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This paper describes the synthesis and physical properties of a

unique metal string complex isomer containing an asymmetric

heterometallic backbone.

Metal string complexes are of considerable significance because

of their potential applications as molecular electronic devices.1

The typical conformation of this family consists of a one-

dimensional polymetallic backbone surrounded by organic

ligands. Electrons are expected to travel from one electrode to

another through this wire-like framework. Because of this

potentially useful property, a series of metal string complexes

have been synthesized and studied by our group and others.2

Their conductivity has also been investigated and reported.3

During the last few years, our interest has moved particularly

toward the heterometal string complexes.4 The insertion of one

or several heteronuclear(s) in a homometallic string represents a

new avenue by which novel metal string complexes may be

developed. In our previous reports, we synthesized heterometal

string complexes by employing the symmetric dipyridylamide

(dpa�) ligand. In these complexes, the M atoms (M = Pd and

Pt) have a tendency to coordinate to the amido N, which may

be attributed to the different ligand field strengths of an amido

N and a pyridino N.4a,b This suggests that an asymmetric

heterometallic framework could be designed by carefully arran-

ging the amido N and the pyridino N of the ligand. Here we

report the synthesis, X-ray structure, magnetic properties and

DFT calculations of (4,0)[CuCuPd(npa)4Cl][PF6] (1z) and

(4,0)[CuCuPt(npa)4Cl][PF6] (2y) which supported by the anion

of new asymmetric 2-naphthyridylphenylamine (Hnpa) anion.

The Hnpa ligand (Scheme 1) was prepared by reaction of

2-chloro-1,8-naphthyridine3d,5 and aniline with a palladium

catalyst.z Treatment of Hnpa with CuCl2 and K2PdCl4 (or

K2PtCl4) in the presence of t-BuOK, followed by excess of

KPF6, generated compound 1 or 2. The crystal structures of 1

and 2 are similar (Fig. 1 and Fig. S1).8 The core structures of 1

and 2 reveal a (Cu2M)6+ (M = Pd for 1 and Pt for 2) chain

helically wrapped by four npa� ligands. The npa� ligands

adopt a (4,0) arrangement with all anilino N ions coordinated

to the M atom, and all naphthyridine N atoms coordinated to

two Cu atoms, which exhibits approximated C4 symmetry.

Due to the steric effect of the four phenyl groups, the counter-

anion could not approach the M atom in the axial position,

which causes the M atom to be square planar coordinated.

The coordination environment of the terminal copper of 1 and

2 forms a distorted square pyramid; the coordination environ-

ment of the inner copper is distorted square planar. The

interesting feature here is the unique (4,0) conformation of 1

and 2, because this conformation may be controlled by utiliz-

ing hetero-metal atoms. The M atom prefers to bond to four

anilino N ions, which avoids the presence of other regio-

isomers which result from the inequivalence of the asymmetric

ligand.6 When asymmetric heterometal string complexes are

synthesized using the symmetric dpa ligand, a significantly

disordered structure results which causes poor X-ray charac-

terization accuracy.4a–d Compounds 1 and 2 do not possess

this problem. The two terminal Cu and M atoms of 1 and 2

can be clearly identified by X-ray crystallography, because of

the high asymmetry of the molecules.

The temperature-dependent magnetic susceptibility of 1 and 2

was investigated (Fig. 2 and Fig. S2w). Their magnetic behaviours

are similar. The wMT value at 300K (ca. 0.5 cm3 K mol�1) is

significantly lower than the expected value for two independent

Cu(II) metal centers (0.75 cm3 K mol�1), which is due to the

strong antiferromagnetic interaction. The appearance of the wMT

value at 4 K should be assigned to the presence of a paramagnetic

impurity. The magnetic susceptibility data were fitted by a simple

isotropic dinuclear Heisenberg model (H = �JS1S2) with the

consideration of the temperature-independent paramagnetism

(TIP).7 The best fit parameters are J = �498.90 cm�1,

g = 2.00, wTIP = 0.00078 cm3mol�1 and R2 = 0.9998 for

1, and J = �501.24 cm�1, g = 1.92, wTIP = 0.00089 and

R2 = 0.9991 for 2. Both results show a strong antiferromagnetic

interaction between two Cu atoms. This antiferromagnetic
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interaction results from the through-space delocalization of the

spin density between the dx2–y2-N orbitals of adjacent Cu

atoms.4b,8

The DFT/B3LYP calculations were carried out on 1 and 2

with the Gaussian 03 software package.9 For the sake of

simplicity, the phenyl ring of the ligand npa� is replaced by

a methyl group. The crystal structures of 1 and 2 are well

reproduced by the calculations (Fig. 3 and Fig. S3w). In

agreement with experimental results, our calculations for 1

and 2 give significant antiferromagnetic interactions (Jcalcd =

�572.51 cm�1 for 1 and �556.75 cm�1 for 2). The spin

population for the triplet state of 1 and 2 (see Fig. 3 and

Fig. S3) support the coupling mechanism. The spin density of

the bridging carbon atoms is B0.00, which indicates the spin

delocalization is through space between neighboring nitrogen

atoms instead of through the other atoms of the rings.

We consider that 1 and 2 have potential applications as

molecular rectifiers. In 1974, Aviram and Ratner proposed a

prototype molecular rectifier based on a donor–bridge–acceptor

(D–s–A) molecule. Because of its electronic asymmetry, a

rectifier preferably passes the current in one direction.10

However, most of the molecular rectifiers are designed with

organic molecules and an inorganic compound-containing

rectifier is very rare.11 The concept to design compound 1 and

2 seems a reasonable strategy for the development of inorganic

molecular rectifier. Although 1 and 2 do not possess the typical

D–s–A framework, the large energy barrier between the 3d and

4d (5d) orbitals of adjacent Cu and Pd (Pt) atoms may prefer to

allow the current to flow in one direction (Fig. 4). That is, the

electronic asymmetry of the asymmetric heterometal string

complex may cause a voltage drop across the molecule and a

corresponding asymmetric I–V response.

In summary, through the reaction of the asymmetric Hnpa

ligand, we have prepared two asymmetric heterometal string

complexes. The molecular structures of 1 and 2 were well

determined in terms of X-ray crystallographic analysis. Due to

the difference in coordination ability between nitrogen and

metal atoms, compound 1 and 2 form a unique (4,0) geometry.

The magnetic measurements suggest that the unpaired

Fig. 1 ORTEP view of the molecular structure of the cation

[CuCuPd(npa)4Cl]
+ in 1 (30% probability). Hydrogen atoms have

been omitted for clarity. Selected bond distances (averaged): Cu(1)–Cl

2.388(7), Cu(1)–Cu(2) 2.489(4), Cu(2)–Pd 2.426(3), Cu(1)–N

2.084(16), Cu(2)–N 1.994(15), Pd–N 2.028(16) Å.

Fig. 2 Plot of wMT versus T for 1. The solid line represents the best

theoretical fit.

Fig. 3 Selected computed bond distances (Å) and atomic spin

densities (italics) for 1.

Fig. 4 Qualitative sequence of the metal orbitals obtained from DFT

calculation. The DE represents the energy gap between the singly

occupied MOs (SOMOs) and lowest unoccupied MO (LUMO). The

SOMOs are mainly composed of two Cu atoms while the LUMO is

mainly localized on the M atom. The rectangles represent the occupied

MOs.
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electrons of the Cu atoms are antiferromagnetically coupled,

which was confirmed by DFT calculations. Because of the

energy barrier between the d-orbitals of neighboring hetero-

atoms, these molecules may exhibit rectifier-like behaviour

and are suitable candidates for future inorganic molecular

rectifiers. Further experiments are currently in progress to

extend the potential of this research.

The authors thank the National Science Council of Republic

of China for financial support.

Notes and references

z Synthesis of (4,0)[CuCuPd(npa)4Cl][PF6] (1). Hnpa (0.89 g,
4 mmol), CuCl2 (0.27 g, 2 mmol), K2PdCl4 (0.33 g, 1 mmol) and
40 g naphthalene (as solvent) were placed in an Erlenmeyer flask. After
stirring the mixture at 150 1C for 2 h, t-BuOK (0.44 g, 4 mmol) in
t-BuOH (30 mL) was added dropwise. The resulting solution was then
stirred for an additional 3 h. After cooling the mixture to 80 1C,
hexane was added and the resulting precipitate was filtered out. The
metal complex was extracted with CH2Cl2 and treated with KPF6

(0.36 g, 2 mmol) in CH2Cl2 (100 ml). The resulting solution was stirred
for a week and dried under vacuum. The compound 1 was extracted
with CH2Cl2 and recrystallized in DMF–ether (yield: 25%). MS(FAB)
m/z: 1147 [CuCuPd(npa)4Cl]

+, 1112 [CuCuPd(npa)4]
+; EA (%):

[CuCuPd(npa)4Cl][PF6]�[HCON(CH3)2]: calcd. C 51.80, H 3.46, N
13.31; found: C 52.32, H 3.96, N, 13.46%.
y Synthesis of (4,0)[CuCuPt(npa)4Cl][PF6] (2). Hnpa (0.89 g,
4 mmol), CuCl2 (0.27 g, 2 mmol), K2PtCl4 (0.42 g, 1 mmol) and
40 g naphthalene (as solvent) were placed in an Erlenmeyer flask. After
stirring the mixture at 150 1C for 3 h, t-BuOK (0.44 g, 4 mmol) in
t-BuOH (30 mL) was added dropwise. The resulting solution was then
stirred for an additional 4 h. After cooling the mixture to 80 1C,
hexane was added and the resulting precipitate was filtered out. The
metal complex was extracted with CH2Cl2 and treated with KPF6

(0.36 g, 2 mmol) in CH2Cl2 (100 ml). The resulting solution was stirred
for a week and dried under vacuum. The compound 2 was extracted
with CH2Cl2 and recrystallized in CH2Cl2–ether (yield: 8%).
MS(FAB) m/z: 1236 [CuCuPt(npa)4Cl]

+, 1201 [CuCuPt(npa)4]
+;

EA (%) [CuCuPt(npa)4Cl][PF6]: calcd. C 48.61, H 2.91, N 12.15;
found: C 47.85, H 2.94, N 12.47%.
z Synthesis of 2-naphthyridylphenylamine (Hnpa). Aniline (10 mL,
110 mmol), 2-chloro-1,8-naphthyridine (5.00 g, 30 mmol), t-BuOK
(5.06 g 45 mmol), Pd2(dba)3 (0.40 g 0.44 mmol) and dppp (0.50 g,
1.2 mmol) (dba = dibenzylideneacetone; dppp = 1,3-bis(diphenyl-
phosphino)propane). The mixture was stirred and refluxed for 72 h. The
solvent was removed under reduced pressure. The mixture was washed
with water and the precipitate was extracted by CH2Cl2 to obtain a yellow-
orange product, Hnpa (yield: 73%). 1H-NMR (400 MHz, (CD3)2SO):
d 9.69 (S, 1H), 8.76 (m, 1H), 8.14 (dd, J = 8, 2 Hz, 1H), 8.08 (d, J =
8.8 Hz, 1H), 8.02 (dd, J = 8.8, 1.2 Hz, 2H), 7.31 (m, 3H), 6.98 (t, J =
7.2 Hz, 2H); MS(FAB) m/z 222.1 ([M + H]+).
8 Crystal data for 1: C59H47ClCu2F6N13OPPd,Mw = 1368.00, mono-
clinic, space group C2/c, a = 31.1796(17) Å, b = 12.1561(6) Å,
c = 19.9041(10) Å, a = 901, b = 129.573(1)1, g = 901, V =
5815.1(5) Å3, Z = 4, d(calcd) = 1.563 Mg m�3, T = 150(2) K, 28183
reflection collected, 6687 independent, Rint = 0.0555, R1 = 0.0940,
wR2 = 0.2394 for all data. Crystal data for 2: C60H48Cl9Cu2F6N12PPt,

Mw = 1723.29, tetragonal, space group P4/n, a = 16.9276(2) Å, c =
11.5475(2) Å, V = 3308.86(8) Å3, Z = 2, d(calcd) = 1.730 Mg m�3,
T = 150(2) K, 19222 reflection collected, 3776 independent, Rint =
0.0484, R1 = 0.0861, wR2 = 0.2224 for all data. CCDC 703959 and
703960.
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