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The synthesis and the X-ray structure of two complexes exhibiting a linear chain of four nickel atoms is reported,
following Ni4(µ4-phdpda)4 (1), which had been characterized previously. [Ni4(µ4-Tsdpda)4(H2O)2], where H2Tsdpda
is N-(p-toluenesulfonyl)dipyridyldiamine (2), is axially coordinated to two water molecules, at variance with 1. One-
electron oxidation of 2 resulted in the loss of the axial ligands, yielding [Ni4(µ4-Tsdpda)4]+, [3]+, which was also
structurally characterized. Finally, we report the structure of Ni4(µ4-DAniDANy)4 (4), a complex synthesized starting
from the new ligand N,N′-bis-p-anisyl-2,7-diamino-1,8-naphthyridine. Magnetic measurements concluded that 4 is
diamagnetic, like 1, whereas 2 is antiferromagnetic (−2J14 ) 80 cm-1, using the Heisenberg Hamiltonian Ĥ )
−2J14 Ŝ1·Ŝ4), as are other axially coordinated chains with an odd number of nickel atoms. DFT calculations are
reported on these complexes in order to rationalize their electronic structure and their magnetic behavior. The
magnetic properties of the [Ni4]8+ complexes are governed by the electronic state of the NiII atoms, which may be
either low-spin (S ) 0), or high-spin (S ) 1). DFT calculations show that the promotion to high spin of two Ni
atoms in the chain, either external or internal, depends on the interplay between axial and equatorial coordination.
The synergy between axial coordination and the presence of electron-withdrawing toluenesulfonyl substituents in
2 favors the promotion to the high-spin state of the terminal Ni atoms, thus yielding an antiferromagnetic ground
state for the complex. This is at variance with complexes 1 and 4, for which the lowest quintet state results from
the promotion to high spin of the internal nickel atoms, together with an important ligand participation, and is
destabilized by 9 to 16 kcal mol-1 with respect to the diamagnetic ground state.

Introduction

The control gained in the past decade over the synthesis
of C5H4N(NHC5H3N)nNHC5H4N polypyridylamine mol-
ecules with definite values ofn between 0 and 3 and beyond
and the use of their deprotonated counterparts as ligands have
opened a route toward the synthesis and the characterization
of a new family of 1D transition-metal complexes. These

complexes are made of the assembly of four polypyridyla-
mide molecules with a given value ofn (n-ppa), spiraling
around a framework composed of 2n + 3 transition metal
atoms in a linear arrangement.1 The possibility to synthesize
such complexes with various transition metals, mainly
belonging to the first transition row (M) Cr, Co, Ni, Cu),1

but also to the second one (Rh, Ru),2 and the possibility to
extend the metal framework with a variety of anionic ligands
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in axial position3 have categorized this family as the
prototype of the so-called extended metal atom chains
(EMACs).4 The vast majority of EMACs belonging to this
family involve an odd number of metal atoms, due to the
very nature ofn-polypyridylamine molecules, which give
rise upon deprotonation to (2n + 3)-dentate ligands. Most
comparative studies compiling the structural and magnetic
properties of such complexes with variable lengths are
therefore restricted to M2n+3(n-ppa)4L2, with nmax ) 1 for
Co,5 2 for Cr,6 and 3 for Ni.7 On the theoretical side, most
nonempirical studies carried out to date for delineating
correlations between the electronic structure and the geo-
metrical and magnetic properties have been focused on
M3(dpa)4L2 systems, where dpa (Hdpa) dipyridylamine)
is the standard ligand corresponding ton ) 0.8,9 However,
two recent theoretical works have approached the problem
of higher nuclearity string complexes M2n+3(µ-ppa)4Cl2,
either with M) Cr, n ) 0-210 or with M ) Ni andn ) 1,
2.11 Reports on ppa-based EMACs involving aneVen number
of metal atoms remain extremely scarce, since they require
the synthesis of new, (2n + 4)-dentate ligands derived from
the classicaln-ppa molecule. Two such complexes have been
characterized to date. On one hand, Cotton et al have
employed the anion of bis(2-pyridyl)formamidine, DpyF-,
as a ligand for the synthesis of the dianion [Cr4(DpyF)4Cl2]2-

in which the linear chain of Cr atoms is formed of two short
outer bonds (2.01 Å) separated by a long inner Cr‚‚‚Cr
distance (2.73 Å).12 On the other hand, Peng et al have
grafted a phenylamine substituent to a standard Hbromodpa
molecule, thus generatingN-phenyldipyridyldiamine

(H2phdpda). When deprotonated, this molecule was used as
a tetradentate ligand to synthesize Ni4(µ4-phdpda)4 (1), an
axially uncoordinated neutral complex exhibiting the usual
helical wrapping of ppa ligands around the linear metal
chain.13 The central Ni-Ni distance is slightly shorter than
the outer ones and, at variance with the whole sequence of
Ni2n+3(n-ppa)4Cl2 metal chains, the tetranickel complex is
diamagnetic.13 In the present work,p-toluenesulfonyl chloride
was grafted to dipyridyldiamine (H3dpda). Treatment of the
resultingN-(p-toluenesulfonyl)dipyridyldiamine (H2Tsdpda)
with Ni(OAc)2‚4H2O resulted in the synthesis of [Ni4(µ4-
Tsdpda)4(H2O)2] (2), an axially coordinated (Ni4)8+ complex
whose magnetic properties differ from those of1. Oxidation
of 2 resulted in the removal of the axial water ligands,
yielding [Ni4(µ4-Tsdpda)4]+, [3]+, and providing a first
opportunity to investigate the role of axial coordination in a
particular chain complex with an even number of metal
atoms. The tetradentate ligand DAniDANy, with H2-
DAniDANy ) N,N′-bis-p-anisyl-2,7-diamino-1,8-naphthy-
ridine, was also used to stabilize a tetranuclear nickel string
complex, [Ni4(µ4-DAniDANy)4] (4, Figure 1). We report the
structural characterization of2, [3]+, and4, along with the
magnetic behavior of these complexes. A theoretical inves-
tigation was carried out at the DFT level on the model
compounds1′, 2′, 3′, and [3′]+, in which the phenyl and tolyl
substituents have been replaced with hydrogens, and on
complex4′, deduced from4 by substituting methyl groups
to p-methoxyphenyls. This study is aimed at understanding
the electronic structure and the magnetic properties of
tetranuclear chains of nickel atoms, in comparison with
previous studies focused on Ni3(dpa)4Cl2 and [Ni3(dpa)4]x+

complexes (x ) 2, 3).9

Computational Method

Calculations and geometry optimizations on1′, 2′, 3′, [3′]+,
and 4′ have been carried out using the density functional
theory (DFT) formalism with the spin unrestricted option,
as implemented in the Gaussian03 software,14 with the
B3LYP exchange-correlation functional. All-electron valence
double-ú basis sets (D95V) were used to describe C, O, and
H atoms. Full double-ú (D95) bases were employed and
supplemented with one and two d-type polarization functions
for N and S, respectively. These polarization functions on S
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(exponents 1.064 and 0.266) were found necessary to
accurately model the tosylate substituents, and more specif-
ically to reproduce the observed S-N bond length. The
valence shell of nickel was described at the double-ú level

(LanL2DZ basis) and the neon core was modeled with the
Los Alamos core potential. The antiferromagnetic low-spin
state of2 has been characterized and its geometry optimized
using the broken symmetry (BS) approach first proposed by
Ginsberg15 and then developed and applied by Noodleman16

and by others.17 The exchange parameterJAB between two
magnetic centers A and B is defined in terms of the
Heisenberg-Dirac-van Vleck (HDVV) Hamiltonian:18

If each magnetic center is assigned a total spin of 1, the
eigenfunctions of the HDVV Hamiltonian are the five
components of a quintet Q, the three components of a triplet
T, and a singlet S. The corresponding eigenvalues are-2JAB,
+2JAB and +4JAB, respectively.19 Since the energyBSE of
the single-determinant broken-symmetry solution is a weighted
average of the energies of the pure spin multiplets,16c,19 the
energy differenceBSE - HSE, whereHSE corresponds to the
energy of the highest spin state, should be related in a
standard ab initio framework to the energy of the true singlet
and to theJAB value by means of an appropriate spin
projection procedure. Within the DFT framework, the
projection approach is controversial. Ruiz et al.20 argue that
the unprojected BS state represents the best approximation
to the real antiferromagnetic state within the single deter-
minant Kohn-Sham theory. However, we persist in using
projected energy values since they provide a lower bound
to the true energy21 and have the merit of attracting attention
to the importance of overlap between magnetic orbitals. We
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(17) (a) Caballol, R.; Castell, O.; Illas, F.; Moreira, F. de P. R.; Malrieu,
J.-P.J. Phys. Chem. A1997, 101, 7860. (b) Martin, R. L.; Illas, F.
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123, 164110. (b) Ruiz, E.Struct. Bond.2004, 113, 71. (c) Ruiz, E.;
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Figure 1. ORTEP view of2 (top), [3]+ (middle), and4 (bottom). Thermal
ellipsoids are drawn at the 30% probability level. Hydrogen atoms are
omitted for clarity.

ĤHDVV ) -2JABŜA·ŜB (1)
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used the approximate projection proposed by Yamaguchi et
al, valid for two and three magnetic centers,22 which relies
on the dependence ofJAB upon the spin contamination of
the BS solution:

HS〈S2〉 and BS〈S2〉 denote the total spin angular momentum
calculated in the high spin and in the broken symmetry
solutions, respectively.BS〈S2〉 can in principle vary from the
eigenvalue of the real low-spin state to a maximal value
〈S2〉max, involving the spin eigenvalues of the contaminants.
BS〈S2〉 ) 0 corresponds to the ideal case of a perfect overlap
between the magnetic centers, whereasBS〈S2〉 ∼ 〈S2〉max

indicates a negligible overlap.22 All geometry optimizations
have been carried out by assuming the symmetry constraints
of theD2, orsfor the broken-symmetry calculationssof the
C2 symmetry point groups for1′, 2′, 3′, and [3′]+ and ofD4

andC4 point groups for4′.
MO Analysis of Nickel Polypyridylamide Complexes.

The sequence of 5d metal orbitals expected for EMACs with
a numberm of metal atoms has been reported and analyzed
previously.4a,5b,8,9,11These orbitals are distributed into separate
subsets according to theirσ, π, or δ character. Note that the
combinations ofxy and x2-y2 atomic orbitals give rise to
two separateδ subsets, depending on the orientation of the
orbital lobes with respect to the equatorial ligands. On one
hand, an orientation bisecting the N-M-N angles generates
m low-energy molecular orbitals (MOs) ofδ character
displaying weak interactions with theπ orbitals of the
polypyridylamide ligands. On the other hand, a second set
of mMOs with higher energy and metal-ligand antibonding
character is generated by combining orbitals with lobes
collinear with the M-N directions. In either set ofδ MOs,
the orientation of the metal orbitals follows the helicity of
the polypyridylamide ligands, which further reduces theδ
interaction between consecutive metal atoms. The magnetic
and structural properties of EMACs and, more specifically,
of nickel metal chains, therefore, depend on the occupancy
of these metal orbital combinations, but can be alternatively
analyzed in terms of the ligand field theory. Previous studies,
either experimental or theoretical, have shown that the two
approaches complement each other.4a,9

Considering Ni3(dpa)4Cl2, as far as the delocalized interac-
tions along the metal chain can be neglected, the outermost
NiII atoms undergo a square-pyramidal field, favorable to a
high-spin (S ) 1) electronic configuration, whereas the
central nickel is expected to be low spin (S ) 0) regarding

its square planar environment.4a,23 The ground state of
Ni3(dpa)4Cl2 can therefore be predicted to exhibit a four-
electron antiferromagnetic interaction between the magnetic
centers at both ends of the molecule. In terms of symmetry-
adapted molecular orbitals, this antiferromagnetic ground
state results from the distribution of four metal electrons into
a set of four semioccupied MOs, namely, the two highest
σ-type combinations with respective nonbonding and anti-
bonding character and the two high-energyδ MOs weighted
on the outermost metals and their equatorial environment
(Figure 2). Note that the half-occupancy of theseδ MOs
with metal-ligand antibonding character induces a distinctive
stretching of the outermost M-N bond lengths with respect
to the central ones (∆d ∼ 0.2 Å).23 Experiment and
calculations agree on these conclusions.4a,9In return, the half-
occupancy of theσ* MO, opposed to the full occupancy of
the bondingσ combination, provides the metal chain with a
weak, but real, delocalized interaction.9 The magnetic and
structural characterization of a series of Ni2n+3(n-ppa)4Cl2
metal chains with 3, 5, 7, and 9 metal atoms confirms that
the strongσ-donor character of the chlorine axial ligands
raises the electronic state of the outermost metal atoms into
high spin, elongates by∼ 0.2 Å the Niouter-N bond lengths,
and yields an antiferromagnetic ground state for all four
nickel chain complexes.7

The dianion of 2,6[bis(phenylamino)]pyridine, BPAP2-,
was found to stabilize trimetallic chains of metal atoms, but
the presence of bulky phenyl substituents impedes the
approach of axial ligands.24 The dianion [Ni3(BPAP)4]2- is
therefore isoelectronic with Ni3(dpa)4Cl2, but all three metal
atoms are now in a square planar ligand environment and
expected to be low-spin. In agreement with the rules of ligand
field theory, the complex was indeed found to be diamag-

(21) (a) Wittbrodt, J. M.; Schlegel, H. B.J. Chem. Phys.1996, 105, 6574.
(b) Goldstein, E.; Beno, B.; Houk, K. N.J. Am. Chem. Soc.1996,
118, 6036. (c) Rodriguez, J. H.; Wheeler, D. E.; McCusker, J. K.J.
Am. Chem. Soc.1998, 120, 12051.

(22) (a) Yamaguchi, K.; Fukui, H.; Fueno, T.Chem. Lett.1986, 625. (b)
Mitani, M.; Mori, H.; Takano, Y.; Yamaki, D.; Yoshioka, Y.;
Yamaguchi, K.J. Chem. Phys.2000, 113, 4035. (c) Onishi, T.; Soda,
T.; Kitagawa, Y.; Takano, Y.; Daisuke, Y.; Takamizawa, S.; Yoshioka,
Y.; Yamaguchi, K.Mol. Cryst. Liq. Cryst. 2000, 143, 133. (d) Onishi,
T.; Takano, Y.; Kitagawa, Y.; Kawakami, T.; Yoshioka, Y.; Yamagu-
chi, K. Polyhedron2001, 20, 1177. (e) For a recent review and
extension, see: Yamanaka, S.; Takeda, R.; Shoji, M.; Kitagawa, Y.;
Honda, H.; Yamaguchi, K.Int. J. Quantum Chem.2005, 105, 605.

(23) Clérac, R.; Cotton, F. A.; Dunbar, K. R.; Murillo, C. A.; Pascual, I.;
Wang, X. Inorg. Chem.1999, 38, 2655.

(24) Cotton, F. A.; Daniels, L. M.; Lei, P.; Murillo, C. A.; Wang, X.Inorg.
Chem.2001, 40, 2778.

Figure 2. Sequence and occupancy of the metal orbitals in Ni3(dpa)4Cl2
and in [Ni3(dpa)4]2+, a model for the diamagnetic complex [Ni3(BPAP)4]2-.

2Jab ) 2(BSE - HSE)/(HS〈S2〉 - BS〈S2〉) (2)
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netic, and the outermost Ni-N distances were observed in
the same range as the central ones.24 A calculation carried
out on the model system [Ni3(dpa)4]2+ reached similar
conclusions.9 In the language of molecular orbitals, the
removal of the axial ligands resulted in a stabilization of all
three combinations of dz2 orbitals, due to the vanishing of
the antibonding Niouter-Cl interactions along thez axis
(Figure 2). More specifically, an energy gap favorable to a
diamagnetic ground state was created by the stabilization of
the σ* MO with respect to the set of high-lyingδ orbitals.
This HOMO-LUMO gap is further enhanced by an uprise
of the δ levels induced by the contraction of the Niouter-N
distances (Figure 2).

Finally, the oxidation of Ni3(dpa)4Cl2 resulted in the
removal of the axial chlorines, replaced by three tetrafluo-
roborate counterions without significant contact with the
metal chain. The disappearance of axial coordination yielded
a dramatic contraction of the coordination sphere of the
outermost metals, including a 0.17 Å contraction of the
metal-metal distance, and a change of the magnetic status
of the molecule from antiferromagnetic to paramagnetic.4a,c,e

These drastic changes were also interpreted in terms of the
collapse of theσ MOs induced by the change of the
coordination environment from square pyramidal to nearly
square planar.9

Structure. Experimental Structures of 2, [3]+, and 4.
A general method for the synthesis of a series of oligo-R-
pyridylamido ligands has been developed.25 The desired
ligand, H2Tsdpda, can be prepared from the reaction of
dipyridyldiamine (H3dpda) with 1.2 equiv ofp-toluenesulfo-
nyl chloride (p-TsCl) in pyridine. The brown solution, on
being stirred for 1 h, turned red-brown. It was then added

dropwise to aqueous HCl (15% aq). The yellow precipitate
was filtered off, washing with acetone, and recrystallized
from DMF. The ligand H2DAniDANy was synthesized from
the similar procedure25 of H2bpyany in 33% yield by the
palladium-catalyzed cross-coupling reaction of 2,7-dichloro-
1,8-naphthyridine withp-anisidine in the presence oft-BuONa.
Compounds [Ni4(µ4-Tsdpda)4(H2O)2] (2) and [Ni4(µ4-DAniDA-
Ny)4] (4) can be synthesized by the reaction of Ni(OAc)2·4H2O
with the corresponding ligand using naphthalene as the
solvent. The one-electron oxidized product [Ni4(µ4-
Tsdpda)4](BF4) ([3]+) was obtained by reacting the neutral
complex with silver tetrafluoroborate. Summaries of the crys-
tal data for compounds2, [3]+, and4 are given in Table 1.

For compound2, the structure consists of a linear chain
of four nickel atoms bridged by four Tsdpda2- ligands in a
(2,2)-trans fashion. The molecular structure of2 is shown
in Figure 1. The internal Ni-Ni bond length is 2.32 Å and
Ni-N distances fall into the range 1.87-1.92 Å, whereas
the external Ni-Ni bond lengths are about 2.38 Å and Ni-N
distances lie in the range 2.07-2.10 Å. Neglecting the Ni-Ni
interactions, the inner nickel ions have square planar
geometry and are in low-spin states, whereas the outer nickel
ions have square pyramidal geometry and are in high-spin
states. The structure of the one-electron-oxidized compound
[3]+ basically remains, but the axial water molecules have
been removed. Each of the four nickel(II) ions are coordi-
nated by four nitrogen atoms with a square-planar arrange-
ment. All the Ni-N distances lie in the range 1.89-1.95 Å,
which indicates that the nickel ions are in low-spin states.
In comparison with2 and [3]+, the Ni-Ni bond distances
of 2.312, 2.316, and 2.261 Å in compound [3]+ are shorter
than in those of2 (2.385, 2.386, and 2.32 Å) (Table 2). The
metal-metal bond formation in [3]+ is attributed to these
shortenings.

The structure of compound4 also consists of a linear chain
of nickel atoms bridged by four DAniDANy2-. A slight

(25) (a) Hasanov, H.; Tan, U.-K.; Wang, R.-R.; Lee, G.-H.; Peng, S.-M.
Tetrahedron Lett.2004, 45, 7765. (b) Chien, C.-H.; Chang, J.-C.; Yeh,
C.-Y.; Lee, G.-H.; Fang, J.-M.; Peng S.-M.Dalton Trans.2006, 2106.
(c) Chien, C.-H.; Chang, J.-C.; Yeh, C.-Y.; Lee, G.-H.; Fang, J.-M.;
Peng S.-M.Dalton Trans.2006, 3249.

Table 1. Crystal Data for Compounds2, [3]+, and4

2‚2H2O‚ClCH2CH2Cl [3](BF4)‚5ClCH2CH2Cl 4‚9CH2Cl2

formula C70H64Cl2N16O10S4Ni4 C78H76BCl10F4N16O8S4Ni4 C97H90Cl18N16Ni4O8

formula weight 1723.35 2169.94 2480.79
temperature (K) 150(2) 150(1) 150(1)
diffractometer NONIUS, Kappa CCD NONIUS, Kappa CCD NONIUS, Kappa CCD
wavelength (Å) 0.710 73 0.710 73 0.710 73
crystal system monoclinic monoclinic orthorhombic
space group P21/c P21/n Fddd
a (Å) 13.3384(2) 17.7808(5) 21.5219(3)
b (Å) 21.1767(4) 14.4123(4) 28.3611(5)
c (Å) 25.5458(4) 35.9154(10) 33.4189(6)
R (deg) 90 90 90
â (deg) 90.2406(9) 101.0758(6) 90
γ (deg) 90 90 90
V (Å3)/Z 7141.2(2)/4 9032.3(4)/4 20398.4(6)/8
absorption coefficient (mm-1) 1.603 1.596 1.264
crystal size (mm) 0.20× 0.15× 0.03 0.45× 0.20× 0.08 0.20× 0.15× 0.15
θ range for data collection (deg) 1.54-25.00 1.16-25.00 1.88-27.50
reflection collected 44 704 75 328 44 640
independent reflections 12478 (Rint ) 0.0655) 15860 (Rint ) 0.0681) 5856 (Rint ) 0.0498)
RF, RwF

2 (all data)a 0.1008, 0.1707 0.1038, 0.2243 0.0828, 0.1771
RF, RwF

2 (I > 2σ(I))a 0.0559, 0.1464 0.0759, 0.2073 0.0555, 0.1583
GOF 1.009 1.094 1.084

a RF ) ∑|Fo - Fc|/∑|Fo|; RwF
2 ) [∑w|Fo

2 - Fc
2|2/∑wFo

4]1/2.
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difference is that all nickel ions are in square planar fashion
and low-spin states, which results inS ) 0 for the whole
complex. The bond lengths for internal and terminal Ni-Ni
are 2.323 and 2.356 Å respectively. The Ni-N distances
are around 1.912 Å, which corresponds to a typical bond
length of square planar diamagnetic nickel complex.

Computed Structures of 2′, 3′, and [3′]+. Geometry
optimizations have been carried out on the antiferromagnetic
ground state of2′, on the high-spin (S) 2) and low-spin (S
) 0, diamagnetic singlet) states of3′, and on the low-spin
state of [3′]+ (S ) 1/2; paramagnetic). The geometry of the
BS solution describing the antiferromagnetic state and that
of the associated high-spin state are nearly identical. Selected
information on the observed and computed structures is
displayed in Table 2.

The BS solution reproduces quite nicely most structural
features of2 (Table 2). All computed distances deviate from
the averaged observed values by less than 0.05 Å. The
Niinner-N bond lengths, either observed or computed,
consistently reflect the relative basicities of the surrounding
ligands: the protonated amido ends are closer to the metal
than the pyridine ends (∆d ) 0.05-0.07 Å). Surprisingly,
the Ni-N distances at the outer metal atoms display the
reverse order, but no direct comparison with the inner
distances can be made from2 and 2′ due to the relative
expansion of the equatorial environment of Niouter, similar
to that observed for Ni2n+3(n-ppa)4Cl2 metal chains (Table
2).

Two electronic configurations have been considered for
complex3′, deduced from2′ by the removal of axial ligands.
The geometry obtained for the high-spin (S ) 2) configu-
ration differs from that of2′ by a contraction of the Niouter-N
distances, especially on the toluenesulfonylamido ends (0.07
Å). All other distances remain similar. In the low-spin ground
states of complexes3′ and [3′]+, stripped from axial ligands,

the Ni-N distances around both metal sites become directly
comparable and it clearly appears that the presence of the
sulfonyl substituents weakens the proximate Ni-N bonds,
resulting in a computed bond stretching of∼0.05 Å with
respect to the Niinner-Namido distance. The outermost Ni-
Nsulfonylamido distances in3′ are therefore computed to be
slightly larger than the Ni-Npyridine ones, despite the proto-
nation at the amido end. A similar elongation, from 1.875
to 1.925 Å, is observed in [3]+, and the average values for
both types of Niouter-N distances are nearly equal (Table
2).

The metal-metal bond lengths observed for2 are very
close to those characterized for Ni5(tpda)4Cl2. More generally,
the following trends observed for the [Ni5]10/11+ chains with
respect to their trinuclear counterparts are reproduced in2
and [3]+:

(i) Both types of Ni-Ni bonds in2 are shorter than the
distances of 2.42-2.44 Å observed for Ni3(dpa)4Cl2, and the
inner bonds are shorter than the outer ones.

(ii) Oxidation, together with the removal of the axial
ligands, contracts all Ni-Ni bonds by 0.07-0.09 Å. This
contraction accounts for the change of the coordination
environment of Niouter from square pyramidal to square
planar, better illustrated by the opening of the N-Niouter-N
angles from∼165° to ∼173° (Table 2). However, the
removal of axial ligands is not sufficient to promote a real
square planar coordination if it does not entail a transition
from high spin to low spin in the metal electronic state. The
computed structure of the water-free complex3′ in the high-
spin state shows that the terminal Ni atoms still protrude
out of the equatorial plane with N-Niouter-N angles below
170°. A transition to low-spin state opens these angles by
4.3° and 7.0° (Table 2).

The computed Ni-Ni distances agree well with the X-ray
data, accounting for a systematic stretching of∼0.03 Å. Note

Table 2. Selected Interatomic Distances (Å), Angles, and H2O/H2O Torsional Angle (deg) Observed for2, [3]+, 1, and4 and Computed for Their
Modelsa

3′ [3′]+ 1′ 4′2′:
comp,
BSc

2:
obsb

comp,
high spin

comp,
low spin

comp,
low spin obsb

comp,
high spin

comp,
low spin

1:
obsb

comp,
high spin

comp,
low spin

4:
obsb

Ni1-Ni2c 2.406 2.385 2.387 2.365 2.344 2.309 2.354 2.364 2.328 2.359 2.372 2.356
Ni2-Ni3 2.359 2.321 2.366 2.331 2.301 2.253 2.238 2.322 2.301 2.264 2.357 2.323
Ni1-O 2.002 2.042
Ni1-Npyridine 2.117 2.086 2.081 1.944 1.936 1.921 1.968 1.966 1.938
Ni1-Namido 2.149 2.096 2.079 1.961 1.949 1.925 1.902 1.894 1.913 1.936 1.918 1.912
Ni2-Npyridine 1.968 1.922 1.977 1.967 1.955 1.917 2.066 1.935 1.916 2.074 1.950 1.912
Ni2-Namido 1.900 1.875 1.906 1.910 1.901 1.875 2.075 1.935 1.911
S-O3 1.467 1.440 1.465 1.465 1.460
S-O4 1.479 1.448 1.479 1.468 1.467
S-N 1.609 1.599 1.600 1.622 1.631
Niouter‚‚‚Otosyl 2.625 2.84 2.762 2.76
HH2O‚‚‚Otosyl 1.96
Namido-Ni1-Namido 166.2 165.6 166.0 173.0 172.7 171.7
Npyridine-Ni1-Npyridine 163.8 163.5 169.4 173.7 174.4 173.3
Namido-Ni2-Namido 175.0 175.4 177.4 179.2 179.3 178.3
Npyridine-Ni2-Npyridine 176.6 176.9 175.1 177.9 177.9 177.0
Npyridine-Ni1-Namido 173.9 174.0
Npyridine-Ni2-Namido 179.1 177.8
θe 34 52

a Antiferromagnetic ground state, approximated by the broken symmetry solution, for2′, diamagnetic ground state for3′, and paramagnetic ground state
(doublet) for [3′]+. b Averaged.c Broken-symmetry solution. The geometry for the high-spin state is nearly identical.d Ni1, Ni4 ≡ Niouter; Ni2, Ni3 ≡ Niinner.
e H2O/H2O angle
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that the Ni-Ni distances computed for the diamagnetic state
of 3′ are intermediate between those obtained for2′ and [3′]+

(Table 2). The evolution of the Ni-Ni bond lengths from2′
to 3′ (low-spin) and to [3′]+ results from the intricate
combination of two factors: (i) the tendency of the outermost
Ni-Ni distances to contract when a square planar coordina-
tion is favored (3′ in low-spin state, [3′]+) and (ii) the single
or double occupancy of the twoσ-type orbitals highest in
energy, displaying antibonding character with respect to two
or to all three Ni-Ni contacts (Figure 3). Single occupancy
for both MOs is achieved for2′ and for the high-spin state
of 3′, whereas the highest MO only is singly occupied for
[3′]+. Both orbitals are doubly occupied in the low-spin state
of 3′, but the lack of any delocalizedσ bonding is
overcompensated by the move toward a square planar
coordination of Niouter.

An evidential discrepancy between the structure observed
for 2 and that computed for2′ concerns the angleθ between
the planes of the two water ligands. This angle is widely
open (52°) in the real complex and closer to planarity (34°)
in the model. Both water molecules are involved in intramo-
lecular hydrogen bonds with the sulfonyl groups and the
orientation of these bonds is indeed affected by the presence
of the phenyl substituents. It has been verified, however, by
constrainingθ to 90° in subsequent calculations that the
relative orientation of the water molecules has no significant
influence on the magnetic coupling.

Electronic Ground States for 2′, 3′, and [3′]+. As for
the Ni2n+3(n-ppa)4Cl2 metal chains with odd number of Ni
atoms, the electronic ground state of2′ results from the
magnetic coupling between four metal electrons originating
in the high-spin d8 metal atoms located at both ends of the
chain. In terms of symmetry-adapted molecular orbitals, these
electrons are accommodated (i) on twoδ-type spin orbitals
with Niouter-N antibonding character and (ii) on the two
σ-type combinations highest in energy, displaying a major
weight on the outermost Ni atoms, though delocalized over
the whole metal chain (Figures 3 and 4).

After complete geometry optimization in both spin states,
the high spin state (S) 2) and the associated antiferromag-
netic singlet of complex3′ were computed to be more stable
than the diamagnetic state by 6.0 kcal mol-1. Although the
neutral, dehydrated complex has not been characterized yet,
this result appears surprising for various reasons: (i) the
complexes exhibiting a linear framework of NiII atoms and
devoid of axial ligands characterized to date, such as

[Ni 3(BPAP)4]2- or Ni4(phdpda)4, were observed to be
diamagnetic;12,24 (ii) the complex derived from3 by means
of a single-electron oxidation is found to be low-spin (S )
1/2); and (iii) calculations carried out on the hypothetic
complex [Ni3(dpa)4]2+ concluded to a diamagnetic ground
state in relation with the change of the coordination environ-
ment of the terminal nickels from square pyramidal to square
planar. A collection of experimental and theoretical results
therefore suggests that the removal of axial ligands is
sufficient to promote a low-spin configuration for the
terminal metals and for the whole complex. It is well
established that the high-spin/low-spin energy difference can
be influenced by the amount of Hartree-Fock exchange
introduced in the hybrid functional, as recently shown by
Lawson Daku et al.26 The trends obtained from the com-
parison of2′ and 3′ with the standard B3LYP functional,
however, clearly show a change in the magnetic issues, even
though the computed energy gaps could be further optimized
within the DFT formalism. A possible explanation involves
the sulfonyl groups that are in position to substitute at least
partly for the missing axial ligands by means of weak
O‚‚‚Niouter interactions. The O‚‚‚Ni distance of 3′ was
computed to be tight (2.625 Å) in the high-spin electronic
configuration and loose (2.84 Å) in the diamagnetic state,
for which the axial coordination is of no help. However, a
reoptimization of the high-spin state with the constraint of
keeping O‚‚‚Ni distances as long as in the diamagnetic state
(2.84 Å) was inconclusive: the energy loss associated with

(26) Lawson Daku, L. M.; Vargas, A.; Hauser, A.; Fouqueau, A.; Casida,
M. E. ChemPhysChem2006, 6, 1393.

Figure 3. The symmetry-adaptedσ-type MOs of2′ and their occupancies.
Magnetic orbitals are singly occupied.

Figure 4. The symmetry-adaptedδ-type MOs of2′ and their occupancies.
Magnetic orbitals are singly occupied.
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this constraint was no more than 2.2 kcal mol-1, not sufficient
to reverse the relative stabilities of the two states.

The preference of3′ for a high-spin or antiferromagnetic
ground state might explain why Ni4(µ4-Tsdpda)4 (3) could
not be characterized to date without water molecules in the
axial position. Chains of nickel atoms indeed remain unsatur-
ated with respect toσ donation as long as the highest
delocalized metal MOs withσ character are kept unoccupied
or partly occupied. In such a case, axial coordination cannot
be avoided, except in the case of a strict steric hindrance.

To get deeper insight into this problem, geometry opti-
mizations have been carried out on two (Ni4)8+ linear chains
that were shown to be diamagnetic and free of axial ligands.
[Ni 4 (µ4-phdpda)4] (1) was characterized in 1999,13 and the
short Ni-N distances, all between 1.91 and 1.94 Å (Table
1), found were consistent with the diamagnetic behavior. In
the present work, the [Ni4(µ4-DAniDANy)4] complex (4,
DAniDANy ) N,N-di-p-anisyl-2,7-diamino-1,8-naphthyri-
dine) is reported to have similar magnetic and structural
character (Table 2). Model complexes1′ and 4′ were
calculated in their lowest singlet and quintet states. In either
case, the diamagnetic singlet state was found to be lowest,
by 15.7 and 9.0 kcal mol-1, respectively. In both cases,
however, the calculated high-spin configuration exhibits a
striking difference with the quintets obtained for3′, and,
previously, with the trinuclear complexes of dipyridyl-
amide: the high-spin nickel atoms are now locatedinside
the metal chain. Consequently, the “long” Ni-N bonds
(2.07 Å) are localized on the inner Ni atoms and these metal
atoms are pyramidalized due to a severe contraction of the
central Ni-Ni distance (2.24-2.26 Å compared to 2.32-
2.36 Å in the diamagnetic singlet state; Table 2). Note,
however, that for1′ as for4′, the lowest quintet state that
was characterized is not equivalent to the precursor of the
antiferromagnetic singlet ground state of2′, since only three
semioccupied molecular orbitals out of fourstwo δ-type and
one σ-type SOMOsscould be localized on the metal
framework. The last SOMO appears as an orbital with major
ligand character. Various attempts to reintroduce a second
σ-type SOMO were unsuccessful, which means that the
anticipated state with four metallic SOMOs is anexcited
quintet for1′ and4′, not accessible to DFT calculations. We
assign this unexpected behavior to the even distribution of
the most basic amido nitrogens among the metal atoms of
1, which makes more difficult the specific activation of the
terminal Ni-N bonds. For [Ni4(µ4-DAniDANy)4], the situ-
ation is even totally reversed with respect to polypyridyla-
mide complexes, sinceall four deprotonated amino groups
are facing the terminal nickel atoms, which destabilizes the
correspondingδ metal orbitals with antibonding Ni-N
character.

The case of3, which also exhibits an even distribution of
amido nitrogens, but nevertheless retains high-spin terminal
nickels in the absence of axial ligands, therefore seems like
an exception in the growing family of (Ni4)8+ linear chains,
very probably related to the presence of two tosylate
substituents on the outermost equatorial ligands. These
electron-attractor substituents are expected to reduce the

basicity of the deprotonated amino groups and therefore to
facilitate the promotion to high spin of the terminal Ni atoms.

The relatively close energetic competition between the
diamagnetic state and the high-spin state revealed by the
calculations in (Ni4)8+ free of axial ligands makes possible
and highly promising the synthesis and the characterization
of related complexes exhibiting fluctuations between dia-
magnetic and antiferromagnetic ground states. An important
character of such bistable complexes could be the property
to reversibly bind weakly coordinated axial ligands. Con-
sidering the hypothetic dehydration of2′ leading to3′, the
energy cost computed in the gas phase for the loss of the
two water molecules amounts to 42.6 kcal mol-1. Therefore,
the bond energy per ligand is not exceedingly high and the
cost of removing the two water molecules from the complex
should be compensated at least partly by connecting them
to the network of hydrogen bonds characteristic of aqueous
medium.

Magnetic Measurements and Calculations.Without
axial ligands, complex4 was thought to be diamagnetic. The
øMT values of∼ 0.098 emu K mol-1 between 300 and 5 K
is in agreement with the expected values of 0 emu K mol-1

for nickel ions withS ) 0. Complex2 with impurity was
initially found to be ferromagnetic, and this magnetic
behavior, never observed yet in linear metal chains, motivated
the theoretical study. However, calculations persistently
found the model system2′ to be antiferromagnetic, with an
exchange parameter-2J equal to 35 cm-1 with the optimized
geometry and to 36 cm-1 when the two water molecules are
constrained to be perpendicular. A reinvestigation of the
magnetic susceptibility on pure crystalline sample eventually
confirmed the antiferromagnetic character of2. The curve
of the temperature-dependent magnetic susceptibility between
40 and 300 K is displayed in Figure 5. The measured data
can be fit with good precision (correlation coefficient of
0.9996) by the following equation, a function ofx ) 2J14/
kT in which J14 is defined according to eq 1:

Figure 5. Magnetic behavior of compound2: øMT vs T. The solid line is
the least-squares fit, and important parameters are given in the inset.
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whereC′ ) Ng2â2/k(T - Θ), x ) 2J14/KT, N ) 6.022×
1023, g is the g factor, â is the Bohr magneton,k is
Boltzmann’s constant (0.695 cm-1 K-1), T is the absolute
temperature (K),J14 is the coupling constant between Ni(1)
and Ni(4),Θ is the Weiss temperature (or Weiss constant),
NR is the temperature-independent paramagnetism (TIP), and
P is the relative content for paramagnetic impurity where
spin stateS )1 is assumed.

Values taken for eq 3 are shown in the inset of Figure 5.
This leads to a value of 80 cm-1 for -2J. This value
completes a series of magnetic measurements carried out on
linear chains of three, four, six, seven, and nine Ni(II) atoms
and takes an appropriate position on a least-squares fit
correlating -J with r-3, r being the distance between the
magnetic centers, at both ends of the metal string (Figure
6).

Even though the DFT/B3LYP calculations rightly pre-
dicted the antiferromagnetic behavior, the value computed
for -2J in 2′ is underestimated by a factor of∼2 (35 cm-1,
Table 3). A similar underestimation had been obtained for
Ni3(dpa)4Cl2. This behavior is rather unusual with the B3LYP
functional, which generally tends tooVerestimatethe strength
of the antiferromagnetic couplings, especially when the spin
contamination is removed by means of projection tech-
niques.17,20Note, however, that the single point calculations
carried out by Kitagawa et al. on Ni5(tpda)4Cl2 and
Ni7(teptra)4Cl2 also using the B3LYP functional and the same
projection formalism do yield the more commonly found
overestimation of-2J.11 Kitagawa et al., however, concluded
that the antiferromagnetic coupling in long Ni chains mainly
derives from interactions through bridge ligands and could
differ in that respect from the case of shorter chains, in which
direct exchange along the metal atoms might provide a
significant contribution. It is unfortunately not possible to
estimate within the present framework the relative importance
of both contributions.27 Calculations on Ni5(tpda)4Cl2 and
other pentanickel chains are in progress to analyze the
respective influence of the chain length and of calculation
parameterssgeometry optimization, Gaussian basis sets, core
potentials vs all electron calculations, SCF convergence
criteriason the computation of the smallJ values associated
with these higher nuclearity complexes.

Calculated values of the atomic spin populations are
displayed in Table 3. For2′ as for the high spin state of3′,
most of the spin population is concentrated on the external
nickel atoms, with minor contributions from all surrounding
atoms, including the central nickels. For the doublet ground
state of [3′]+, however, the spin population becomes more
important on the central nickels, which signals an important

reorganization of the all-antibondingσ* MO (Table 3). In
the quintet state calculated for1′ and4′, the calculated spin
population has been shifted to thecentral nickel atoms, to
their equatorial environment, but also delocalized toward the
ligands, due to the unanticipated intrusion of a molecular
orbital with pure ligand, nonbondingπ character into the
set of SOMOs of the lowest quintet state.

Experimental Section

Preparation of [Ni4(µ4-Tsdpda)4(H2O)2] (2). H2Tsdpda (0.34
g, 1.00 mmol), Ni(OAc)2‚4H2O (0.7 g, 2.8 mmol), and naphthalene
(20 g) were placed in an Erlenmeyer flask. The resulting solution
was then stirred at 220°C for 10 h. After cooling the mixture to
80 °C, hexane (100 mL) was added and the resulting precipitate
was filtered out. The solid was extracted with CH2Cl2. The dark
purple crystals were obtained by crystallization via slow liquid
diffusion of pentane liquid into the 1,2-dichloroethane solution.
Yield: 0.16 g (10%). IR (KBr)ν/cm-1: 1136, 1088(SdO), 1601,
1554, 1470 (py). UV/vis (CH2Cl2) λmax/nm (ε/dm3 mol-1 cm-1):
350 (8.24× 104), 500 (3.47× 103). MS(FAB) m/z: 1587 ([Ni4-
(µ4-Tsdpda)4]+). Anal. Calcd for C72H68Cl4N16O10S4: C, 47.46; H,
3.76; N, 12.30. Found: C, 47.65; H, 4.11; N, 12.21.

Preparation of [Ni4(µ4-Tsdpda)4](BF4) ([3]+). AgBF4 (40 mg,
0.2 mol) in CH3OH (1 mL) was added to a solution of [Ni4(µ4-
Tsdpda)4(H2O)2] (160 mg, 0.1 mol) in CH2Cl2 (50 mL). The
resulting mixture was stirred for 1 h and the precipitate was filtered
out. The solvent was removed under pressure. Crystals were
obtained by crystallization via slow diffusion of pentane vapor into

(27) The superexchange character of the antiferromagnetic coupling involv-
ing high-energyδ orbitals as magnetic orbitals in polypyridylamide
complexes has been evidenced in the case of Cu3(dpa)4Cl2 and related
compounds: Be´nard, M.; Berry, J. F.; Cotton, F. A.; Gaudin, C.;
López, X.; Murillo, C. A.; Rohmer, M.-M.Inorg. Chem.2006, 45,
3932.

Figure 6. Least-squares fit correlating the magnetic coupling coefficient
-J of various linear chains of Ni(II) atoms with the inverse cube of the
distance between the magnetic centers.

Table 3. Atomic Spin Populations (R-â; Electrons) and〈S2〉 Values
Computed for2′, 3′ (high-spin), and [3′]+; High-Spin
(HS)-Broken-Symmetry (BS) Energy Difference∆E (cm-1); and
Exchange Parameter-2J (cm-1) Computed for2′

2′

HS BS
3′:
HS

[3′]+:
doublet

R-â
Niouter 1.64 (1.65 1.61 0.14
Niinner 0.06 (0.06 0.10 0.36
Owater 0.049 (0.045
Nouter 0.054 (0.054 0.063
Ninner 0.003 (0.001 0.003

〈S2〉 6.017 (2.011 6.029
∆E 70.1
-2J 35.0

øM ) (1 - P)C′ (2e2x + 10e6x)/(1 + 3e2x + 5e6x) +

P(2Ng2â2/3kT) + NR (3)
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the 1,2-dichloroethane solution. Yield: 0.042 g (24%). IR (KBr)
ν/cm-1: 1138, 1107(SdO), 1581, 1537, 1428 (py). UV/vis (CH2-
Cl2) λmax/nm (ε/dm3 mol-1 cm-1): 350 (7.31× 104), 500 (4.05×
103); 890 (1.90× 103). MS(FAB) m/z: 1587 ([Ni4(µ4-Tsdpda)4]+).
Anal. Calcd for C68H56BFl4N16Ni4O8S4: C, 48.76; H, 3.37; N, 13.38.
Found: C, 48.05; H, 3.54; N, 13.65.

Preparation of [Ni4(µ4-DAniDANy) 4] (4). H2DAniDANy (0.186
g, 0.5 mmol), Ni(OAc)2‚4H2O (0.250 g, 1.0 mmol), and naphthalene
(20 g) were placed in an Erlenmeyer flask. The mixture was heated
at 220°C for 3 h. After cooling the mixture to 80°C, hexane (100
mL) was added to dissolve naphthalene and the resulting precipitate
was filtered out. The solid was extracted with 100 mL of CH2Cl2.
The red-brown solution is immediately concentrated to 30 mL and
layered with hexane. After a few days, 0.061 g of red-brown crystal
was obtained in 53% yield. IR (KBr)ν/cm-1: 1612, 1534, 1500
(py). UV (CH2Cl2) λmax/nm (ε/dm3 mol-1 cm-1): 261 (1.63× 105),
345 (7.05× 104); 400 (1.51× 105), 650 (3.74× 103). MS(FAB)
m/z: 1715 ([Ni4(µ4-DAniDANy)4]+). Anal. Calcd for C88H72N16-
Ni4O8: C, 61.58; H, 4.23; N, 13.06. Found: C, 61.01; H, 4.11; N,
13.51.

Summary and Conclusion

The synthesis and structural characterization of [Ni4(µ4-
Tsdpda)4(H2O)2] (2), [Ni4(µ4-Tsdpda)4](BF4) (3+), and [Ni4-
(µ4-DAniDANy)4] (4) extends the relatively restricted family
of even-numbered metal chains stabilized with ligands
derived from the polypyridylamide or naphthyridylamide
groups. It also provides an opportunity to investigate the
electronic structure and the magnetic behavior of these
complexes in comparison with the more documented series
of M3(dpa)4L2 complexes. An important difference with the
odd-numbered chains of metal atoms concerns the equatorial
surrounding of the metallic centers. In standard polypyridyl-
amide complexes, the environment of the metal centers is
characterized by an alternation between four pyridyl nitro-
gens, always occurring at both ends of the chain, and four
amido nitrogens. In the even-numbered chains, the pyridyl
and the amido nitrogens are either equally distributed around
each metal center, as in2 and in the previously reported
Ni4(µ4-phdpda)4 (1), or exhibiting an inverse distribution, as
in 4, where the terminal nickels are surrounded with four
amido ends. In that sense, the DAniDANy ligand extends
to four metal atoms the situation already characterized in
the trimetallic linear complexes of the dianionic 2,6-bis-
(phenylamido)pyridine (BPAP) ligand.24 Since amido ends
are more basic and give rise to shorter metal-ligand bonds,

this change has obvious structural consequences. This
different distribution of the nitrogen ligand ends also
enlightens the intricate relationship between equatorial and
axial coordination. It was indeed known that [M3(BPAP)4]2-

(M ) Cr, Ni) have no axial ligation, as Ni4(µ4-phdpda)4 (1).24

The same is true for4. Structural, magnetic, and theoretical
evidence correlates this lack of axial coordination with a
diamagnetic ground state for the complex, with no metal-
metal interaction. However,2 exhibits axial coordination,
together with a four-electron/two-center antiferromagnetic
coupling involving the terminal nickel atoms, as in the series
of odd-numbered nickel chains. The present study has shown
that the antiferromagnetic ground state persists in the
hypothetic [Ni4(µ4-Tsdpda)4] complex, at variance with the
other tri- and tetranuclear complexes characterized free of
axial ligands. For1 and4, the nondiamagnetic configuration
of lowest energy involves theinnermostNi atoms, and
therefore remains resistant to axial ligation. The case of2
could therefore be considered as an exception in the small
group of even-numbered chains of Ni atoms, since the
electron-withdrawing character of the sulfonyl substituents
seemingly counteracts the basicity of the terminal amido
ligands and restores the antiferromagnetic coupling between
terminal atoms.
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