol) in methanol
(20 ml), ppo (180 mg, 0.795 mmol) was added and the yellow-to-
orange suspension was stirred for 4 h at room temperature. Then
the solid was filtered, washed with water, methanol and finally with
diethylether and dried in vacuo (284 mg, 92%). Found: C, 41.39;
H, 3.71; N, 7.03%. Calc. for C14H14Cl2N2OPd: C, 41.66; H, 3.50;
N, 6.94%. dH (400 MHz, CD3CN, 25 ◦C): 3.25 (1H, m, 2JHH = 17.3,
3JHH = 8.8, 3JHH = 5.0, Ha-4), 4.46 (1H, m, 2JHH = 11.2, 3JHH = 6.4,
3JHH = 3.5, Ha-5), 5.03 (2H, m, Hb-4 and Hb-5), 5.80 (1H, s, H-2),
7.26 (2H, dd, 3JHH = 8.5, 4JHH = 1.3, H-7), 7.31 (1H, td, 3JHH = 7.0,
4JHH = 1.3, H-9), 7.36 (2H, dt, 3JHH = 8.0, 4JHH = 1.8, H-8), 7.63
(1H, m, 3JHH = 7.5, 3JHH = 5.9, 4JHH = 1.5 H-11), 7.92 (1H, dd,
3JHH = 8.0, 4JHH = 1.8, H-13), 8.19 (1H, dt, 3JHH = 7.9, 4JHH = 1.5,
H-12).8.95 (1H, dd, 3JHH = 5.8, 4JHH = 0.8, H-10). dC (100 MHz,
CD3CN, 25 ◦C): 58.5 (C-4), 67.8 (C-5), 101.9 (C-2), 121.6 (C-7),
125.2 (C-13), 127.6 (C-11), 128.0 (C-9), 130.6 (C-8), 142.4 (C-12),
146.6 (C-6), 151.4 (C-10), 160.6 (C-14).

Yellow crystals suitable for X-ray investigation were obtained
by slow diffusion of water into a CH3CN solution of 1.

Synthesis of [Ni(N ,O-ppo)2Cl2] (2)

A solution of NiCl2·6H2O (300 mg, 1.26 mmol) in acetonitrile
(15 ml) was treated with ppo (580 mg, 2.56 mmol) and the resulting
suspension was stirred at 60 ◦C for 8 h. Then the solid was filtered,
washed with acetonitrile, with diethylether and dried in vacuo
(690 mg, 94%). Found: C, 57.24; H, 4.61; N, 9.29%. Calc. for
C28H28Cl2N4O2Ni: C, 57.77; H, 4.85; N, 9.62%.

Light green crystals suitable for X-ray investigation were
obtained by slow diffusion of diethylether at 25 ◦C into a DMF
saturated solution of 2.

Magnetic moment measurements in solution

According to the NMR method described by Evans,27 a solution
of compound 2 (5–6 mg) in a mixture of CD2Cl2/toluene (or
CD3OD/toluene) (95/5 v/v) was prepared. A portion of this
solution was transferred into a melting point capillary tube,
which was then sealed with PTFE-tape and dropped into an
NMR tube containing the CD2Cl2/toluene mixture. The chemical
shift difference of the signal relative to the methyl on toluene
between the inner and the outer tubes was measured at different
temperatures. The following equations were used to calculate the
molar susceptibility (cM) and the magnetic moment meff (given in
S.I. units):

cM =
⋅
⋅ ⋅

3

1000

D

f c

m ceff M= ⋅ ⋅798 T

where cM is the molar susceptibility of the sample in m3 mol-1, D
is the difference in the chemical shift of toluene methyl in Hz, f
is the frequency of operation of the spectrometer in Hz, c is the
sample concentration in mol dm-3, T is the temperature in K.

Computational details

All of the calculations have been performed with the MOPAC2009
program package.28 The PM6 semiempirical method29 was used
to optimise the geometry (vacuum and acetonitrile) of the
[Ni(ppo)2Cl2] species. For the sake of comparison, the geometry of
complex 2 was optimised (2-opt) starting from the experimental
Cartesian coordinates obtained by the X-ray diffraction study.
Geometry optimisations in acetonitrile were performed using
the COSMO dielectric continuum model as implemented in
MOPAC200919 (MOPAC keywords: ESP = 37.5, RSOLV = 1.3, NSPA =
122). Graphics were obtained by the Jmol program package.30

Aza-Michael reactions

In a typical experiment, to a solution of the catalyst (0.025 mmol)
and benzalacetone (2.5 mmol) in anhydrous THF (8 ml) kept
at 20 ◦C, the amine (2.5 mmol) was added and the proceeding
reaction was monitored via GC-MS. All of the products are known
compounds and were easily identified by comparison of their
spectroscopic data with those reported in the literature (see ESI†
for mass spectra).

Single-crystal X-ray structure analysis

Crystals of 1 and 2 were mounted on a Stoe Image Plate Diffraction
system equipped with a f circle goniometer, using Mo-Ka graphite
monochromated radiation (l = 0.71073 Å) with f range 0–200◦.
The structures were solved by direct methods using the program
SHELXS-97, while the refinement and all further calculations
were carried out using SHELXL-97.31 The H-atoms were included
in calculated positions and treated as riding atoms using the
SHELXL default parameters. The non-H atoms were refined
anisotropically, using weighted full-matrix least-square on F 2.

Table 2 Crystallographic and structure refinement parameters for com-
plexes 1 and 2

1 2
Chemical formula C14H14Cl2N2OPd C28H28Cl2N4O2Ni
Formula weight 403.57 582.15
Crystal system Monoclinic Monoclinic
Space group P 21/c (no. 14) C 2/c (no. 15)
Crystal colour and shape Yellow block Green block
Crystal size 0.23 ¥ 0.18 ¥ 0.15 0.22 ¥ 0.17 ¥ 0.16
a/Å 8.6308(6) 23.437(5)
b/Å 12.3692(6) 6.6280(10)
c/Å 15.1831(10) 17.741(4)
b (◦) 114.683(5) 98.67(3)
V/Å3 1472.79(16) 2724.4(9)
Z 4 4
T/K 173(2) 173(2)
Dc/g cm-3 1.820 1.419
m/mm-1 1.618 0.941
Scan range (◦) 2.21 < q < 29.18 1.76 < q < 29.19
Unique reflections 3971 3659
Observed refls [I > 2s(I)] 3546 1812
Rint 0.0902 0.2128
Final R indices [I > 2s(I)]a 0.0424, wR2 0.0985 0.0890, wR2 0.1166
R indices (all data) 0.0496, wR2 0.1005 0.1891, wR2 0.1412
Goodness-of-fit 1.312 0.988
Max, Min Dr/e (Å-3) 0.856, -1.168 0.453, -0.616

a Structures were refined on F 0
2: wR2 = [R [w (F 0

2 - F c
2)2]/R w (F 0

2)2]1/2,
where w-1 = [R (F 0

2) + (aP)2 + bP] and P = [max(F 0
2, 0) + 2F c

2]/3.
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Crystallographic details are summarised in Table 2. Fig. 2 and
3 were drawn with ORTEP.32
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López, T. A. Hanna, J. G. Alvarado-Rodrı́guez, A. Luqueño-Reyes, B.
A. Martı́nez-Ortega and D. Mendoza-Espinosa, Polyhedron, 2010, 29,
2304–2310; C. Ochs, F. E. Hahn and T. Lügger, Eur. J. Inorg. Chem.,
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20 L. López-Banet, M. D. Santana, G. Garcı́a, L. Garcı́a, L. Lezama and
J-P. Costes, Inorg. Chem., 2011, 50, 437–443; T. S. Lobana, P. Kumari,

R. Sharma, A. Castineiras, R. J. Butcher, T. Akitsu and Y. Aritake,
Dalton Trans., 2011, 40, 3219–3228; K. Rudzka, A. M. Arif and L.
M. Berreau, Inorg. Chem., 2008, 47, 10832–10840; M. D. Santana, L.
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