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This paper describes the synthesis and physical properties of an

uniquely asymmetric heptanickel string complex exhibiting a charge

disproportionate model along the linear nickel framework.

1D transition-metal complexes are of considerable significance

for their potential applications as molecular wires, since these

complexes may be envisaged as the macroscopic wires in

miniature at the atomic scale.1 In order to design new

molecular wires, we have reported that novel metal string

complexes can be synthesized by using naphthyridyl-modulated

ligands.2 The modulation of the supporting ligands results in a

remarkable influence on the physical properties of the oligo-

nickel string complexes because of the formation of mixed-

valence (MV) dinickel units [Ni2(napy)4]
3+ (napy =

naphthyridyl group) within the linear metal framework. It is

known that the mixed-valency plays an important role in

the development of novel electronic materials.3 This MV

[Ni2(napy)4]
3+ unit has been shown to exhibit a great electron

mobility and can significantly enhance the conductance of

metal string complexes.2a

In addition to above advances, another breakthrough in this

field is the development of asymmetric ligands. By utilizing

these ligands, the asymmetric electronic structures of metal

frameworks, or the arrangement of hetero-metal ions of metal

string complexes can be controlled.2b,c Promoted by these

recent studies, we designed a new asymmetric ligand

H3phdptrany (2-(phenyldipyridyltriamino)-1,8-naphthyridine,

Scheme 1). The deprotonated counterpart phdptrany3� shows

two different coordinated abilities at both ends, since the

naphthyridyl terminal is neutral and the phenylamido part is

anionic. This new ligand can then be used to generate the

related novel metal string complex. Herein, we report the

synthesis and physical properties of the asymmetric heptanickel

string complex, [Ni7(phdptrany)4Cl](PF6) (1), which displays

an intriguing charge disproportionate model controlled by the

supporting ligand phdptrany3�.

The overall synthetic routes to the H3phdptrany ligand, and

then to complex 1, are summarized in Scheme S1 (see ESIw).
The H3phdptrany ligand was prepared by the reaction of

aniline and 2-(bromodipyridyl-diamino)-1,8-naphthyridine

with a palladium catalyst. Treatment of H3phdptrany with

NiCl2 in the presence of tBuOK, followed by excess of KPF6,

generated compound 1.

The crystal structure of 1 is depicted in Fig. 1.y The linear

heptanickel framework is helically wrapped by four

phdptrany3� ligands, which exhibits approximate C4 symmetry.

The Ni(1)–Ni(2), Ni(1)–N and Ni(2)–N distances are 2.327(1)

Å, 2.145(6) Å and 2.024(6) Å, respectively, in accordance with

the typical structural characteristics for the one-electron

reduced S = 3/2 MV [Ni2(napy)4]
3+ unit.2 Interestingly, the

Ni(5)–Ni(6) and N(6)–Ni(7) bond lengths of 1 are 2.253(1) and

Scheme 1

Fig. 1 ORTEP view of the molecular structure of the [Ni7(phdptrany)4-

Cl](PF6) (1, 30% probability). Selected bond distances (averaged):

Ni(1)–Cl 2.405(2), Ni(1)–Ni(2) 2.327(1), Ni(2)–Ni(3) 2.314(1),

Ni(3)–Ni(4) 2.287(1), Ni(4)–Ni(5) 2.255(1), Ni(5)–Ni(6) 2.253(1),

Ni(6)–Ni(7) 2.305(1), Ni(1)–N 2.145(6), Ni(2)–N 2.024(6), Ni(3)–N

1.902(6), Ni(4)–N 1.909(6), Ni(5)–N 1.889(6), Ni(6)–N 1.912(6),

Ni(7)–N 1.923(6) Å.
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2.305(1) Å, respectively, shorter by B0.05 Å in comparison

with those of the reported asymmetrical hexanickel analogue

(Ni(4)–Ni(5) and N(5)–Ni(6) bond distances in (4,0)-[Ni6-

(napany)4Cl](BF4)2, napany2� = (2-naphthyridylamido-7-

phenylamido-1,8-naphthyridine).2b

The shortening of these Ni–Ni bonds close to the phenylamido

groups of 1 suggests that the formation of the delocalized

metal–metal bonding within the Ni(5)–Ni(6)–Ni(7) fragment

due to the incomplete population of the s* orbital. This

observation is reminiscent of the one-electron oxidized penta-

nickel complex.4 The structural features of 1, therefore,

suggest an unprecedented internal charge disproportionate

mechanism along the metal framework: the nickel ion

coordinated to the neutral naphthyridyl groups undergoes

one-electron reduction, while those coordinated close to the

anionic phenylamido groups undergo one-electron oxidation.

The near-IR spectrum of 1 reveals two broad absorptions at

1200 (e = 6890) and 1700 nm (e = 2890, Fig. 2). These two

peaks can be tentatively assigned to intervalence charge transfer

(IVCT) bands, which suggest the existance of mixed-valence

units within the metal framework.2a

The temperature-dependent magnetic susceptibility of 1 was

measured in the range 4–300 K (Fig. 3). The wmT value at

300 K is 2.10 cm3 Kmol�1, which is in agreement with the

theoretical value for two independent S = 3/2 and S = 1/2

magnetic centers (2.25 cm3 Kmol�1). This value supports the

existance of the S = 3/2 [Ni2(napy)4]
3+ unit and suggests that

the spin state of the one-electron oxidized fragment is 1/2.

Moreover, the wmT value decreases as the temperature lowers

and reaches the minimum (1.10 cm3 Kmol�1) below 50 K,

which indicates that the S = 3/2 and S = 1/2 centers are

antiferromagnetically coupled and the ground state of 1 is S = 1.

The magnetic susceptibility data were tentatively fitted by a

simple isotropic Heisenberg model (H = �2JABSASB)
5a with

the development of the van Vleck equation appropriate to

SA= 3/2 and SB= 1/2.5b The best fit parameters are g3/2= 2.17,

g1/2 = 2.21 and J = �53.3 cm�1, which shows antiferro-

magnetic interaction between S = 3/2 and S = 1/2 centers.

To gain more insight into the electronic structure of 1,

DFT/B3LYP calculations were carried out on 1. For the sake

of simplicity, the phenyl rings of phdptrany3� were replaced

by hydrogen atoms.6 The geometry of 1 was optimized in two

spin states 5A (S = 2) and 3B (S = 1) for comparison

(Scheme 2). The 5A state represents the charge disproportionate

model, while the 3B state represents the charge localized

model. The optimized bond distances of 5A and 3B states are

displayed in Fig. 4. The computed geometry of the 3B state

shows an elongated Ni(1)–Ni(2) bond length, which significantly

deviates from the observed bond distance. On the contrary, the

geometry optimized for the 5A state is in agreement with the

observed structure, especially the trends of Ni(1)–Ni(2) and

Ni(2)–N bond lengths.2a Furthermore, the calculated

Ni(5)–Ni(6) and Ni(6)–Ni(7) distances of the 5A state are

shorter than those of 3B, correspondence with the experimental

results. The calculated energy for the 5A state is lower by

Fig. 2 Near-IR spectrum of 1 CH2Cl2. Concentration: 2 � 10�5 M.

Fig. 3 Plot of wmT versus T for 1. The solid line represents the

theoretical fit.

Scheme 2 Two electronic configurations calculated for 1.

Fig. 4 Two electronic configurations calculated for 1; selected inter-

atomic distances observed (bottom, plain), computed 5A (middle,

bold) and 3B (top, italics) for 1.
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0.63 eV than that for the 3B state. This substantial energy

difference and the ideal optimized structure of 5A suggests that

the charge disproportionate model of 1 is indeed more stable,

which results in self-redox reactions of nickel ions in the period

of synthesis. It is noteworthy that the approximation of the

antiferromagnetic state (S = 1) of 1 by performing the broken

symmetry (BS) approach7 is unsuccessful, which might be

attributed to the fact that compound 1 contains two different

MV systems, (Ni2)
3+ and (Ni3)

7+. Since the BS approach is

typically based on a pure Heisenberg system, a comprehensive

treatment of the BS state of 1 is far beyond the possibilities of

the BS approach.2a The spin distribution of the 5A state shows

1.44 e on the terminal Ni(1) and 1.24 e on Ni(2), which exhibits

the partial delocalized behaviour.2a It appears from a more

detailed analysis (Table 1) that this partial delocalization

occurs along the metal axis through a transfer of a b-spin
electron density from Ni(2) to Ni(1) in 1, and leads to the

formation of a three-electron-two-centre s bond.2a Furthermore,

the spin distribution on the terminal Ni(5)–Ni(6)–Ni(7) unit

mainly concentrates on the dz2 orbitals, which indicates that

the delocalization of b-spin electrons through the s pathway

within the (Ni3)
7+ unit (Scheme 2, top). This delocalization

results from the formation of a nickel–nickel s bond, since the

s* spin density was depopulated upon one-electron oxidation.4

The related Ni–Ni distances of 1, therefore, are shorter than

those of its analogue.2b It is interesting to note that the spin

densities on closed-shell Ni(3) and Ni(4) are slightly positive,

which indicates the electronic communication between (Ni2)
3+

and the (Ni3)
7+ terminus. This electronic communication

provides a pathway for AF interaction and enhances the

electron mobility within whole heptanickel framework.

In summary, we have synthesized and characterized the

longest asymmetric heptanickel string complex. The metal

framework of 1 contains two different MV units, (Ni2)
3+

and (Ni3)
7+, due to its one-electron reduction and oxidation.

It is the first example of metal string complexes that possesses

this unusual charge disproportionate metal chain. Moreover,

the spin distribution of 1 shows that the (Ni2)
3+ and (Ni3)

7+

terminus are electronically coupled. This behaviour suggests

that compound 1 not only contains two MV (Ni2)
3+ and

(Ni3)
7+ units, but also possesses a third extended MV

[(Ni2)
3+–(Ni3)

7+] system. Since mixed-valent units had been

proved to be a conductance-enhanced material,2a this

extended MV [(Ni2)
3+–(Ni3)

7+] system of 1 is expected to

exhibit higher electronic conductance than traditional MV

nickel strings do. It is noteworthy that because of the electronic

asymmetry results from charge disproportionation, complex 1

might also have a potential application as a molecular

rectifier.2c,8
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