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Pentacoordinate NiII Complexes: Preparation, Magnetic Measurements, and
Ab Initio Calculations of the Magnetic Anisotropy Terms
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Abstract: Two novel mononuclear fivecoordinate nickel complexes with distorted square-pyramidal geometries are
presented. They result from association
of a tridentate “half-unit” ligand and
6,6’-dimethyl-2,2’-bipyridine according
to a stepwise process that highlights
the advantage of coordination chemistry in isolating an unstable tridentate
ligand by nickel chelation. Their zerofield splittings (ZFS) were studied by
means of magnetic data and state-ofthe-art ab initio calculations. Good
agreement between the experimental
and theoretical axial D parameters

confirms that large single-ion nickel
anisotropies are accessible. The synthetic process can also yield dinuclear
nickel complexes in which the nickel
ions are hexacoordinate. This possibility is facilitated by the presence of phenoxo oxygen atoms in the tridentate
ligand that can introduce a bridge between the two nickel ions. Two different double bridges are characterized,
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Introduction
Magnetic anisotropy, which is an important property of magnetic molecules and materials, can be accessed by diverse
theoretical and experimental techniques, depending on the
system. In the case of mononuclear transition metal complexes, various experimental approaches can be used, such
as frequency-domain magnetic resonance spectroscopy (if
the spin quantum number of the ground state is an integer)
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with the bridging oxygen atoms coming
from each nickel ion or from the same
nickel ion. This coordination change introduces a difference in the antiferromagnetic interaction parameter J. Although the magnetic data confirm the
presence of single-ion anisotropies in
these complexes, these terms cannot be
determined in a straightforward way
from experiment due to the mismatch
between the principal axes of the local
anisotropies and the presence of intersite anisotropies.

and high-field high-frequency electron paramagnetic resonance.[1] From a theoretical point of view, the anisotropic
magnetic parameters can be accessed by methods based on
DFT[2–7] or wave-function theory (WFT).[8] We recently confirmed that WFT-based ab initio calculations can give valuable information in the case of nickel complexes containing
only one active metal ion,[9] in agreement with previous
work.[10] The same approach has been also successfully applied to high-spin CoII and MnIII mononuclear complexes,[10–11] and could be further applied to any dn mononuclear complex for which the spin Hamiltonian approach is
relevant.
The anisotropy of binuclear complexes can be determined
in the same way, as shown by previous studies dealing with
homobinuclear copper complexes.[12–13] However, homobinuclear nickel complexes were found more problematic, since
a rigorous description of the multispin model requires the
introduction of a biquadratic anisotropic exchange tensor.[14]
Such modeling prohibits any extraction from the effective
Hamiltonian theory, since too many parameters are introduced in the model. Due to this shortcoming, alternatives
such as the giant-spin model, which considers only the effective anisotropy of the ground spin state (in the case of ferromagnetic coupling), or a block-spin model that considers the
anisotropy of all the different spin states in a block diagonal
model matrix can be envisaged. In the strong-exchange
regime, one can consider that spin mixing (i.e., the effective
coupling between the components of the different spin
states that can originate from local anisotropies or symmetric and antisymmetric anisotropic interactions) is negligible,
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and hence that such models fully account for all important
effective interactions. However, in the weak-exchange limit,
spin mixing must be introduced into the model.[15, 16] For centrosymmetric complexes, spin mixing only affects the singlet
and some components of the quintet spin state and can be
theoretically estimated in a rigorous and straightforward
way by using the effective Hamiltonian theory.[17] If antisymmetric interactions are allowed by symmetry, all of the different spin states can strongly mix due to symmetric and antisymmetric interactions, so that the giant-spin and blockspin pictures become no longer relevant. A practical and rigorous model of such a situation has not yet been achieved,
so that any standard reliable extraction from experiment is
prohibited.
Synthesis of complexes with large single-ion anisotropies
is of primary importance to further design polynuclear complexes with slow relaxation of the magnetization at low temperatures, that is, single-molecule magnets (SMMs). Nickel
coordination chemistry[18] is mainly dominated by octahedral
or square-planar coordination. However, six-coordinate and
four-coordinate complexes usually have small anisotropy parameters and, even worse, low-spin ground states, respectively. Nonstandard coordination numbers, such as pentacoordinate complexes, can then be used to obtain interesting
complexes with significant anisotropies.[1] Such complexes
can ideally show regular square-pyramidal (SPY) or trigonal-bipyramidal (TBP) geometries or span distorted geometries between these two ideal forms. It is expected that complexes of distorted geometries should have large zero-field
splitting (ZFS) parameters, with an axial D parameter that
can be either positive (close to SPY geometry) or negative
(close to TBP geometry). In the TBP geometry, first-order
spin–orbit coupling between the components of the two orbitally degenerate configurations would be observed, prohibiting use of the spin Hamiltonian approach. It is then of
first importance to find accessible preparative pathways
leading to new pentacoordinate complexes, preferably with
geometries close to SPY or intermediate between SPY and
TBP.
Five-coordinate complexes have been mainly prepared by
use of similar or different monodentate ligands or by using
combinations of bidentate or tridentate chelating ligands
with monodentate ligands, while combinations of a tridentate
and a bidentate ligand have been much less considered.[19]
In the past, we have described synthetic pathways that could
furnish several tridentate ligands, thanks to the template
effect of copper ions,[20] but this preparative pathway appears to be limited to copper chemistry and does not work
in the presence of nickel ions. Later, we described a synthetic
pathway leading to a nickel complex involving a tridentate
ligand resulting from reaction of hydroxyacetophenone with
2-methyl-1,2-diaminopropane.[21] Unfortunately, this process
is limited to the latter diamine, which shows steric crowding
of one amino group. To extend it to more interesting diACHTUNGREamines such as 1,2-diaminopropane, we report on a process
that allows preparation of diamagnetic nickel complexes in
which a tridentate and a monodentate ligand are linked to
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the nickel ion in square-planar coordination. Further reaction with bipyridine or a substituted bipyridine should yield
the expected pentacoordinate Ni complexes. However, we
will show that the combination of a tridentate and a bidentate ligands in the nickel coordination sphere does not necessarily give a pentacoordinate nickel complex. Experimental magnetic studies and ab initio calculations on two mononuclear pentacoordinate complexes confirm the presence of
large axial zero-field splitting D terms. Magnetic measurements on the two binuclear complexes will be presented,
and the difficulties encountered in interpreting them commented on.

Experimental Section
The ligand 2-[(1E)-N-(2-amino-2-methylpropyl)ethanimidoyl]phenol
(HL1) was prepared as previously described.[21] NiACHTUNGRE(OAc)2·4 H2O, NaClO4,
hydroxyacetophenone, isopropylamine, 2-methyl-1,2-diaminopropane,
1,2-diaminopropane, (S)-1,2-diaminopropane dihydrochloride, 2,2’-bipyridine, and 6,6’-dimethyl-2,2’-bipyridine (Aldrich) were used as purchased.
High-grade solvents (methanol, ethanol) and distilled water were used
for the preparation of the different complexes.
Caution! Because of their explosive character, perchlorate salts should
be handled with care and in very small amounts.
CHTUNGRE[A L1NiACHTUNGRE(iPrNH2)]ClO4 (1): A solution of hydroxyacetophenone (1.36 g,
10 mmol) and 2-methyl-1,2-diaminopropane (0.88 g, 10 mmol) in methanol (80 mL) was stirred and heated to 50 8C for 20 min. Then NaOH
(0.42 g, 10 mmol) was added, followed 10 min later by addition of
Ni(Ac)2·4 H2O (2.50 g, 10 mmol) and isopropylamine (0.59 g, 10 mmol).
The mixture was stirred and heated for 30 min. The solution was reduced
to half-volume and the precipitate that appeared was filtered off and
dried. Yield: 2.3 g (54 %). Elemental analysis (%) calcd for
C15H26ClN3NiO5 (422.5): C 42.6, H 6.2, N 9.9; found: C 42.3, H 6.0, N 9.7;
IR: ~
n = 3310m, 3271m, 3235m, 3156m, 2976m, 1599s, 1574s, 1526m,
1467w, 1439m, 1395w, 1377w, 1357m, 1340w, 1260w, 1230m, 1158m, 1101s,
1080s, 1047s, 1021w, 931w, 913w, 873w, 823w, 758s, 738m, 621s cm1.
ACHTUNGRE[L1Ni(2,2’-bipy)]2ACHTUNGRE(ClO4)2 (2): A solution of [L1NiACHTUNGRE(iPrNH2)]ClO4 (0.09 g,
0.21 mmol) and of 2,2’-bipyridine (0.033 g, 0.21 mmol) in methanol
(2 mL) was stirred at room temperature for 10 min. The green precipitate
that appeared was filtered off and washed with cold methanol and diethyl
ether. Diffusion of diethyl ether into a methanol solution of the crude
product yielded crystals suitable for X-ray analysis. Yield: 0.05 g (45 %).
Elemental analysis (%) calcd for C22H25ClN4NiO5 (519.6): C 50.9, H 4.9,
N 10.8; found: C 50.3, H 4.9, N 10.5; IR: ~
n = 3324m, 3271w, 3059w,
2939w, 1613m, 1605m, 1591m, 1549m, 1471m, 1439s, 1372w, 1300m,
1255w, 1235w, 1157w, 1082s, 1059s, 1019s, 944w, 905w, 847m, 765m, 737m,
621m cm1.
ACHTUNGRE[L1Ni(6,6’-diMe-2,2’-bipy)]ClO4 (3): A solution of [L1NiACHTUNGRE(iPrNH2)]ClO4
(0.10 g, 0.23 mmol) and of 6,6’-dimethyl-2,2’-bipyridine (0.044 g,
0.23 mmol) in methanol (3 mL) was heated to 50 8C for 10 min. Cooling
the stirred solution gave a maroon precipitate, which was filtered off and
washed with cold methanol and diethyl ether. Diffusion of diethyl ether
to an acetone solution of the crude product yielded crystals suitable for
X-ray analysis. Yield: 0.045 g (35 %). Elemental analysis (%) calcd for
C24H29ClN4NiO5 (547.7): C 52.6, H 5.3, N 10.2; found: C 52.3, H 5.1, N
9.9; IR: ~
n = 3288m, 3255m, 3179m, 2972w, 1601s, 1580s, 1533m, 1464m,
1435m, 1395w, 1379w, 1325m, 1259w, 1221m, 1167w, 1108s, 1092s, 1070s,
1031m, 1018m, 948w, 922w, 914w, 853w, 788s, 761s, 621s cm1.
ACHTUNGRE[L2NiACHTUNGRE(OAc)] (4): An ethanol solution (40 mL) of hydroxyacetophenone
(1.36 g, 10 mmol) was added dropwise at room temperature to a stirred
ethanol solution of 1,2-diaminopropane (0.74 g, 10 mmol). Stirring was
continued for 4 h and followed by addition of NiACHTUNGRE(OAc)2·4 H2O (2.50 g,
10 mmol). The mixture was heated to 50 8C for 20 min and then cooled to
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room temperature under stirring, leaving an orange precipitate (1.9 g),
which was isolated by filtration and dried. 0.45 g of this precipitate was
poured into dichloromethane (60 mL) and stirred for 30 min. Filtration
yielded an orange precipitate, which was dried by washing with diethyl
ether (10 mL). Yield: 0.30 g (41 %). Elemental analysis (%) calcd for
C13H18N2NiO3 (309.0): C 50.5, H 5.9, N 9.1; found: C 50.5, H 5.9, N 9.0;
IR: ~n = 3221m, 3077w, 2966w, 1596s, 1578s, 1527m, 1445m, 1381s, 1350m,
1326m, 1298w, 1243m, 1219w, 1164w, 1150m, 1136m, 1052w, 1017w, 918w,
869w, 783w, 748m, 740m, 684w, 659w cm1.
ACHTUNGRE[L2Ni(Ph(Me)CH(R)NH2)]ClO4 (5): Part of the crude orange precipitate
obtained above (0.5 g) was added to water, stirred for 30 min, and filtered off. Addition of (R)-1-phenylethylamine (0.15 g, 1,2 mmol) and
sodium perchlorate (0.2 g, 16 mmol) to the stirred aqueous solution induced precipitation of an orange-red product, which was filtered off one
hour later and dried. Recrystallization from methanol yielded crystals
suitable for X-ray analysis. Yield: 0.32 g (42 %). Elemental analysis (%)
calcd for C19H26ClN3NiO5 (470.6): C 48.5, H 5.6, N 8.9; found: C 48.3, H
5.4, N 8.7; IR: ~
n = 3318w, 3292m, 3264w, 3237m, 3152w, 2974w, 1600m,
1578s, 1527m, 1454w, 1441m, 1345m, 1318w, 1285w, 1243m, 1198w,
1146m, 1104s, 1085m, 1051s, 1010w, 930w, 915w, 875w, 848w, 756s, 719w,
700m, 621m cm1.
CHTUNGRE[A L2Ni(2,2’-bipy)]ClO4 (6): A solution of [L2Ni(Ph(Me)CH(R)NH2)]ClO4
(0.12 g, 0.29 mmol) and of 2,2’-bipyridine (0.046 g, 0.29 mmol) in methanol (2 mL) was stirred at room temperature for 10 min. The green solution that formed was filtered. Diffusion of diethyl ether into a methanol
solution of the crude product yielded crystals suitable for X-ray analysis.
Yield: 0.08 g (54 %). Elemental analysis (%) calcd for C21H23ClN4NiO5
(505.6): C 49.9, H 4.6, N 11.1. Found: C 49.6, H 4.5, N 10.9; IR: ~
n=
3343w, 3339w, 3291w, 3287w, 2965w, 1608m, 1602m, 1590m, 1547m,
1472m, 1437s, 1374w, 1310m, 1296m, 1252w, 1236m, 1170w, 1106m, 1077s,
1056s, 1023m, 938w, 853m, 846m, 761s, 736m, 652w, 620m cm1.
[L2(S)Ni(Ph(Me)CH(R)NH2)]ClO4 (7): (S)-1,2-Diaminopropane dihydrochloride (1.0 g, 6.8 mmol) and NaOH (0.54 g, 13.6 mmol) were dissolved in water (7 mL) with stirring. Ethanol was added and the resulting
solution was filtered 15 min later. Hydroxyacetophenone (0.92 g,
6.8 mmol) was added to the filtrate and the resulting solution was stirred
at room temperature overnight. After addition of NiACHTUNGRE(OAc)2·4 H2O (1.7 g,
6.8 mmol) and stirring at room temperature for 2 h, the mixture was filtered to eliminate the precipitate (0.23 g). Addition of (R)-1-phenylethylamine (0.5 g, 4.1 mmol) and sodium perchlorate (0.6 g, 4.9 mmol) to the
stirred filtrate induced precipitation of an orange-red product, which was
filtered off one hour later and dried. Recrystallization from methanol
yielded crystals suitable for X-ray analysis. Yield: 1.2 g (37 %). Elemental
analysis (%) calcd for C19H26ClN3NiO5 (470.6): C 48.5, H 5.6, N 8.9;
found: C 48.4, H 5.5, N 8.7; IR: ~
n = 3275s, 3227m, 3148m, 2969w, 1596m,
1585s, 1533m, 1456w, 1436m, 1382w, 1334m, 1293w, 1243m, 1227w, 1187w,
1134s, 1066s, 1046s, 931w, 919w, 871w, 853w, 752s, 700m, 621s cm1.
[L2(S)Ni(6,6’-diMe-2,2’-bipy)]ClO4·MeOH (8): A solution of [L2(S)NiACHTUNGRE(PhMe)CH(R)NH2]ClO4 (0.10 g, 0.21 mmol) and of 6,6’-dimethyl-2,2’-bipyridine (0.044 g, 0.23 mmol) in methanol (3 mL) was heated to 50 8C for
20 min. The cooled solution, which was kept undisturbed, yielded crystals
suitable for X-ray analysis two days later. Yield: 0.03 g (25 %). Elemental
analysis (%) calcd for C24H31ClN4NiO6 (565.7): C 51.0, H 5.2, N 9.9;
found: C 50.8, H 5.1, N 9.7; IR: ~
n = 3294m, 3258m, 3176m, 2971w, 2911w,
1600s, 1575s, 1532m, 1454m, 1439m, 1396w, 1374w, 1335m, 1259w, 1231m,
1167w, 1148w, 1091s, 1070s, 1033m, 930w, 912w, 854w, 787s, 761s,
621s cm1.
Physical measurements: Elemental analyses were carried out at the Laboratoire de Chimie de Coordination Microanalytical Laboratory in Toulouse, France, for C, H, and N. IR spectra were recorded on a PerkinElmer Spectrum 100 FTIR spectrophotometer in ATR mode. Magnetic
data were obtained with a Quantum Design MPMS SQUID susceptometer. Magnetic susceptibility measurements were performed in the 2–
300 K temperature range in a 0.1 T applied magnetic field, and diamagnetic corrections were applied by using Pascals constants.[22] Isothermal
magnetization measurements were performed up to 5 T at 2 K. The magnetic susceptibilities were computed by exact calculations of the energy
levels associated to the spin Hamiltonian through diagonalization of the
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full matrix with a general program for axial and rhombic symmetries,[23]
and the magnetizations with the MAGPACK program package.[24] Leastsquares fittings were accomplished with an adapted version of the function-minimization program MINUIT.[25]
Crystallographic data collection and structure determinations: Crystals
were kept in the mother liquor until they were dipped into oil. The
chosen crystals were mounted on a Mitegen micromount and quickly
cooled to 180 K. The selected crystals of 2 (yellow, 0.3  0.18  0.06 mm),
3 (brown, 0.25  0.15  0.03 mm), 5 (orange, 0.3  0.18  0.08 mm), 6
(yellow, 0.2  0.15  0.06 mm), 7 (orange, 0.23  0.08  0.05 mm), and 8
(green, 0.25  0.20  0.12 mm) were mounted on an Oxford Diffraction
Xcalibur diffractometer equipped with graphite-monochromated MoKa
radiation (l = 0.71073 ) and an Oxford Instrument Cooler Device. Data
were collected at 180 K. The final unit cell parameters were obtained by
least-squares refinement. The structures were solved by direct methods
using SIR92,[26] and refined by means of least-squares procedures on F2
with the program SHELXL97[27] included in the software package
WinGX version 1.63.[28] The atomic scattering factors were taken from
the International Tables for X-Ray Crystallography.[29] All non-hydrogen
atoms were anisotropically refined, and in the last cycles of refinement
a weighting scheme was used, where weights were calculated from the
following formula: w = 1/[s2(Fo2 ) + (aP)2 + bP] where P = (Fo2 + 2Fc2 )/3.
Drawings of molecules were generated with the program ORTEP32 with
30 % probability displacement ellipsoids for non-hydrogen atoms.[30]
CCDC-854361 (2), CCDC-854362 (3), CCDC-854363 (5), CCDC-854364
(6), CCDC-854365 (7), and CCDC-854366 (8) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif
Calculations: All calculations are performed by using the ORCA program, v. 2.8.[31] A two-step WFT based approach was chosen. A set of
nonrelativistic states was first computed at the complete active space
self-consistent field (CASSCF) level. Scalar relativistic effects were neglected in the computation of the spin-orbit free states, and state-averaged molecular orbitals (MOs) were used to compute the whole d8 manifold of the mononuclear NiII complexes. Correlated energies were obtained at the n-electron valence state second-order perturbation theory
(NEVPT2) level.[32–34] The relativistic effects responsible for the zerofield splitting, that is, both spin–spin coupling (SSC) and spin–orbit coupling (SOC) were included a posteriori. The SOC Hamiltonian is approximated in a mean-field way,[35, 36] and the Breit–Pauli SSC Hamiltonian is used. A state-interaction (SI) matrix between the spin–orbit components of the different spin–orbit free states was built and diagonalized to
account for the effect of the SSC and SOC on the ZFS parameters, which
were extracted by using the effective Hamiltonian theory.[37, 38] In the
principal axes frame, the axial D and rhombic E parameters and the magnetic anisotropy axes are defined such as Equation (1)
1
3
jDj ¼ DZZ  ðDXX þ DYY Þ > 3E ¼ ðDXX  DYY Þ > 0
2
2

ð1Þ

The Def2 basis sets and the corresponding auxiliary basis sets[39] were
used for all atoms. The following contraction schemes were taken:
6s5p4d2f1g for Ni atoms, 5s3p2d1f for O and N atoms, 3s2p1d for C
atoms, and 2s for H atoms. The complexes were taken in their experimental structures.

Results
We have previously shown that with help of the copper template effect, it was possible to isolate copper complexes of
half-units resulting from single condensation of salicylaldehyde with only one amino group of a 1,2- or 1,3-diamine.[20]
Unfortunately, this reaction does not work when copper
ions are replaced by nickel ions. We got around the problem
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Scheme 1. 2-[(1E)-N-(2-Amino-2-methylpropyl)ethanimidoyl]phenol
(HL1) and 2-[(1E)-N-(2-aminopropyl)ethanimidoyl]phenol (HL2).

by use of 2-hydroxyacetophenone and 1,2-diamino-2-methylpropane (Scheme 1). Indeed the ketone group can only
react with the unhindered NH2 group of 1,2-diamino-2methylpropane, leading to a HL1 half-unit 2-[(1E)-N-(2amino-2-methylpropyl)ethanimidoyl]phenol that can thereafter chelate a nickel ion[21] to give a square-planar diamagnetic nickel complex with three equatorial positions occupied by the chelating half-unit and the fourth by an N ligand
(pyridine or isopropylamine), as in the present work. This
experimental process is limited, so we decided to extend it
to more reactive diamines, such as 1,2-diaminopropane.
NMR studies clearly show that the reaction of 2-hydroxyACHTUNGREacetophenone and 1,2-diaminopropane in dichloromethane
in 1/1 ratio gives a mixture of the expected HL2 half-unit
along with the Schiff base H2L3 corresponding to the reaction of the two amine groups with 2-hydroxyacetophenone
(Scheme 2). So we repeated the reaction in ethanol at room

isolated solid with stirring and filtering the resulting solution. Addition of an amine to the filtrate induces a color
change of the aqueous solution from colorless to red-orange,
followed by precipitation of [L2Ni{Ph(Me)CH(R)NH2}]ClO4
(5), which was isolated by filtration and dried. This experimental process allows the L3Ni complex to be isolated as
a solid. This last pathway is the preferred one, for we succeeded in obtaining crystals of complex 5, which was not the
case with complex 4. Until now, the unavailability of quality
crystals for complex 4 impeded its structure determination.
Further reaction of the diamagnetic and cationic nickel complexes 1 and 5 with 2,2’-bipyridine or 6,6’-dimethyl-2,2’-bipyridine yielded complexes 2, 3, and 6, in which the corresponding bipyridine has entered the nickel coordination
sphere after removal of the monodentate amine ligand. This
process was also realized with the (S)-1,2-diaminopropane
enantiomer instead of the racemic 1,2-diaminopropane,
yielding the orange complex 7, which reacts with 6,6’-dimethyl-2,2’-bipyridine to give green complex 8.
Structural analyses: Crystallographic data of complexes 2, 3,
5, 6, 7, and 8 are collected in Table 1. The 2-[(1E)-N-(2amino-2-methylpropyl)ethanimidoyl]phenol ligand HL1 was
previously characterized,[21] and we did not try to determine
the structure of complex 1, which is used as starting material
for the preparation of the pentacoordinate complexes. On
the contrary, structures of the complexes involving the 2[(1E)-N-(2-aminopropyl)ethanimidoyl]phenol ligand HL2 in
its racemic (5) or enantiomerically pure form (7) were
solved (Figures 1 and 2, respectively). Both compounds crystallize in the noncentrosymmetric space group P21. The
nickel ions display the expected square-planar coordination
through two nitrogen atoms and one oxygen atom of the
chelating tridentate ligand, and the fourth equatorial position is occupied by the nitrogen atom of (R)-1-phenylethylACHTUNGREamine. The use of the monodentate amine in its enantiomerically pure form is responsible for the observation of

Scheme 2.

temperature, followed by addition of solid nickel acetate
and short heating at 50 8C. The solid precipitate that appeared was isolated by filtration from the cold solution. At
this stage, the isolated solid can be treated in two different
ways. Partial dissolution in dichloromethane and filtration of
the resulting solution left a solid precipitate, which was
again washed with dichloromethane and dried. Analytical
data confirmed its formulation as [L2Ni(OAc)] (4) (L2 = 2[(1E)-N-(2-aminopropyl)ethanimidoyl]phenolate). From the
dichloromethane solution, it is possible to recover complex
[L3Ni]. The other possibility consists of adding water to the
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Figure 1. Plot of complex 5 with ellipsoids drawn at 30 % probability and
partial atom numbering. Hydrogen atoms have been omitted for clarity.
Selected bond lengths [] and angles [8]: Ni1O1 1.800(2), Ni1N1
1.885(3), Ni1N2 1.891(3), Ni1N5 1.929(3), Ni2O2 1.802(2), Ni2N3
1.891(3), Ni2N4 1.863(3), Ni2N6 1.929(3); O1-Ni1-N2 95.24(11), O1Ni1-N5 84.78(11), N1-Ni1-N2 87.34(11), N1-Ni1-N5 92.68(11), O1-Ni1-N1
176.69(13), N2-Ni1-N5 178.80(14), O2-Ni2-N4 95.76(11), O2-Ni2-N6
84.38(11), N3-Ni2-N4 87.10(12), N3-Ni2-N6 92.85(11), O2-Ni2-N3
175.76(14), N4-Ni2-N6-178.33(14).
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Table 1. Crystallographic data for complexes 2, 3, 5, 6, 7, and 8.

formula
Mr
space group
a []
b []
c []
a [8]
b [8]
g [8]
V [3]
Z
1calcd [g cm3]
l []
T [K]
m(MoKa) [mm1]
R[a] obsd, all
Rw[b] obsd, all

2

3

5

6

7

8

C44H50Cl2N8Ni2O10
1039.24
P1̄
12.7651(4)
12.8456(4)
15.2769(5)
81.649(3)
76.802(3)
68.483(3)
2263.67(12)
2
1.525
0.71073
180(2)
1.017
0.0324, 0.0415
0.0869, 0.0899

C24H29ClN4NiO5
547.67
C2/c
28.2396(16)
14.1278(7)
13.0817(9)
90
106.695(7)
90
4999.1(5)
8
1.455
0.71073
180(2)
0.925
0.0423, 0.0947
0.0972, 0.1256

C19H26ClN3NiO5
470.57
P21
11.4746(4)
7.9722(3)
23.2133(8)
90
90.121(3)
90
2123.50(13)
4
1.472
0.71073
180(2)
1.074
0.0344, 0.0466
0.0752, 0.0791

C42H46Cl2N8Ni2O10
1011.15
C2/c
9.8774(3)
23.2185(6)
19.4974(5)
90
98.303(3)
90
4424.6(2)
4
1.518
0.71073
180(2)
1.039
0.0413, 0.0477
0.0941, 0.0978

C19H26ClN3NiO5
470.59
P21
5.769(5)
10.924(5)
16.610(5)
90
93.793
90
1044.5(11)
2
1.496
0.71073
180(2)
1.092
0.0223, 0.0234
0.0552, 0.0618

C24H31ClN4NiO6
565.69
P1
8.1971(3)
11.7028(4)
13.5417(5)
89.472(3)
81.848(3)
88.600(3)
1285.51(8)
2
1.461
0.71073
180(2)
0.905
0.0352, 0.0373
0.0892, 0.0907

[a] R = S j j Fo j  j Fc j j /S j Fo j . [b] wR2 = [Sw(j Fo2 j  j Fc2 j)2/Sw j Fo2 j 2]1/2.

Figure 2. Plot of complex 7 with ellipsoids drawn at 30 % probability and
partial atom numbering. Hydrogen atoms have been omitted for clarity.
Selected bond lengths [] and angles [8]: Ni1O1 1.8149(19), Ni1N1
1.894(2), Ni1N2 1.869(2), Ni1N3 1.940(2); O1-Ni1-N2 94.57(7), O1Ni1-N3 87.47(7), N1-Ni1-N2 86.47(8), N1-Ni1-N3 91.36(8), O1-Ni1-N1
177.10(8), N2-Ni1-N3 176.57(8).

a chiral space group for 5. Indeed, the two diastereoisomers
(S)ligand-(R)amine and (R)ligand-(R)amine that coexist in complex 5
are chiral. Use of pure (S)-1,2-diaminopropane (7) yields
a unique stereoisomer (S)ligand-(R)amine. The methyl substituent of the diamino chain is remote from the hydroxyacetophenone moiety, so that the remote (R) geometrical isomer
alone is present in complexes 5 and 7, as previously observed for complexes involving ligands derived from 1,2-diACHTUNGREaminopropane.[40] The methyl group adopts a pseudo-equatorial orientation in each case, inducing a d or l gauche conformation of the five-membered ring formed by the diamine
moiety chelating the nickel ion in the (S)ligand-(R)amine and
(R)ligand-(R)amine molecules, respectively. It is noteworthy that
the phenyl substituent of monodentate (R)-1-phenylethyl-
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ACHTUNGREamine is oriented in a plane parallel to the nickel N3O coordination plane in complex 5 but lies in a perpendicular
plane for complex 7. This induces a different arrangement
of the (S)ligand-(R)amine isomers in complexes 5 and 7. Although similar NH2amine···OClO···H2Nligand hydrogen bonds
are present in both cases, the molecules are stacked in complex 7, separated by 5.769(6) , while they have an helical
arrangement in complex 5, with an helix pitch of 7.972(7) 
involving two molecules per pitch, thus yielding two stacks
of molecules rotated by 1808. The hydrogen bonds are limited to simple NH2amine···OClO3 bonds in the (R)ligand-(R)amine
isomers, and these molecules are inserted in between the
(S)ligand-(R)amine isomers through CH···p stacking contacts.
The structure determination of [{L1Ni(2,2’-bipy)}2](ClO4)2
(2) (Figure 3) confirmed that we have isolated a dinickel
complex with six-coordinate Ni ions instead of the expected
pentanuclear Ni complex. The two Ni ions are chelated by
a tridentate ligand and a 2,2’-bipyridine ligand, and the deprotonated phenoxo oxygen atoms of the tridentate ligands
bridge the two Ni ions. This hexacoordination is best described as a distorted octahedron, and the program SHAPE
gave shape measure parameters SOh of 1.57 and 1.48 for Ni1
and Ni2, respectively.[41] The equatorial plane involves the
tridentate ligand and one nitrogen atom of 2,2’-bipy, and the
apical positions are occupied by the second nitrogen atom
of 2,2’-bipy and the phenoxo oxygen atom of the neighboring tridentate ligand. The equatorial NiO bonds are shorter
(2.020(1) and 2.025(1) ) than the axial ones (2.167(1) and
2.118(1) ). The NiN bonds involving primary amine nitrogen atoms (N3, N7) are longer (2.074(2), 2.085(2) ) than
the NiNimine bonds (N4, N8; 2.040(2), 2.045(2) ) but they
are comparable to the equatorial NiNbipy bonds (2.096(2),
2.080(2) ). Surprisingly, the axial Ni-Nbipy bonds are not
significantly longer than the equatorial ones (2.099(2),
2.106(2) ). The central four-atom Ni-O2-Ni core of the
molecule is characterized by Ni-O-Ni angles of 100.55(5)
and 102.37(5)8. There are no hydrogen bonds between
neighboring NiNi dicationic entities. These large intermolec-
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Figure 3. Plot of complex 2 with ellipsoids drawn at 30 % probability and
partial atom numbering. Hydrogen atoms have been omitted for clarity.
Selected bond lengths [] and angles [8]: Ni1O1 2.020(1), Ni1O2
2.167(1), Ni1N1 2.096(2), Ni1N2 2.099(2), Ni1N3 2.074(2), Ni1N4
2.040(2), Ni2O2 2.025(1), Ni2O1 2.118(1), Ni2N5 2.080(2), Ni2N6
2.106(2), Ni2N7 2.085(2), Ni2N8 2.045(2); O1-Ni1-O2 77.97(5), N1Ni1-N2 77.51(6), N2-Ni1-O2 163.26(6), N1-Ni1-N4 171.23(6), O1-Ni1-N3
164.18(6), Ni1-O1-Ni2 102.37(5), Ni1-O2-Ni2 100.55(5), O1-Ni2-O2
79.00(5), N5-Ni2-N6 77.36(6), N6-Ni2-O1 163.26(6), N5-Ni2-N8
171.26(6), O2-Ni2-N7 165.80(6).

ular distances suggest that the only active magnetic interaction involves the two nickel ions. Furthermore, helicity is introduced by coordination of a tridentate and a bidentate ligands around the nickel ion. Figure 3 shows that the two Ni
ions of complex 2 have the same L helicity and that the
five-membered nonplanar ring involving the diamino chain
of the tridentate ligand is in a d gauche conformation. Complex 2 crystallizes in centrosymmetric space group P1̄ with
Z = 2, which means that the second molecule corresponds to
the DlDl conformer.
In view of the structure of complex 2, complex 6, which
results from reaction of complex 5 with 2,2’-bipyridine, is expected to be a dinickel complex. Although we indeed have
a dinuclear complex, the structure determination shows
scrambling of the two ligands (Figure 4). One Ni ion is surrounded by two trinuclear ligands, while the coordination
sphere of the other involves two 2,2’-bipyridine ligands and
two oxygen atoms of the trinuclear ligands. Furthermore,
these two deprotonated phenoxo oxygen atoms bridge the
two Ni ions. Contrary to complex 2, the central Ni-O2-Ni
core is more symmetric, with equal NiO bond lengths
(2.063(2) ). Nevertheless the Ni-O-Ni angle of 101.6(1)8
corresponds to the mean value observed in 2. There is
a larger difference between the NiNimine bond lengths
(2.043(2) ), which are in trans position, and the NiN primary amine bonds (2.103(3) ) than in complex 2, and
there is no difference between the axial and equatorial Ni
Nbipy bond lengths (2.069(2), 2.071(2)). In Figure 4, the Ni1
ion has L helicity, while Ni2 is chelated by two tridentate ligands having their asymmetric carbon atom in the S configuration. The other conformer with Ni1 D helicity and two R
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Figure 4. Plot of complex 6 with ellipsoids drawn at 30 % probability and
partial atom numbering. Hydrogen atoms have been omitted for clarity.
Selected bond lengths [] and angles [8]: Ni1O1 2.063(2), Ni1O1i
2.063(2), Ni1N3 2.071(2), Ni1N4 2.069(2), Ni1N3i 2.071(2), Ni1N4i
2.069(2), Ni2O1 2.063(2), Ni2O1i 2.063(2), Ni2N1 2.043(2), Ni2N2
2.108(3), Ni2N1 2.043(2), Ni2N2 2.108(3); O1-Ni1-O1i 78.36(11), N3Ni1-N4 78.29(9), N3i-Ni1-N4i 78.29(9), N4-Ni1-O1 168.70(8), N4i-Ni1-O1i
168.70(8), N3-Ni1-N3i 173.28(12), Ni1-O1-Ni2 101.63(8), N1-Ni2-N1i173.46(13), N2i-Ni2-O1 163.04(9), N2-Ni2-O1i 163.04(9).

carbon atoms around Ni2 is also present in the crystal, due
to the centrosymmetric C2/c space group. These dinuclear
molecules are well isolated from each other, and hydrogen
bonding is limited to intramolecular NH2(amine)···OClO3
bonds. The SHAPE program indicates that the octahedron
is less deformed for Ni1 (SOh = 1.11) than for Ni2 (SOh =
1.58).[41]
Replacement of 2,2’-bipyridine by the more crowded 6,6’dimethyl-2,2’-bipyridine in the reaction with complex
1 yields complex 3. The structure determination of
[L1Ni(6,6’-diMe-2,2’-bipy)]ClO4 (3) confirmed that the Ni
ion is pentacoordinate and that it crystallizes in centrosymmetric space group C2/c. The SHAPE program indicates
that the Ni coordination sphere is better described as
a square pyramid (SPy = 1.49) than a vacant octahedron
(SVOC = 1.81)[42] with the tridentate ligand and a nitrogen
atom of the dimethyl-substituted bipyridine in the basal
plane, while the other nitrogen atom is in the apical position. The Dd and Ll diastereomers are present in the crystal; the Ll form is shown in Figure 5. The NiN and NiO
bonds are slightly shorter than in complex 2 (see caption to
Figure 5). These molecules are well isolated from each
other, for there is no intramolecular or intermolecular hydrogen bond.
To simplify the structural data, complex 8 was prepared
by using enantiomerically pure complex 7. This complex
crystallizes in the noncentrosymmetric space group P1
(Figure 6). The main difference to complex 3 comes from introduction of a chiral center in the tridentate ligand, which
gives D and L stereomers that do not become superimposa-
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square pyramid is slightly favored in the D form (SPy = 1.88,
SVOC = 2.12).[42] Very similar hydrogen NH2(amine)···OClO3
and NH2(amine)···OHMe bonds link the cationic [L1Ni(6,6’diMe-2,2’-bipy)] entities to the perchlorate anion and to the
MeOH molecule of crystallization in the two stereomers. A
supplementary MeOH···OC hydrogen bond, characterized
by a H···OC distance of 2.798(5) , links the L molecules,
which stack with an Ni···Ni distance of 8.197(6) . Such
a bond is not present in the D stereomer, in which the
H···OC distance is 3.073(5) . Nevertheless, weak contacts
again induce stacking of these molecules with a similar
Ni···Ni spacing of 8.197(6) .

Figure 5. Plot of complex 3 with ellipsoids drawn at 30 % probability and
with partial atom numbering. Hydrogen atoms have been omitted for
clarity. Selected bond lengths [] and angles [8]: Ni1O1 1.906(2), Ni1
N1 2.065(3), Ni1N2 2.058(3), Ni1N3 2.091(3), Ni1N4 2.022(3);
166.3(1).

Magnetic properties: Experimental studies: According to the
structural studies, square-planar nickel complexes 1, 5, and 7
are diamagnetic with low-spin Ni ions, so only complexes 2,
3, 6, and 8 were studied. The magnetic susceptibilities of
these four Ni complexes were measured in the temperature
range 2–300 K under an applied magnetic field of 0.1 T. The
thermal variation of cMT for complex 2 is displayed in
Figure 7, where cM is the molar magnetic susceptibility of

Figure 7. Temperature dependence of cMT for 2 from 300 to 2 K. The
solid line corresponds to the best fit (J = 8.8 cm1, g = 2.17).

Figure 6. Plot of complex 8 with ellipsoids drawn at 30 % probability and
with partial atom numbering. Hydrogen atoms have been omitted for
clarity. Selected bond lengths [] and angles [8]: Ni1O1 1.957(3), Ni1
N1 2.009(4), Ni1N2 2.065(4), Ni1N3 2.048(4), Ni1N4 2.044(4), Ni2
O2 1.958(3), Ni2N5 2.071(4), Ni2N6 2.017(4), Ni2N7 2.040(4), Ni2
N8 2.044(4); O1-Ni1-N2 166.4(2), O1-Ni1-N3 98.1(2), N1-Ni1-N3
119.8(2), N2-Ni1-N3 95.6(2), N3-Ni1-N4 81.4(2), N1-Ni1-N4 158.7(2),
O2-Ni2-N5 167.0(2), O2-Ni2-N8 98.7(2), N5-Ni2-N8 94.2(2), N6-Ni2-N7
161.9(2), N6-Ni2-N8 117.7(2), N7-Ni2-N8 80.3(2)8.

ble when the conformation of the nonplanar five-membered
ring is changed. The D stereomer has a d gauche conformation, with the methyl group of 1,2-diaminopropane in an
axial position, while the L stereomer has a l gauche conformation and the methyl group in equatorial position. The
NiN and NiO bonds are slightly shorter than in complex
3, except for the NiO bonds that are longer in the two stereomers (1.957(3) and 1.958(3) vs. 1.906(2) ). The SHAPE
program confirms that the L stereomer can be equally considered as a distorted vacant octahedron or a distorted
square pyramid (SVOC = 1.95, SPy = 1.96) while the distorted
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the dinuclear species corrected for the diamagnetism of the
ligands. The cMT value of 2.39 cm3 mol1 K at 300 K slightly
decreases down to 50 K (1.95 cm3 mol1 K) before abruptly
decreasing to 0.03 cm3 mol1 K at 2 K. The room-temperature cMT value corresponds to what is expected for two isolated nickel ions with a g parameter slightly larger than 2.
The magnetic susceptibility was computed by exact calculation of the energy levels through diagonalization of the full
energy matrix with a Hamiltonian including only isotropic
exchange: H = JNiNi(SNi1·SNi2) + Si,j gibHjSij with i = Ni and
j = x,y,z. The best fit (solid line in Figure 7) yields the following data: J = 8.8 cm1 and g = 2.17 with an R factor of R =
S[(cMT)obsd(cMT)calcd]2/S(cMT)obsd]2 = 4.0  105. To check the
validity of these results, the Magpack program was used to
fit the experimental magnetization curve at low temperature. However, as shown in Figure S1 of the Supporting Information, the low-field regime of the magnetization curve
is not well accounted for by only using isotropic interactions
in the spin Hamiltonian (solid line). Since in complex 2, all
kinds of anisotropic interactions are symmetry-allowed (no
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symmetry element is observed in the molecular unit), all of
these interactions are susceptible to being of comparable
magnitude, and that this complex belongs to the weak-exchange limit, the introduction of anisotropic interactions in
the model Hamiltonian is expected to be problematic (as
stated in the Introduction). Surprisingly, the introduction of
only a local anisotropy term, namely, H = JNiNi(SNi1·SNi2) +
DNi(S2z;Ni1 + S2z;Ni2 ) already leads to satisfactory fitting of the
low-field regime (see Figure S2 of the Supporting Information). However, due to the crudeness of such modeling,
which neglects the mismatch between the principal axes of
the local anisotropies and the anisotropic interactions, the
extracted value of DNi is not considered to be meaningful at
this stage. A more detailed study of the importance of all effective interactions would be required, but necessitates further experimental techniques more sensitive to the wave
function of the lowest-lying spin–orbit states, and/or highly
demanding ab initio calculations. Such a study in itself
would deserve a full paper, and is outside the scope of the
present work dealing mainly with the synthesis of new compounds that are of interest for molecular magnetism.
Similar behavior is observed for the other dinuclear complex 6, except that the interaction parameter is weaker: J =
2.2 cm1, g = 2.18 (Figure 8). As in complex 2, the magnetization curve at 2 K cannot be fitted by these parameters,
and an approximate fit again necessitates introduction of
a local D term.

Figure 9. Temperature dependence of cMT product 3 from 300 to 2 K.
The solid line corresponds to the best fit (DNi = 15.9 cm1, g = 2.17).

nicely fit the experimental magnetization curve at 2 K (Figure S3 of the Supporting Information). The same treatment
applied to complex 8 (Figures S4 and S5 of the Supporting
Information) gives DNi = 16.7 cm1, g = 2.18. It appears that
introduction of a E term gives a slightly better fit of the experimental magnetization (E = 0.6 cm1).
Ab initio calculations: Ab initio calculations of the ZFS parameters were performed for mononuclear complexes 3 and
8, and the results are presented in Table 2. The large anisotropy of complex 3 is confirmed by SI calculations perTable 2. Computed ZFS parameters for complexes 3 and 8. Both stereomers of complex 8 are considered. The diagonal elements of the SI
matrix are the energies obtained at the CASSCF or NEVPT2 levels.
Complex
3
D-8
L-8

Figure 8. Temperature dependence of cMT for 6 from 300 to 2 K. The
solid line corresponds to the best fit (J = 2.2 cm1, g = 2.18).

In complexes 3 and 8 the nickel ions are the only magnetically active metal centers, and the structure determinations
have shown that these molecules are well isolated from each
other. Their magnetic behaviors are quite similar. The cMT
value of complex 3 is 1.15 cm3 mol1 K at 300 K, remains
constant down to 30 K (1.13 cm3 mol1 K), and then decreases to 0.20 cm3 mol1 K at 2 K (Figure 9). The room-temperature cMT value corresponds to the value expected for an isolated nickel ion with g = 2.17. The magnetic susceptibility
was computed by exact calculation of the energy levels
through diagonalization of the full energy matrix with an
Hamiltonian introducing axial and rhombic zero-field splitting terms. The best fit (solid line in Figure 9) yields DNi =
15.9 cm1, E = 0, g = 2.17 with R = 6.0  105, values that
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Method

D [cm1]

E [cm1]

E/ j D j

CASSCF
NEVPT2
CASSCF
NEVPT2
CASSCF
NEVPT2

+ 32.5
+ 21.9
+ 28.2
+ 18.3
+ 29.6
+ 19.2

9.7
7.0
1.8
1.8
0.9
1.2

0.30
0.32
0.06
0.10
0.03
0.06

formed with either the CASSCF and NEVPT2 energies on
the diagonal elements of the interaction matrix, in agreement with a nearly SPY geometry around the Ni ion. However, since the E/ j D j ratio is found to be close to 1/3, the
sign of the axial D parameter cannot be confirmed by the
calculations. Since no satisfactory fit was obtained with negative D parameters for the magnetic susceptibility and magnetization curves, it is concluded that such a situation is
probably due to overestimation of the rhombic anisotropy
in the calculations. Previous works already showed that
computed ZFS parameters are usually larger than the experimentally determined ones,[9–10] and this was explained by
uncertainties in either or both the experimental and theoretical approaches. These new results tend to show that our
theoretical calculations overestimate the rhombic parameters, but further studies would be required to confirm such
a statement.
Both D and L stereomers of complex 8 were considered
(see Table 2). Since the difference between the two struc-
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tures is located far from the magnetic center, no significant
difference is expected between the ZFS of the two stereomers. Such hypothesis is undoubtly confirmed by our calculations, which justifies that the ZFS of the complex can be
experimentally determined as a single entity. The axial D
parameter was found to be large and positive, as expected
for a nearly SPY structure. The inclusion of dynamic correlation affects the ZFS and confirms a large positive D parameter, in agreement with experiment.
Even if the D sign in complex 3 could not be determined
only from theory in this work, we conclude that our ab
initio calculations confirm that we have synthesized mononuclear complexes with large single ion anisotropies.

Discussion
The structural determinations confirm that the experimental
process described here is able to give new tridentate ligands.
Due to the possibility of hydrolysis, it is not easy to isolate
such ligands, but coordination chemistry simplifies the problem. Indeed, once linked to a metal ion, they are quite
stable, as demonstrated by the structural determinations of
complexes 5 and 7. These structural data also show that the
reactive amino group is always the primary amine remote
from the substituted alkyl chain. The use of an enantiomerically pure form of the monodentate amine, which is coordinated to the fourth equatorial position of the Ni ion, is responsible for the observation of a chiral space group in complexes 5 and 7, while the pure stereoisomer (S)ligand-(R)amine
was characterized when pure (S)-diaminopropane was used
(complex 7), and two diastereoisomers (S)ligand-(R)amine and
(R)ligand-(R)amine coexist in complex 5. The following step,
which consists of replacing the monodentate ligand by the
bidentate 2,2’-bipyridine, is favored by the chelate effect.
Although this reaction works nicely, it does not necessarily
furnish the expected pentacoordinate Ni complex, as demonstrated by the structural determination of complexes 2
and 6, in which the phenoxo oxygen atom of a pentacoordinate Ni unit is able to link to the Ni ion of a neighboring
unit, thus yielding a dinuclear complex with hexacoordinate
Ni ions. Such a situation can be avoided if the Ni units are
far enough from each other. Thus replacement of 2,2’-bipyridine by the more crowded 6,6’-dimethyl-2,2’-bipyridine
favors preparation of pentacoordinate Ni complexes 3 and
8. Lengthening of the NiO and NiN bonds is observed on
going from the square-planar Ni environment (5, 7) to
square-pyramidal (3, 8) and, to a lesser extent, to octahedral
Ni coordination (2, 6).
Observation of an antiferromagnetic NiNi interaction
agrees with literature data showing that antiferromagnetic
behavior is associated with Ni-O-Ni angles around 1008.[43]
In complex 2, the Ni-O2-Ni core of the molecule is characterized by Ni-O-Ni angles of 102.37(5) and 100.55(5)8 and
an interaction parameter of 8.8 cm1. The geometry of the
coordination octahedron for each Ni ion in 2 corresponds to
a slightly elongated bipyramid, with O2, N2 and O1, N6 in
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axial position for the Ni1 and Ni2 ions, respectively. A
recent reinvestigation of the axial zero-field splitting[44]
allows a tetragonality parameter Dstr to determined if the
metal–ligand bond lengths are known and eventually an estimation of a Dmag term defining the Ni magnetic anisotropy.
Applying this to complex 2 gives Dstr terms of the Ni1 and
Ni2 centers of 11.12 and 9.12, which give Dmag values of 7.44
and 6.18 cm1, respectively. This analysis confirms the presence of single-ion anisotropies in this complex that cannot
be determined in a straightforward way from experiment
due to the mismatch between the principal axes of the local
anisotropies and the presence of intersite anisotropies. A
similar behavior is obtained in complex 6, with a smaller antiferromagnetic coupling between the magnetic sites. Although we could not obtain crystals of complex 4 suitable
for XRD analysis, magnetic data are informative. In the
solid state, complex 4 is diamagnetic. Its orange color agrees
with a square-planar Ni environment and monodentate acetate coordination. Dissolution in water gives a colorless solution, in agreement with an evolution toward a high-spin
octahedral species. This would imply that the acetate anion
is coordinated to the Ni ion by only one oxygen atom in the
solid state, while hexacoordination of the Ni ion is completed by water molecules and perhaps acetate chelation or dimerization.[45]

Conclusion
A synthetic stepwise process able to give mononuclear
nickel complexes with a pentacoordinate environment has
been described. It is based on the use of tridentate ligands,
known as half-units, resulting from monocondensation of
a diamine with a ketone group. One example is straightforward because the steric hindrance of one primary amino
group impedes the reaction with the ketone. The second example gives a genuine tridentate ligand that can be isolated
as a nickel complex and not as a pure organic ligand. Whatever the tridentate ligand, it is first coordinated to a nickel
ion, while a monodentate nitrogen base occupies the fourth
position of the resulting square-planar and diamagnetic
nickel complex. The next step consists of introducing a bidentate ligand such as 2,2’-bipyridine or 6,6’-dimethyl-2,2’bipyridine. Structure determinations showed that the process
does not work with 2,2’-bipyridine. Indeed dinuclear complexes are then characterized, and hexacoordination of the
nickel ions comes from the bridging function of the phenoxo
oxygen atoms of the tridentate ligands. Surprisingly, two different dinuclear complexes were observed. Although they
both have a double phenoxo bridge, each nickel ion is surrounded by a tridentate and a bidentate ligands in one case
while a ligand scrambling leads to a dinuclear unit in which
the coordination sphere of one nickel ion contains the two
tridentate ligands while the second sphere involves the two
bidentate ligands and the two bridging phenoxo oxygen
atoms. These changes in coordination environment result in
different antiferromagnetic interactions of 8.8 and

 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org

4039

J.-P. Costes, R. Maurice, and L. Vendier

2.2 cm1, respectively. On the contrary, use of the sterically
hindered 6,6’-dimethyl-2,2’-bipyridine results eventually in
the desired pentacoordinate nickel complexes. The assembly
process of a tridentate and a bidentate ligand around
a nickel ion is original and not used in previous works.
The ZFS parameters of the two mononuclear pentacoordinate nickel complexes were studied by means of magnetic
data and state-of-the-art ab initio calculations. As in previous studies dealing with nickel complexes, good agreement
between the computed and experimental ZFS parameters
was obtained. As a consequence, the calculations confirm
the large magnitudes of the single-ion anisotropies of the
complexes presented here. Such a result is in agreement
with the geometry of the first coordination spheres around
the Ni ions, which show a nearly SPY structure in both complexes. However, for one complex, the calculated parameters led to an E/ j D j ratio close to 1/3, which prohibits determination of the sign of D from the calculations. Such
a result is attributed here to overestimation of the rhombic
anisotropy in the ab initio calculations, which would deserve
further theoretical studies.
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