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Helical copper(II) complexes based on a bispyridylpyrrole ligand, namely helical polymer {[Cu2(PDPH)2(N3)2]}n (1) (where HPDPH = 

2,5-bis(2’-pyridyl)pyrrolide) containing an one-dimensional double-helical chain, a discrete double-helical complex [Cu2(PDPH)2(NO3)2] 

(2) and triple-helical complex [Cu2(PDPH)3](OTf) (3·OTf) (where OTf- = triflato) were synthesized by displacement of Cl- in 

[Cu(PDPH)Cl] by the anion N3
-, NO3

- and OTf-, respectively. Structures of these complexes directly correlate with the coordination 15 

abilities of the ligands. The N3
- anion is found to favor the formation of polymeric helical structures. The helical chain in 1 is built-up by 

[Cu2(PDPH)2] units linked by double µ1,3−azido bridges. In 2, the anion NO3
- acting as a monodentate oxygen ligand binds to each copper 

center, resulting in the formation of the double helical structure, while the non-coordinating OTf- ligand leaves space for three PDPH
- 

ligands, leading to formation of the triple-helical dicopper complex 3·OTf. Magnetic susceptibility data of 1, measued from 1.8 to 300K, 

show alternating ferro- and antiferromagnetic interactions through the bridging PDPH
- and µ1,3-azido pathway, respectively.  20 

Introduction 

Transition metal helicates have a wide range of interesting 
applications including catalysis, probing DNA structures, optical 
and magnetic materials 1-7. Numerous examples of metal helicate 
have been described in the literature so far. They can be single-, 25 

double- and triple-helical. The flexible multidentate ligand play a 
crucial role for the specific formation of versatile helical structure. 
Preorganized linear oligonitrogen donors, linear oligooxygen 
donors, mixed oxygen/nitrogen donors and ligands possessing 
sulfur, carbon or phosphorous donors are effective in producing 30 

helicates.8-12 Anion-directed assembly is common strategy for the 
synthesis of coordination polymer complexes. 13-16 Anion can 
directly influence the structure by coordinating to the metal ions 
or by acting as templates to induce the self-assembly. However, 
to our knowledge, the examples of metal helicates depending on 35 

the anion present during self-assembly process are relative rare.17-

20 For example, a family of circular double helicates from the 
reaction of tris-bipy ligand and iron(II) salts were obtained under 
the exact same conditions, the only difference residing in the 
anion present during the helicate formation.17,18 40 

We have a long-standing interest in the metal complexes based 
on mono-anionic tridentate 2,5-bis(2’-pyridyl)pyrrolide (PDPH

-) 
ligand (Scheme 1). Not only this N3 ligand has the π-
backbonding capability, but also pyrrolate donor with flexible π-

properties can behave as bridging ligand due to its versatile π-45 

donor and π-acceptor responding to the metal site π-bonding 
properties 21-24. PDPH

- ligand is usually recognized as an analogue 
of the neutral terpyridine ligand (tpy). A number of helical Cu(I) 
complexes with tpy or its derivatives are reported. It inspired us 
to pursue new helical copper complexes with anionic 50 

bispyridylpyrrole ligand. In our previous studies, a hetero-
sodium/copper(I) complex with PDPH

- ligand in a helical 
arrangement around the copper(I) has been characterized.24 
Obviously, PDPH

- is a suitable candidate for synthesis of helical 
metal complexes.  55 

 Thus, we will describe the preparation, crystal structures of a 
series of copper(II) helicates based on bispyridylpyrrole ligand. 
They are {[Cu2(PDPH)2(N3)2]}n (1) with one-dimensional double-
helical chain, discrete double-helical [Cu2(PDPH)2(NO3)2] (2) and 
triple-helical [Cu2(PDPH)3](OTf) (3·OTf) obtained from the 60 

reactions of [Cu(PDPH)Cl]2 with NaN3, NaNO3 and AgOTf 
(where OTf- = triflato), respectively. Primary magnetic result of 1 
is also presented. 

N

N

N
 

Scheme 1 Structure of anionic PDPH
- ligand 65 
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Experimental Sectoins 

General Considerations  

All manipulations were carried out under nitrogen by standard 
Schlenk techniques unless otherwise stated. Solvents were 
purified, distilled and degassed prior to use. Infrared spectra 5 

(KBr) were recorded on a Perkin-Elmer 16 PC FT-IR 
spectrophotometer. Elemental analyses were performed by a 
PE240C elemental analyzer. The magnetic susceptibility data 
were prefromed on a Quantum Design MPMS-XL7 SQUID 
magnetometer. The starting 2,5-bis(2’-pyridyl)pyrrolide (HPDPH) 

10 

25 and [Cu(PDPH)Cl] 26 were prepared according to literature 
methods. All of other chemicals were obtained from J&K 
Scientific Ltd.  

Synthesis of {[Cu2(PDPH)2(N3)2]}n (1)  

A mixture of [Cu(PDPH)Cl] (64 mg, 0.2 mmol) and NaN3 (13 15 

mg, 0.2 mmol) in THF was stirred overnight and filtered. The 
filtrate was layered with hexane to give green needle crystals 
which were suitable for X-ray diffraction study. Yield: 54 mg (83 
%). IR (KBr, cm-1): 3069(w), 3022(w), 2052(vs), 1600(s), 
1552(m), 1516(m), 1449(m), 1436(s), 1377(w), 1337(s), 20 

1260(m), 1144(m), 1121(w), 1051(m), 1004(m), 955(w), 743(s), 
708(w), 690(w), 645(w). Anal. Calcd for C28H20Cu2N12·1.2(thf): 
C, 53.50; H, 4.11; N, 22.55. Found: C, 53.98; H, 4.03; N, 22.89. 

Synthesis of [Cu2(PDPH)2(NO3)2] (2)  

A mixture of [Cu(PDPH)Cl] (64mg, 0.2 mmol) and NaNO3 (17 25 

mg, 0.2 mmol) in THF was stirred overnight and filtered. The 
filtrate was layered with hexane to give green block crystals 
which were suitable for X-ray diffraction study. Yield: 60 mg (87 
%). IR (KBr, cm-1): 3083(w), 3056(w), 1602(s), 1558(w), 
1532(m), 1508(m), 1486(s), 1449(s), 1436(s), 1376(w), 1340(m), 30 

1287(s), 1264(s), 1152(m), 1122(w), 1082(w), 1043(m), 1010(s), 

954(w), 756(s), 710(w), 686(w), 647(w). Anal. Calcd for 
C28H20Cu2N8O6·0.3(thf): C, 49.17; H, 3.17; N, 15.71. Found: C, 
49.12; H, 3.05; N, 15.89. 

Synthesis of [Cu2(PDPH)3]·OTf (3·OTf) 35 

A mixture of [Cu(PDPH)Cl] (128mg, 0.4 mmol) and AgOTf (104 
mg, 0.4 mmol) in THF was stirred overnight and filtered. The 
filtrate was layered with hexane to give green block crystals 
which were suitable for X-ray diffraction study. Yield: 78 mg (62 
%). IR (KBr, cm-1): 3089(w), 3031(w), 1602(s), 1558(m), 40 

1506(s), 1453(m), 1434(s), 1389(w), 1332(s), 1259(s), 1223(m), 
1147(s), 1100(w), 1052(m), 1030(s), 953(w), 785(m), 753(s), 
712(m), 638(m). Anal. Calcd for C43H30Cu2F3N9O3S: C, 55.12; 
H, 3.23; N, 13.45. Found: C, 55.32; H, 3.45; N, 13.51. 

X-ray crystallography  45 

Diffraction data of 1-3·OTf were recorded on a Bruker CCD 
diffractometer with monochromatized Mo-Kα radiation (λ= 
0.71073Å). The collected frames were processed with the 
software SAINT. The absorption correction was treated with 
SADABS 27. Structures were solved by direct methods and 50 

refined by full-matrix least-squares on F2 using the SHELXTL 
software package 28. Atomic positions of non-hydrogen atoms 
were refined with anisotropic parameters. All hydrogen atoms 
were introduced at their geometric positions and refined as riding 
atoms. In complex 1, one tetrahydrofuran molecule is co-55 

crystallized. 

Results and Discussion 

Synthesis and characterization    Replacements of Cl- ligand in 
[Cu(PDPH)Cl] by N3

-, NO3
- and OTf- give helical polymer 

{[Cu2(PDPH)2(N3)2]}n (1), descrete double-helical 60 

[Cu2(PDPH)2(NO3)2] (2) and triple-helical [Cu2(PDPH)3](OTf) 
(3·OTf) in good yields and excellent purity,  

Table 1111 Crystallographic data and experimental details for complexes 1 - 3·OTf 

 1·thf 2 3·OTf  
formula C32H28Cu2N12O C14H10CuN4O3 C43H30Cu2F3N9O3S  
fw 723.74 345.80 936.90  
crystal system Orthorhombic Monoclinic Orthorhombic  
space group Pbcn C2/c Pca2(1)  
a, Å 8.22470(10) 17.6233(3) 18.6566(9)  
b, Å 33.0397(5) 12.3436(2) 11.8775(6)  
c, Å 11.3562(2) 15.2939(3) 19.2374(10)  
β, deg  123.0260(10)   
V, Å3 3085.95(8) 2789.40(9) 4262.9(4)  
Z 4 8 4  
ρcalc, g cm-3 1.558 1.647 1.460  
T, K 293(2) 293(2) 293(2)  

µ, mm-1 1.428 1.584 1.110  
no. of refln. 16889 20205 30751  
no. of indep. refln. 3583 3199 9179  
Rint 0.0246 0.0146 0.0581  
GoF a 1.081 1.085 1.013  
R1, 

b wR2 
c [I > 2σ(I)] 0.0358, 0.0827 0.0205, 0.0645 0.0647, 0.1546  

R1, wR2 (all data) 0.0522, 0.0976 0.0215, 0.0654 0.1053, 0.1685  

                              a GoF = [Σw(|Fo| − |Fc|)
2/(Nobs − Nparam)]½. b R1 = Σ||Fo| − |Fc||/Σ|Fo|. 

c wR2 [(Σw|Fo| − |Fc|)
2/Σw2|Fo|

2]½. 
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Scheme 2 Syntheses of complexes 1-3·OTf 
 
respectively (Scheme 2). 1-3·OTf are readily soluble in common 
organic solvents, such as CH2Cl2, THF and DMSO, yet not 
soluble in water and nonpolar solvents such as diethyl ether and 5 

hexane. These complexes are air-stable in solid state and in 
solution. Recrystallization of the crude products from 
tetrahydrofuran by diffusion of hexane afford crystals which are 
suitable for X-ray diffraction study. The IR spectra of 1-3·OTf 
indicate that the PDPH

- ligand has several distinctive signals, 10 

including weak aromatic C-H stretching at about  3022-3089 cm-

1, and moderately strong streching bands at 1340-1600 cm-1 
corresponding to the in-plane vibrations of C=C and C=N bonds, 
which are well comparable with those in the coinage metal 
complexes with PDPH

- ligand 24. A strong stretching band at 2052 15 

cm-1 in 1 due to azido groups, as well as strong signals at 1010 
and 1030 cm-1 attributed to nitrato and triflato ligands in 
complexes 2 and 3·OTf, respectively, are observed.  

Strucutre description    The structures of 1-3·OTf are confirmed 
by single crystal X-ray diffraction method. A summary of 20 

crystallographic data and experimental details for these 
complexes are given in Table 1. The ORTEP diagrams for 1-3+ 
with ellipsoids and their space-filling representation are shown in 
Figure 1-3, respectively.  

Known from our previous studies,26 starting material 25 

[Cu(PDPH)Cl] is mononuclear. Its structure is analogous with that 
of known bispyridylpyrrolide metal complexes, such as 
[M(PDPH)Cl] (M = Pd, Pt).22 The total bond angels around Cu is 
359.42 o, which is close approximately to 360 o, indicating of a 
planar structure. Three interplanar angles among two side rings 30 

and the pyrrole ring are close to zero. The bond distance of Cu-Cl 
is 2.2216(11) Å. Its Cu-Npyridine distance (2.141(3) Å and 2.148(3) 
Å) is longer than that of Cu-Npyrrole (1.862(3) Å). 
 As shown in Fig 1a, the structural feature of complex 1 is one 
dimensional double-helical chain.Two PDPH

- ligands are twisted 35 

around Cu···Cu axis to form [Cu2(PDPH)2]
2+ building block. Two 

µ-1,3 N3
- ligands bridge the [Cu2(PDPH)2]

2+ building block to 
generate nutural 1D helical coordination polymer. The analogous 
polymieric helical chains containing copper(I) terpyridine units 

(a) 40 

 
(b) 

 
Fig. 1  (a) ORTEP diagram of building block of [Cu2(PDPH)2(µ-N3)2] in 1 
with ellipsoids shown at the 50% probability level; (b) Space-filling 45 

representation showing the helical chain of 1. The hydrogen atoms are 
omitted for clarity. Selected bond distances(Å): Cu1–N1 2.002(2), Cu1–N2 
2.037(2), Cu1–N3A 2.0555(19), Cu1–N4 1.977(2), Cu1–N1A 2.534, Cu1–
N6B 2.624, Cu1–Cu1A 3.062; Selected bond angles(º): N1–Cu1–N2 
80.35(8), N1–Cu1–N3A 100.31(8), N1–Cu1–N4 169.18(8), N2–Cu1–N3A 50 

178.24(9), N4–Cu1–N2 89.03(9), N4–Cu1–N3A 90.24(8). Symmetry 
transformations used to generate equivalent atoms: A -x, y, -z+3/2  

[Cu2(terpy)2]
2+ (where terpy = 2,2’:6’2”-terpyridine) 29 was 

reported, where [Cu2(terpy)2]
2+ building block is linked through 

weak Cu(I)-Cu(I) d10-d10 secondary bonds.  55 

In the [Cu2(PDPH)2]
2+ building block of 1, each Cu atom 

locates in the center of elongated octahedron geometry. Two long 
axial sites are provided by N1A from equivalent PDPH

- and N6B 
from the azido ligand with distances of 2.534(3) and 2.624(3) Å, 
respectively. The bond angle of N1A-Cu1-N6B is 161.1(8) º. The 60 

basal plane is defined by the N2, N1, N3A from two PDPH
- 

ligands and N4 from azido ligand. The Cu1-N1, Cu1-N2, Cu1-
N3A and Cu1-N4 bond distances are 2.002(2), 2.037(2), 
2.0555(19) and 1.977(2) Å. To be notable, the central N atom of 
each N3

- ligand lies close to a Cu(II) with a distance of 2.768(2) 65 

Å, comparable with that of a weak Cu(II)-N bond. The Cu1-
Cu1A seperation (3.062(6) Å) is longer than Cu1-Cu1B (5.163(6) 
Å). The angle of Cu1-N1-Cu1A is 84.1(3) o. 

Complex 2 is a discrete double-helicate. Each copper(II) in 2 is 
in an irregular five–coordinate environment to form distorted 70 

trigonal dipyramidal geometry with four short contacts to one 
oxygen atom from NO3

- (Cu1–O2 2.0104(10) Å), two nitrogen 
atom from a “monopyridylpyrrole” fragment of one PDPH

- ligand 
(Cu1-N2A 1.9878(12) Å; Cu1–N3A 2.0035(11) Å) and one 
nitrogen atom from a terminal pyridine of the other PDPH

- ligand 75 

(Cu1–N1 2.0194(10) Å). The coordination sphere is completed 
by a long contact to the pyrrole of the second PDPH

-
 ligand 
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(a) 

 
(b) 

 
Fig. 2 (a) ORTEP diagram of dinuclear complex 2 with ellipsoids shown at 5 

the 50% probability level; (b) Space-filling representation showing the 
helical structure of 2. The hydrogen atoms are omitted for clarity. 
Selected bond distances(Å): Cu1–N1 2.0194(10), Cu1–N2 2.3712(12), 
Cu1–N2A 1.9878(12), Cu1–N3A 2.0035(11), Cu1–O2 2.0104(10), Cu1–
Cu1A 2.9234(3); Selected bond angles(º): N1–Cu1–N2 77.07(4), N1–Cu1–10 

O2 88.76(4), N1–Cu1–N2A 99.30(4), N1–Cu1–N3A 177.85(4), N2–Cu1–O2 
91.26(4), N2–Cu1–N2A 96.15(4), N2–Cu1–N3A 104.92(4), N2A–Cu1–O2 
170.08(4), N2A–Cu1–N3A 81.35(4), N3A–Cu1–O2 90.40(4). Symmetry 
transformations used to generate equivalent atoms: A -x+2, y, -z +1/2  

(Cu1–N2 2.3712(12) Å). The copper-copper distance is 2.9234(3) 15 

Å. It is interesting to be notable that the metal ions in the 
helicates commonly are four-, six- or eight-coordinate, but cases 
of helicate with metal maintaining a trigonal dipyramidal 
geometry as 2 are very rare. Only known example is a helical 
oligopridine palladium complex.11 20 

 The crystal structure determination shows 3·OTf is composed 
of [Cu2(PDPH)3]

+ (3+) cation and an uncoordinated trifalto anion. 
3+ displays an unusual triple-helical structure in which three 
PDPH

- ligands wrap in a helical arrangement around two copper 
atoms. Each Cu atom is also penta-coordinate by five nitrogen 25 

atoms from three dipyridinepyrrole ligands to form trigonal 
dipyramidal geometry. N3, N5, N9 around Cu1 as well as N1, 
N5, 
 

(a) 30 

 
(b) 

 
Fig. 3 (a) ORTEP diagram of dinuclear 3+ with ellipsoids shown at the 30% 
probability level. (b) Space-filling representation showing the helical 35 

structure of 3+. The hydrogen atoms and OTf- anion are omitted for clarity. 
Selected bond distances(Å): Cu1–N3 2.066(5), Cu2–N1 2.199(6), Cu1–N4 
1.988(6), Cu2–N2 1.954(5), Cu1–N5 2.341(5), Cu2–N5 2.155(5), Cu1–N8 
1.950(6), Cu2–N6 1.982(5), Cu1–N9 2.094(5), Cu2–N7 2.051(6), Cu1–Cu2 
2.8147(10); Selected bond angles(º): N3–Cu1–N4 89.9(2), N1–Cu2–N2 40 

80.7(2), N3–Cu1–N5 131.2(2), N1–Cu2–N5 96.8(2), N3–Cu1–N8 93.9(2), 
N1–Cu2–N6 90.4(2), N3–Cu1–N9 133.5(2), N1–Cu2–N7 123.3(2), N4–
Cu1–N5 79.8(2), N2–Cu2–N5 97.6(2), N4–Cu1–N8 176.1(2), N2–Cu2–N6 
170.8(2), N4–Cu1–N9 93.9(2), N2–Cu2–N7 93.2(2), N5–Cu1–N8 98.2(2), 
N5–Cu2–N6 81.0(2), N5–Cu1–N9 94.9(2), N5–Cu2–N7 139.7(2), N8–Cu1–45 

N9 82.8(3), N6–Cu2–N7 93.6(2). 

N7 around Cu2 atoms form the basal plane, and N4, N8 and N2, 
N6 atoms occupy their respective axial direction. The average 
distances of Cu-N on the basal plane (av. 2.151 Å) is longer than 
that of Cu–N on the axis (av. 1.969 Å). The N4–Cu1–N8 and 50 

N2–Cu2–N6 on the axis are nearly linear with bond angles of 
176.1(2) º and 170.8(2) º, respectively. The Cu···Cu seperation of 
2.8147(10) Å in 3+ are significantly shorter than that found that in 
1 and 2, perhaps due to one more PDPH

- ligand chelating two 
copper atoms. 55 

 Structural invesitgations of complexes 1-3+ reveal that the 
bispyridylpyrrole ligand is flexible and is capable of acting as 
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chelating and bridging ligand to bound to Cu(II) atom in bonding 
mode of µ2-(κ2-N, N’),( κ2-N’, N’’)  and/or µ2-(κ2-N, N’), N”. 
The PDPH

- ligand in these complexes are twisted. Three 
interplanar angles with the central ring are in the range of 4.0(1)-
35.8(1)º, well comparable with those found in the coinage metal 5 

terpyridine and pyridylpyrrole complexes 24, 30-31. 

Magnetic properties of complex 1    Variable-temperature 
magnetic susceptibility measurement was performed on 
crystalline 1 in the range of 1.8-300 K at 1000 G. The χMT versus 
T plots and 1/χM versus T plots are shown in Fig. 4. The effective 10 

magnetic moment (2.828 µB per Cu2) at 300 K is well consistant 
with the theoretical value (2.828 µB) expected for a two 
uncoupled S = 1/2 spin system. The χMT value continuously 
increases and reaches 1.41 cm3 K mol-1 at 3.0 K on cooling from 
room temperature, indicating of ferromagnetic interaction 15 

between the Cu(II) ions. The ferromagnetic coupling is further 
confirmed by a positive Weiss constant (θ = 1.42 K), determining 
in the temperature range 3-300 K. By lowering the temperature 
further, χMT drops down sharply, reaching the minimum value of 
1.33 cm3 K mol-1 at 1.8 K. This could be due to zero-field 20 

splitting and/or inter-chains antiferromagnetic interaction. 
 Taking into consideration of structural features of 1 analogous 
with those of the alternating µ1,1-azido and µ1,3-azido one 
dimensional coordination polymers, 1 may exhibit alternating 
ferro- and antiferro-magnetic interaction mediated by bridging 25 

PDPH
- and µ1,3-azido ligands, respectively.32-33 The magnetic data 

are fitted as chains using the one-dimensional S= 1/2 expression 
based on the Hamiltonian  

H = –J1∑S2iS2i+1 – J2∑S2i+1S2i+2 (1) 

Where J1 is the magnetic coupling constant between the Cu(II) 30 

ions via PDPH
- bridges, and J2 that between the Cu(II) ions vis 

µ1,3-azido ligands. The expression of the molar susceptibility is 
derived as: 

2 2
1 2 1 2

chain

1 2

1
( 1)

3 1

u u u uNg
S S

kT u u

β
χ

+ + +
= +

−

 (2) 

where 35 

1 1 1coth( ( 1) / ) / ( 1)u J S S kT kT J S S= + − +  

2 2 2coth( ( 1) / ) / ( 1)u J S S kT kT J S S= + − +  

Considering the weak magnetic interactions between the Cu(II)  

Fig. 4 Plot of χMT versus T , 1/χM versus T for 1. The solid line corresponds 

to the best theoretical fit.  40 

 

ions in the adjacent chains, the mean field approximation, zJ´, is 
introduced. The total magnetic susceptibility is: 

chain
2 2

chain1 (2 / )zJ Ng

χ
χ

β χ
=

−

 (3) 

 The best-fit parameters are g = 2.09, J1 = 7.36 cm-1, J2 = -0.75 45 

cm-1, zJ´ = -0.017 cm-1. The fitting results show that the magnetic 
interaction between the Cu(II) ions via PDPH

- bridges, and 
between the Cu(II) ions vis µ1,3-azido ligand are ferromagnetic 
and antiferromagnetic, respectively. The small negative zJ´ value 
indicates the magnetic coupling between the Cu(II) ions in the 50 

adjacent chains is very weakly antiferromagnetic. 

Conclusions 

 In summary, we have synthesized helical complexes 1-3·OTf 
by displacements of Cl- in [Cu(PDPH)Cl] by the anion N3

-, NO3
- 

and OTf-, respectively. These complexes are isolated and 55 

structureally characterised. The results indicated that the counter 
anions are crucial factors for formation of the different helical 
structures. µ1,3-azido bridge lead to helical polymer. Weakly 
coordinating nitrate occupies on coordination site on a Cu center, 
leading to the double helix structure. No coordinating triflate 60 

leaves space for three PDPH
- ligands and result in formation of 

triple helicate. Flexible bispyridylpyrrole backbones 
accompanying with anions with varied coordination abilities can 
ligate metal centres in different orientations, and finally give 
helical structures. Magnetic analyses for 1 reveal that alternating 65 

ferro- and antiferromagnetic interactions are operative through 
the alternating PDPH

- and µ1,3-azido bridges, respectively.  
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