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Two series of chiral helical copper–quaterpyridine complexes
were prepared by reacting chiral ligands L1–4 with CuI and
CuII precursors. The CuII complexes, [Cu(L)(H2O)(ClO4)2] or
[Cu(L)(ClO4)2], were studied by ESI-MS, elemental analysis,
and CD spectroscopy, and the CuI complexes, [Cu2(L)2]-
(PF6)2, were examined by NMR, ESI-MS, elemental analysis,
and CD spectroscopy. The crystal structures of [Cu(L1)(H2O)-
(ClO4)](ClO4) and [Cu(L3)(ClO4)2] were determined by X-ray
diffraction. They are monomeric, distorted octahedral com-
plexes with the quaterpyridine ligand coordinated at the four
equatorial positions and one or two perchlorates at the apical
position. The crystal structure of [Cu(L1m)(H2O)(ClO4)]-
(ClO4), which has an achiral quaterpyridine ligand L1m, the
meso form of L1, was also determined. Comparison between
[Cu(L1)(H2O)(ClO4)](ClO4) and [Cu(L1m)(H2O)(ClO4)](ClO4)
shows small differences between the two structures. CD

Introduction

Helical metal complexes, both mononuclear and polynu-
clear, have fascinated chemists since their discovery.[1,2] Al-
though mononuclear varieties represent the basic unit with
high asymmetry, polynuclear helicates are especially impor-
tant for their role as benchmarks for the self-organization
processes of supramolecular metal complexes.[3–5] Although
helical metal complexes are chiral, they usually appear only
as a racemic mixture when achiral ligands are used. The
stereoselective formation of chiral helical complexes, which
represents a higher hierarchical level of selective synthesis
of metal complexes, is a challenge.[6] Indeed, recently the
transfer of chirality from chiral nonracemic ligands to metal
centers with a variety of coordination geometries has at-
tracted great interest.[7] Applications of chiral helical metal
complexes in various areas such as asymmetric catalysis,[8]

DNA binding,[9] supramolecular functional devices,[10] and
host–guest interactions[11] have started to emerge.
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analyses of mononuclear CuII complexes of sterically de-
manding L2–4 indicate that these structures require a helical
twist in the ligand. The crystal structure of [Cu2(L3)2](PF6)2

shows that it is a two-metal two-ligand double-stranded heli-
cal structure. Solution NMR studies of the dinuclear CuI com-
plexes show that each sample consists of two diastereomers
with moderate to high diastereoselectivity (52–99%). With
L1m, head-to-head and head-to-tail configurational isomers
were formed in an almost 1:1 ratio. Heterostranded helicates
could also be formed with two different chiral ligands but
selectivity favors the homostranded one. DFT calculations on
the homostranded helicates yield evidence that interactions
between the chiral groups of the ligand strands in the helic-
ate are not solely responsible for determining the helical chi-
rality of the CuI complexes.

2,2�:6�,2��:6��,2���-Quaterpyridine (qtpy), a tetradentate
ligand, can form metal complexes of different geometries.
Its versatility, variously demonstrated by Lehn,[12] Con-
stable,[13] Potts,[14] and Che,[15] principally derives from the
number of possible coordination modes of the ligand,

Scheme 1. Various coordination geometries of qtpy with metal
ions.
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which readily possesses bi-, ter-, and tetradentate domains
(Scheme 1). The majority of coordinated qtpy ligands be-
have in a near-planar fashion upon tetradentate complex-
ation with square-planar and octahedral complexes, al-
though a rare case of terdentate coordination in [Fe-
(qtpy)2]2+ has been reported.[16] Constable and coworkers
have developed a series of substituted qtpy ligands to study
the directional isomerism (head-to-head and head-to-tail)
of double-stranded helicates.[17] They have reported the first
chiral qtpy ligand (L2 in this study), which induced high
stereoselectivity in double-stranded helicates with tetrahe-
dral d10 metal ions.[18]

Of all the transition metals, copper has a particular ap-
peal because of the different stereoelectronic preferences of
its two common oxidation states. This difference is due to
the pronounced geometric change from the four-coordinate
tetrahedral shape to a combination of five- or six-coordi-
nate geometry. The geometric change at the metal center,
with a suitable multidentate ligand, yields metal complexes
with different topologies and distinct properties.[19,20] We
have recently reported helical metal complexes of chiral oli-
gopyridines.[21–23] Continuing our efforts to study the ster-
eoselective formation of helical metal complexes, we present

Figure 1. 1H NMR spectrum of crude L3 showing the presence of the minor compound, indicated by asterisks *. The insets shown peaks
due to a minor compound.
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the stereoselective formation of single-stranded mononu-
clear CuII and double-stranded dinuclear CuI complexes
with a series of simple, versatile chiral qtpy ligands, L1–4.

Results and Discussion

Ligand Synthesis and Characterization

Chiral L1–4 were readily prepared by a three-step pro-
cedure, which we have reported previously.[22–24] NMR
studies show that the crude qtpy ligands are always ac-
companied by a small amount of another compound during
synthesis. For example, in the 1H NMR spectrum of crude
L3, a subset of resonances that constitute about 7% of the
major compound can be observed at δ = 7.55, 7.78, 8.13,
8.35, and 8.48 ppm (Figure 1). Similar observations were
made in the spectra of other crude qtpy ligands. An X-ray
crystallographic study of a CuII complex obtained from the
reaction of crude L1 with CuII perchlorate confirms that
the minor compound is the meso form of L1 (L1m).

As the formation of L1m can be rationalized in terms of
coupling between two enantiomers of the chiral bipyridine
intermediate, the optical purity of commercially available
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Figure 2. (a) ORTEP drawing of L1 with atom labeling scheme and (b) packing diagram of L1 in the crystal lattice viewed along the a
axis.

myrtenal was analyzed by chiral GC to confirm the source
of the minor enantiomer. The ee was found to be 93%,
whereas that of other commercial terpenoid compounds
(starting materials for L2–4) varied from 93–95 %. As-
suming a statistical distribution of coupled products, the
amount of meso ligand can be estimated to be 5–7%, which
is consistent with NMR studies of the crude ligands. As
L1–4 and their corresponding meso ligands are dia-
stereomers with different solubilities, the meso ligands were
removed by recrystallization. The acid salts of L1–4,
formed from qtpy and HCl (6 n), were used for this purpose
and were recrystallized from methanol. After treatment
with 2 m NaOH, the desired ligands were obtained as white
solids. Purified L1–4 were then characterized again by 1H
NMR, which confirmed that they contained only one iso-
mer.

After single crystals of enantiomerically pure L1 were
obtained by evaporation of a concentrated solution of L1
in CH2Cl2, the solid-state structure was studied by X-ray
crystallography. In the crystal structure, the pyridine rings
adopt the expected transoid geometry (Figure 2, a), which
is the same as 2,2�-bipyridine and 2,2�:6�,2��:6��,2���-qtpy.
The bond lengths within the molecule closely approximate
those observed in achiral qtpy. The torsion angles between
the four pyridine rings are approximately trans coplanar [�
N(1)–C(10)–C(13)–N(2): 173.2°; �N(2)–C(17)–C(18)–N(3):
–179.0°; �N(3)–C(22)–C(23)–N(4): 176.2°]. In this respect,
the molecule is slightly perturbed by the chiral auxiliaries.
In the crystal packing, the molecules adopt a herringbone
array with an interplanar separation of 6.69 Å and show no
significant π–π interactions (Figure 2, b).

Synthesis and UV Characterization of Mononuclear
CuII–qtpy Complexes

Complex formation of chiral qtpy was first examined
with CuII (Scheme 2). Mononuclear CuII complexes were
obtained by reacting equimolar amounts of enantiopure
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qtpy and hydrated Cu(ClO4)2 in methanol at room tempera-
ture. Instant color changes to blue or green-blue were ob-
served with L1–4. After workup, the stoichiometries of the
CuII complexes were established by combining elemental
analyses and MS. All complexes have a 1:1 ligand:metal
ratio and show major peaks of [M – ClO4

–]+ in the ESI-
MS. The NMR spectra all show broad signals with strong
paramagnetic peak shifts due to the d9 CuII center. Achiral
[Cu(L1m)(H2O)(ClO4)](ClO4), which was obtained as
minor product from the complexation of CuII with crude
L1, was also isolated as a pure crystalline solid.

Scheme 2. Synthesis of mononuclear single-stranded CuII com-
plexes with enantiopure L1–4.

The electronic absorption spectra of the CuII complexes
are shown in Figure 3. The band maxima (λmax) and molar
absorptivities (ε) from these electronic spectra are presented
in Table 1. In general, the UV region of the spectra is domi-
nated by intense intraligand π–π* transitions. The transi-
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tions in the visible region (550–900 nm) are attributed to
weak d–d transitions. The absorption at 640 nm of [Cu(L1)-
(H2O)(ClO4)](ClO4) falls within the typical blue region of
octahedral CuII complexes. For [Cu(L2)(ClO4)2], [Cu(L3)-
(ClO4)2], and [Cu(L4)(ClO4)2], λmax shifts towards longer
wavelengths (90–134 nm). These very large shifts can be ac-
counted for by the serious distortion imposed on the ideal
octahedral coordination geometry.[12b,14c]

Figure 3. Electronic absorption spectra of mononuclear CuII com-
plexes of L1–4 at a concentration of 2.5 �10–5 m at room tempera-
ture. Inset is shown the visible region (550–900 nm) at a concentra-
tion of 1 �10–3 m.

Table 1. Electronic absorption spectroscopic data for CuII com-
plexes of L1–4 in CH2Cl2.

Complex λmax [nm] (ε/m–1 cm–2)

[Cu(L1)(H2O)(ClO4)](ClO4) 315 (22.5�103), 349 (11.2�103), 363
(11.1�103), 640 (1.5�102)

[Cu(L2)(ClO4)2] 321 (18.8�103), 354 (10.3�103), 730
(1.4�102)

[Cu(L3)(ClO4)2] 325 (25.6�103), 356 (10.3�103), 369
(9.1�103), 764 (1.2�102)

[Cu(L4)(ClO4)2] 306 (27.3�103), 354 (16.8�103), 759
(8.0�10)

X-ray Structures of CuII-qtpy Complexes

Crystals of [Cu(L1)(H2O)(ClO4)](ClO4), [Cu(L1m)-
(H2O)(ClO4)](ClO4), and [Cu(L3)(ClO4)2] were obtained by
slow evaporation of ethanolic solutions. ORTEP diagrams
and space-filling models emphasizing the secondary struc-
ture of the ligand are shown in Figure 4. Selected bond
lengths and angles are summarized in Table 2. Both [Cu-
(L1)(H2O)(ClO4)](ClO4) and [Cu(L1m)(H2O)(ClO4)](ClO4)
crystallized as blue blocks in a P1̄ space group. The coordi-
nation geometries of the two mononuclear Cu centers are
similar and exhibit a distorted octahedral geometry with
four pyridine N donors coordinated at the equatorial posi-
tions and one water molecule and one perchlorate ligand
coordinated at the axial positions. The average metal–nitro-
gen bond length involving the terminal rings (2.017 Å) is
longer than that with the internal rings (1.932 Å). The dihe-
dral angles between the terminal pyridine rings are 119.8
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(3)° and 118.9 (2)°. In [Cu(L1)(H2O)(ClO4)](ClO4), L1 of is
almost coplanar; with only the third and fourth pyridine
rings having a small torsion angle of 6.2°. The CuII complex
of L1m shows an overall twist of 1.7° as a result of flipping
between the pyridyl rings: 4.86° between the first and sec-
ond pyridine rings, –6.31° between the second and third,
and –0.28° between the third and fourth. Neither of the
structures suffers from severe helical distortion. The closest
H···H and C···C distances between the two chiral groups of
[Cu(L1)(H2O)(ClO4)](ClO4) and [Cu(L1m)(H2O)(ClO4)]-
(ClO4) are 5.16 Å and 6.74 Å, and 5.18 and 6.77 Å, respec-
tively.

Figure 4. ORTEP drawings (showing partial labeling scheme) and
space-filling models (emphasizing the ligand secondary structure)
of (a) [Cu(L1)(H2O)(ClO4)](ClO4), (b) [Cu(L1m)(H2O)(ClO4)]-
(ClO4), and (c) [Cu(L3)(ClO4)2]. Thermal ellipsoids are drawn at
30% probability. Hydrogen atoms are omitted for clarity.

In the crystal structure of [Cu(L3)(ClO4)2], four pyridine
N donors of the ligand and two perchlorate ligands are co-
ordinated to the CuII ion in a distorted octahedral geome-
try. Due to the close proximity of two bulky chiral groups
(closest H···H distance of 2.35 Å and C···C distance of
3.14 Å), the ligand is nonplanar. In minimizing the steric
repulsion, the four pyridine rings are arranged in a helical
conformation, with the first and the last pyridine rings flip-
ping downwards and upwards, respectively, with an overall
helical twist of 12.1°. The dihedral angles between the first
and second, second and third, and third and fourth pyridine
rings are 5.1, 2.6, and 4.4°, respectively. The N1–Cu–N4
dihedral angle [125.0 (1)°] and the corresponding Cu–N dis-
tances of terminal pyridine (2.098–2.100 Å) are significantly
larger than those of the CuII complexes of L1 and L1m,
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Table 2. Selected X-ray data of mononuclear CuII complexes of L1,
L1m, and L3.

[Cu(L1)- [Cu(L1m)- Cu(L3)-
(H2O)(ClO4)](ClO4) (H2O)(ClO4)](ClO4) (ClO4)2

Selected distances [Å]
Cu–N1 2.039(6) 2.003(9) 2.098(3)
Cu–N2 1.937(7) 1.905(8) 1.954(3)
Cu–N3 1.936(5) 1.925(1) 1.951(3)
Cu–N4 2.033(6) 2.060(7) 2.100(3)
Cu–O(water) 2.406(6) 2.402(8) –
Cu–O(perchlorate) 2.546(5) 2.572(8) 2.473(4),

2.523(3)
Selected angles [°]
N1–C12–C13–N2 –0.4(9) 4.9(1) 5.1(4)
N2–C17–C18–N3 4.1(9) –6.3(1) 2.6(5)
N3–C22–C23–N4 –3.3(9) –0.3(1) 4.4(4)
Overall helical twist 0.4 –1.7 12.1

which is evidence that the steric repulsion established from
the chiral groups of the ligand is stabilized by long Cu–N
distances. The solid-state structure reveals the stereoselec-
tive formation of a P-helix.

CD Characterization of CuII–qtpy Complexes

CD experiments on the mononuclear CuII complexes
were carried out in CH2Cl2 at room temperature (Figure 5).
At a concentration of 1.32�10–5 m, the CD spectrum of
[Cu(L1)(H2O)(ClO4)](ClO4) shows a very weak absorption
(Δε = 5.2 m–1 cm–1) in the region of 290–400 nm. This sug-
gests that there is only weak secondary structure of [Cu-
(L1)(H2O)(ClO4)](ClO4) in solution. In contrast, [Cu(L3)-
(ClO4)2] exhibits a strong sinoidal curve, with a larger posi-
tive amplitude at 371 nm (Δε = 34.1 m–1 cm–1) and a weaker
negative amplitude at 327 nm (Δε = 28.8 m–1 cm–1). We be-
lieve that this bisignate curve originates from the π–π* bi-
pyridine intraligand transitions.[25,26] This strong absorp-
tion (Cotton effect) indicates that the helical structure, as
observed from the crystal structure, is retained in solution
and, more significantly, it is consistent with the exciton chi-
rality determined from the dihedral angles between the
long-axes of the bipyridine units. Although [Cu(L2)-
(ClO4)2] and [Cu(L4)(ClO4)2] also show strong CD absorp-

Figure 5. CD spectra of CuII complexes of L1–4 in CH2Cl2 solu-
tions.
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tions (Δε = 25.1 and 25.4 m–1 cm–1, respectively), the signals
are not as strong those of [Cu(L3)(ClO4)2]. On the basis
of the crystal structure and theoretical models (vide infra),
[Cu(L2)(ClO4)2] is assigned as an M-helix, whereas [Cu-
(L3)(ClO4)2] and [Cu(L4)(ClO4)2] are assigned as P-helices.

Stereoselectivity and Molecular Modeling Study of
CuII-qtpy Complexes

To understand the helicity and stereoselectivity of CuII–
qtpy complexes, the structures of [Cu(L)]2+ (L = L1–4) were
modeled by DFT calculations (see detailed geometries in
the Supporting Information). The simulation method was
based on optimizing the geometry of the CuII complex for
the lowest energy. With regard to bond lengths, bond
angles, and metal geometries, the modeled structures of
[Cu(L1)]2+ and [Cu(L3)]2+ closely resemble the correspond-
ing crystal structures of [Cu(L1)(H2O)(ClO4)](ClO4) and
[Cu(L3)(ClO4)2]. The four simulated structures have abso-
lute configurations that are in agreement with the results of
the CD experiments. For example, the four pyridyl rings in
[Cu(L1)]2+ are essentially coplanar, which is consistent with
the finding that there is only weak secondary structure for
[Cu(L1)(H2O)(ClO4)](ClO4). The other three complexes
have M-[Cu(L2)]2+, P-[Cu(L3)]2+, and P-[Cu(L4)]2+ config-
urations (Figure 6), which is in line with the CD characteri-
zation.

Figure 6. DFT simulated structures of [Cu(L1)]2+, M-[Cu(L2)]2+,
P-[Cu(L3)]2+, and P-[Cu(L4)]2+.

Self-Assembly and Characterization of Double-Stranded
CuI–qtpy Helicates

The first copper(I) complex of a chiral qtpy ligand was
reported by Constable et al.[18] Using a similar procedure,
chiral CuI–qtpy helicates of L1–4 were prepared
(Scheme 3). Mixing equimolar amounts of [Cu(CH3CN)4]-
(PF6) and L1–4 in degassed acetonitrile under a dinitrogen
atmosphere instantly gave deep red solutions, which were
stirred for 2 h. A large amount of diethyl ether was added
to give dark red precipitates, which were collected by fil-
tration and washed with diethyl ether to afford crude chiral
CuI–qtpy helicates.

Elemental analyses of all the crude complexes show a
Cu:L ratio of 1:1. ESI-MS support the formation of dinu-
clear complexes, [Cu2(L)2](PF6)2 (L = L1–3) and [Cu2-
(L4)2](PF6)2, which exhibit parent peaks [M – PF6]+ at m/z
= 1269 and 1325, respectively. The isotopic patterns of the
molecular ions are in good agreement with the theoretical
calculations. Under high ionization energy, for [Cu2(L)2]-
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Scheme 3. Self-assembly of double-stranded CuI helicates with enantiopure L1–4.

(PF6)2 (L = L1–3) and [Cu2(L4)2](PF6)2, the doubly
charged species [M – 2PF6]2+ is also observed at m/z =
561.6 and 589.9, respectively. Slow diffusion of diethyl ether
into a methanol solution of [Cu2(L3)2](PF6)2 gave single
crystals, which were suitable for X-ray analysis.

X-ray Structure of [Cu2(L3)2](PF6)2

The crystal structure of cationic [Cu2(L3)2]2+ and the
corresponding space-filling model are shown in Figure 7.
Selected bond lengths and angles are summarized in
Table 3. Each L3 segments into two bipyridine domains and
coordinates to CuI with a distorted tetrahedral geometry.
The two ligand strands intertwine and, with the Cu ions
positioned at the helical axis, form a double-helix with P-
handedness. The bond angles and distances are within the
typical range for similar [Cu2(qtpy)2]2+ cations. The Cu–N
distances vary from 1.991–2.115 Å. The Cu···Cu distance of
3.391 Å is slightly shorter than that for [Cu2(L2)2]-
(PF6)2.[18b] The helical twist is largely achieved between the
central rings of each ligand (48.16–49.05°), with smaller
twists observed at the terminal rings (15.16–15.69°). With
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distances between the terminal and central pyridine rings
of 3.726–4.189 Å, intrastrand π–π interaction probably
plays an important role in stabilizing the double-helix struc-
ture.

Figure 7. ORTEP drawing and space-filling model of P-[Cu2(L3)2]-
(PF6)2. Thermal ellipsoids are drawn at 30% probability. Hydrogen
atoms are omitted for clarity.
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Table 3. Selected X-ray data for P-[Cu2(L3)2](PF6)2.

Selected distances [Å] Selected angles [°]

Cu1–N1 1.991(3) N1–C12–C13–N2 15.2(4)
Cu1–N2 2.103(4) N2–C17–C18–N3 48.2(6)
Cu2–N3 2.039(4) N3–C22–C23–N4 15.7(6)
Cu2–N4 2.065(4) overall helical twist 79.01

of the first ligand strand
Cu1–N5 2.054(3) N5–C46–C47–N6 15.6(6)
Cu1–N6 2.026(4) N6–C51–C52–N7 49.1(6)
Cu2–N7 2.115(4) N7–C56–C57–N8 15.6(7)
Cu2–N8 2.004(3) overall helical twist 80.21

of the second ligand
strand

Cu1–Cu2 3.391(1)

1H NMR Spectroscopic Studies

The solution behavior of double-stranded dinuclear
[Cu2(L)2](PF6)2 (L = L1–4) was characterized by NMR
spectroscopy in CDCl3. As only half of the ligand reso-
nances are observed from the 1H and 13C NMR spectra, all
show a twofold symmetry. In the aromatic region (7–9 ppm)
of the 1H NMR spectra, crude [Cu2(L)2](PF6)2 (L = L1–3)
show both a major and a minor set of resonances, whereas
[Cu2(L4)2](PF6)2 shows only one set (Figure 8). Following
gCOSY 1H–1H NMR experiments, the proton resonances
of all complexes were assigned. The two sets of resonances

Figure 8. Aromatic region (6.8–9.0 ppm) of the 1H NMR spectra
(300 MHz) of crude dinuclear CuI double helicates for (a) L1, (b)
L2, (c) L3, and (d) L4 (Δ: major diastereomer; �: minor dia-
stereomer).
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are correlated to the P/M diastereomers of the double hel-
icates. The ratios of the diastereomers were assigned by
pairs of CH3 protons on the chiral substituents of the com-
plexes, which show large peak shifts to P or M helical chi-
rality. The diastereomeric ratios of the helicates indicate the
influence of the chiral substituent of the ligand on the selec-
tivity of P and M helicity. [Cu2(L1)2](PF6)2 showed the low-
est diastereomeric excess (de) (52%), whereas a single dia-
stereomer was observed for [Cu2(L4)2](PF6)2 (� 95%). The
de values of [Cu2(L2)2](PF6)2 and [Cu2(L3)2](PF6)2 were 64
and 71 % respectively. The de of crude [Cu2(L2)2](PF6)2 ob-
tained here is much lower than that observed by Constable
in previous studies (de � 97.5%).[18b] Although the pro-
cedure we employed for complexation is similar to Con-
stable’s, it differs in the use of [NH4][PF6] in precipitation,
which may account for the difference in de.

CD Characterization of CuI–qtpy Complexes

The helical structure of crude [Cu2(L)2](PF6)2 (L = L1–
4) in solution was studied by CD spectroscopy. The dia-
stereomeric mixtures were measured in CH2Cl2 at room
temperature (Figure 9). The strong sinoidal absorptions
(Cotton effect) in the region 320–350 nm can be attributed
to ligand-centered π–π* transitions. The helicates display
additional weak bands at 460 nm, which is coincident with
a metal-to-ligand absorption. The Cotton effect has been
used in the assignment of chirality of helicates in solu-
tion.[18,23] As in Constable’s previous studies on [Cu2(L2)2]-
(PF6)2,[18] the negative absorption (Cotton effect) at 320 nm
is assigned to M-handedness. For [Cu2(L3)2](PF6)2, the pos-
itive absorption at 320 nm is assigned to P-handedness,
which is consistent with our solid-state characterization.
These two examples demonstrate good correlation between
solid-state and solution CD characterizations. In addition,
time-dependent (TD)-DFT calculations of the CD spec-
trum of [Cu2(L3)2](PF6)2 indicate that the CD signals are
dominated by internuclear exciton coupling, which con-
firms the experimental result (see Supporting Information,
Figures S1 and S2). Thus, based on the CD signals, we can

Figure 9. CD spectra of crude [Cu2(L)2](PF6)2 (L = L1–4) in
CH2Cl2 solution.
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assign the major diastereomers of [Cu2(L1)2](PF6)2 as P-
handed, whereas that of [Cu2(L4)2](PF6)2 has M-hand-
edness.

Stereoselectivity and Molecular Structures of CuI–qtpy
Helicates

In the double-stranded dinuclear CuI helicates, the chiral
qtpy ligand induces significant diastereoselectivity, which is
complete for L4. The geometries of the four pairs of dia-
stereomers have been fully optimized by DFT (see detailed
geometries in the Supporting Information), and Figure 10
depicts the four major diastereomers. Table 4 summarizes
the energy difference between the major and minor dia-
stereomer pairs, defined as Emajor – Eminor and the
steric energy between the ligand strands is defined as
Ehelicate without Cu – (Estrand A + Estrand B) with counterpoise
correction. It should be noted that the major diastereomers
are not always of lower energy than their corresponding
minor diastereomers, which suggests that the formation of
diastereomers may be a kinetically controlled reaction.
Also, as the steric interaction energies are all positive val-
ues, the interactions between the strands are dominated by
repulsive interactions. The minor diastereomers do not al-
ways have lower interaction energies, which suggests that
we cannot use the interaction between the qtpy strands as
the only factor to account for the selectivity between the
two diastereomers. It should be noted that the stability of
the helicates is not solely determined by the repulsion be-
tween the qtpy strands but is also a result of the interplay

Figure 11. Aliphatic region of 600 MHz 1H NMR spectra (600 MHz, CDCl3) of crude [Cu2(L1m)2](PF6)2. The peaks marked with an
asterisk are arisen from solvent.

Table 4. Energies [kcalmol–1] of the diastereomers fully optimized by DFT.

Complex Emajor – Eminor Ehelicate without Cu – (Estrand A + Estrand B) Cu···Cu distance [Å]
Major Minor Major Minor

[Cu2(L1)2]2+ –0.007 24.15 23.77 3.093 3.189
[Cu2(L2)2]2+ 0.884 21.39 19.63 3.540 5.031
[Cu2(L3)2]2+ 2.582 22.31 19.23 3.547 5.060
[Cu2(L4)2]2+ –6.946 20.01 23.95 5.157 3.492
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of (1) the stability of the [CuN4] core, (2) electrostatic inter-
actions between the charged Cu+ ions, and (3) solvent stabi-
lization. For example, M-[Cu2(L1)2]2+ has a smaller in-
terstrand repulsion than P-[Cu2(L1)2]2+ but it is overall
slightly less stable than P-[Cu2(L1)2]2+.

Figure 10. Double-stranded dinuclear CuI helicates P-[Cu2(L1)2]2+,
M-[Cu2(L2)2]2+, P-[Cu2(L3)2]2+, and M-[Cu2(L4)2]2+ fully opti-
mized by DFT.

CuI Helicate of L1m

[Cu2(L1m)2](PF6)2 was prepared using the same condi-
tions shown in Scheme 3. It was isolated and characterized
by elemental analysis and ESI-MS. However, the complex-
ity of the 1H NMR spectrum suggested that there was more
than one isomer in the solution. Following a gCOSY 1H–
1H NMR experiment and careful assignment based on the
number of resonances and integrations (Figure 11), two di-
rectional isomers, head-to-head HH-[Cu2(L1m)2](PF6)2 and
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head-to-tail HT-[Cu2(L1m)2](PF6)2 were assigned. The as-
signment was based on the rationalization that the opposite
helical chiral isomers of each directional isomer are
enantiomers and cannot be distinguished by 1H NMR spec-
troscopy. The symmetry of [Cu2(L1m)2](PF6)2 is reduced
from D2 to C2 compared to [Cu2(L1)2](PF6)2. The methyl
hydrogen atoms, HMe, on the two chiral subsitutents of the
ligand are no longer equivalent, which give four singlet sig-
nals of the same integration for each directional isomer. Al-
though some of the HMe signals overlap, the integrations
still suggest that there is no significant preference between
the two directional isomers.

Formation of the Heterostrand CuI–qtpy Helicates

Heterostrand CuI–qtpy helicates are formed if two dif-
ferent chiral qtpy ligands are involved in the self-assembly
process. The formation of these helicates was studied by
reactions involving L1–L3 with L4. Because of the mass
differences between the ligands, the reactions were moni-
tored by ESI-MS. The crude products were isolated in the
same way as the other helicates and their mass spectra were
measured. All the spectra show signals indicating the pres-
ence of [Cu2(L)(L4)](PF6)2 (L = L1–L3) heterostrand hel-
icates (Figure 12). However, the intensity of the signals sug-
gests that different ratios of the homo- and heterostrand
helicates are formed with different ligands. In an ideal case,
the homo- and heterostrand helicates would have a 1:1 ratio
if the formation follows a statistical distribution. Any ratio
that deviates from this suggests a selectivity preference
towards the formation of either homo- or heterostrand hel-
icates. The higher ratio of the homo- to the heterostrand
helicate (3.7:1 for L1 and L4, 3.7:1 for L2 and L4, 2.6:1 for
L3 and L4) suggests that there is always a preference
towards the homostrand helicates irrespective of their chi-
rality preference.
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Figure 12. ESI-MS of mixtures of homo- and heterostrand hel-
icates (a) L1 and L4, (b) L2 and L4, and (c) L3 and L4.

Discussion

The helix formation of a mononuclear CuII complex is
governed by the strong steric interaction between the chiral
groups of the terminal pyridine units of the qtpy ligand.
Although having the same chiral centers, [4,5]-substituted
L1 does not induce significant helical distortion in [Cu(L1)-
(H2O)(ClO4)](ClO4), whereas [5,6]-substituted L3 induces a
significant helical distortion of [Cu(L3)(ClO4)2]. Although
no crystal structures were obtained for the CuII complexes
of [5,6]-substituted L2 and L4, their helical nature was con-
firmed by CD and UV spectroscopy.

For the mononuclear CuII complexes of [5,6]-substituted
ligands L2–4, 1H NMR spectra gave one set of broad sig-
nals and large CD absorptions were observed, which sug-
gests high stereoselectivity. Molecular modeling, which
shows helix formation induced by avoidance of steric inter-
actions, further strengthens the observation. Helix forma-
tion of opposite handedness is not favored. All the observa-
tions and experimental data support the stereoselective for-
mation of single-stranded mononuclear helical complexes.
Thus, the handedness of CuII helical complexes can be con-
trolled and predetermined by the chiral groups. The bulky
dimethyl groups of the pinene rings of L2 face in the oppo-
site direction to those of L3, and M-[Cu(L2)(ClO4)2] and P-
[Cu(L3)(ClO4)2] are formed from these ligands, respectively.
Interestingly, as observed from the opposing sign in the CD
absorption compared to that of L2, L4, which contains a
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methyl group on the lower side of the four-membered pi-
nene ring of L2, switches the chirality of CuII complex from
M to P.

Upon coordination to tetrahedral CuI ions, all the chiral
qtpy ligands induce a double helix structure by twisting the
bipyridine domains between two CuI ions with the integrity
maintained by multiple intramolecular π–π stacking. In
contrast to the mononuclear CuII complexes, the stereose-
lective formation of double-stranded helicates requires com-
plementary matching of the two ligands. Constable and co-
workers have previously proposed that the distance between
the chiral groups of one ligand strand and the central pyr-
idine ring of the other ligand strand is the major determin-
ing factor for the diastereoselectivity of the double-stranded
helicate. We found that, except for L4, the interaction ener-
gies between the qtpy strands are higher for the major dia-
stereomers than for their corresponding minor dia-
stereomers from DFT calculations. These results suggest
that the formation of the diastereomers is a kinetically con-
trolled reaction.

The handedness of CuI helicates is again dictated by the
chiral centers of the ligands. As an example, in P-[Cu2(L3)2]-
(PF6)2, L3 induces a λ,λ configuration on the metal center,
which gives rise to a P helix as the major diastereomer,
whereas L2 induces a Δ,Δ configuration on the metal center,
which gives rise to an M helix as the major diastereomer of
[Cu2(L2)2](PF6)2. In this sense, the absolute configuration
of the CuI center is predetermined by the ligand and the
configuration of the well-defined chiral helix follows. Ac-
cordingly, L1 and L3 will give P helices, whereas L2 and
L4 will give M helices as the major diastereomers. An inter-
esting point to note is that L1, which is almost planar in its
CuII complex, forms a helical CuI complex with a large CD
signal. This difference could act as a two read-out signals,
which could be useful in molecular machinery.

Conclusions

Two series of chiral helical copper complexes, single-
stranded mononuclear complexes and double-stranded di-
nuclear helicates, were formed with qtpy ligands. The helical
formation and stereoselectivity of the helicates were corre-
lated through X-ray crystallographic, NMR spectroscopic,
circular dichroism, and modeling studies. In the single-
stranded mononuclear complexes, the steric interaction be-
tween the two chiral auxiliaries of the ligand was shown
to be a key factor in influencing stereoselectivity. For the
dinuclear double-stranded CuI helicate, DFT calculations
suggested that interactions between the chiral groups of the
ligand strands in the helicate are not responsible for de-
termining the helical chirality of the CuI complexes. Com-
plete diastereoselective formation of a double-stranded hel-
icate is achieved with L4. Further development of helical
complexes with other metal ions and application of these
helical copper complexes in asymmetric catalysis are under
active investigation.
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Experimental Section
Caution: Perchlorate salts of organic cations are potentially explos-
ive and should be handled with great care.

Chemicals and Starting Materials: All air-sensitive manipulations
were carried out under an atmosphere of dry dinitrogen. The sol-
vents used for synthesis were of analytical grade. Dichloromethane
and acetonitrile were distilled under dinitrogen with calcium hy-
dride. All starting chemicals were of reagent-grade quality, ob-
tained commercially, and used as received without further purifica-
tion.

Physical Measurements and Instrumentation: Infrared spectra in the
range 500–4000 cm–1 as KBr plates were recorded with a Perkin–
Elmer Model FTIR-1600 spectrometer. UV/Vis spectra were mea-
sured with a Hewlett–Packard 8452A ultraviolet visible diode array
spectrophotometer. 1H and 13C NMR spectra were recorded with
a Varian YH300 300 MHz NMR spectrometer. The 1H chemical
shift was referenced to tetramethylsilane. ESI-MS were measured
with a PE SCIEX API 365 LC-MS/MS system. Elemental analyses
were performed with a Vario EL elemental analyzer. CD spectra
were recorded with a Jasco J-715 spectropolarimeter with a 0.1 cm
cell at 25 °C, and the results were given in Δε (m–1 cm–1).

Crystal Structure Determination: Crystallographic data for L1,
[Cu(L1)(H2O)(ClO4)](ClO4), [Cu(L1m)(ClO4)(H2O)](ClO4), [Cu(L-
3)(ClO4)2], and [Cu2(L3)2](PF6)2 are tabulated in Table 5. Intensity
data were collected at 293 K with a Bruker Axs SMART 1000 CCD
area detector using graphite-monochromated Mo-Kα radiation (λ
= 0.71073 Å). All collected frames were processed with the SAINT
software, and absorption correction was applied (SADABS) to the
collected reflections. The structures were solved by direct methods
(SHELXTL) in conjunction with standard difference Fourier syn-
theses. All non-hydrogen atoms were assigned with anisotropic dis-
placement parameters. The hydrogen atoms were generated in their
idealized positions and allowed to ride on the respective carbon
atoms.

CCDC-776974 (for L1), -776975 {for [Cu(L1)(H2O)(ClO4)]-
(ClO4)}, -776976 {for [Cu(L1m)(ClO4)(H2O)](ClO4)}, -776977 {for
[Cu(L3)(ClO4)2]}, and -776978 {for [Cu2(L3)2](PF6)2} 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.

General Procedure for Purification of Chiral qtpy Ligands: The
crude qtpy ligand was acidified with 6 n HCl (2 mL). The proton-
ated ligand was dissolved in the minimum amount of methanol and
isolated by precipitation with diethyl ether. The pale yellow solid
was recrystallized from methanol, collected by filtration, and
washed twice with cold methanol. It was then neutralized with 2 m

sodium hydroxide and extracted into CH2Cl2. The organic layer
was washed with deionized water and the solvent was removed un-
der reduced pressure.

General Method for Preparation of Mononuclear Single-Stranded
CuII–qtpy Complexes: An ethanol solution (5 mL) of hydrated Cu-
(ClO4)2 (0.2 mmol, 34 mg) was added to a solution of the appropri-
ate ligand (0.2 mmol) in CH2Cl2 (5 mL). A blue solution formed
immediately, and the reaction mixture was stirred for 2 h at ambi-
ent temperature. The solvent was removed under vacuum. The re-
sulting solid was washed several times with diethyl ether and recrys-
tallized by slow evaporation of a concentrated ethanol solution.

[Cu(L1)(H2O)(ClO4)](ClO4): Blue solid; yield 145 mg (90%). IR
(KBr): ν̃ = 3467 (bm), 2924 (m), 1603 (m), 1577 (m), 1470 (s), 1316
(m), 1096 (vs), 619 (m) cm–1. UV/Vis (CH2Cl2, 2.5 �10–5 m): λmax
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Table 5. X-ray data for L1, [Cu(L1)(H2O)(ClO4)](ClO4), [Cu(L1m)(H2O)(ClO4)](ClO4), [Cu(L3)(ClO4)2], and [Cu2(L3)2](PF6)2.

L1 [Cu(L1)(H2O)(ClO4)] [Cu(L1m)(H2O)(ClO4)] [Cu(L3)(ClO4)2] [Cu2(L3)2](PF6)2

(ClO4) (ClO4)

Formula C34H34N4 C34H36Cl2CuN4O9 C34H36Cl2CuN4O9 C35H38Cl2CuN4O9 C72H78Cu2F12N8OP2

Formula weight 498.65 779.11 777.09 793.13 1488.44
Crystal color, habit colorless, block green, block green, block green, rod red, block
Crystal dimensions 0.30�0.25�0.15 mm 0.28�0.22�0.20 mm 0.22�0.14�0.12 mm 0.32�0.16�0.13 mm 0.29�0.25�0.2 mm
Crystal system monoclinic triclinic triclinic orthorhombic orthorhombic
Lattice type primitive primitive primitive primitive primitive

a = 6.683(1) Å, a = 7.7672(4) Å a = 7.7739(5) Å a = 12.380(2) Å a = 14.964(1) Å
b = 17.785(2) Å b = 15.192(8) Å b = 15.206(1) Å b = 15.633(3) Å b = 19.520(1) Å
c = 23.459(2) Å c = 15.4805(8) Å c = 15.481(1) Å c = 19.013(3) Å c = 24.562(2) Å
α = 90.00° α = 78.216(1)° α = 78.234(1)° α = 90.00° α = 90.00°

Lattice parameters β = 90.128(1)° β = 88.252(1)° β = 88.283(1)° β = 90.00° β = 90.00°
γ = 90.00° γ = 81.894(1)° γ = 81.932(1)° γ = 90.00° γ = 90.00°
V = 2788.5(3) Å3 V = 1770.3(2) Å3 V = 1773.8(2) Å3 V = 3679.9(10) Å3 V = 7174.5(8) Å3

Space group P21 P1 P1 P212121 P212121

Z 4 2 2 4 4
Dcalc 1.188 Mg/m3 1.462 Mg/m3 1.455 Mg/m3 1.432 Mg/m3 1.378 Mg/m3

Temperature 273(2) K 273(2) K 273(2) K 293(2) K 293(2) K
Radiation Mo-Kα (λ = 0.71073 Å) Mo-Kα (λ = 0.71073 Å) Mo-Kα (λ = 0.71073 Å) Mo-Kα (λ = 0.71073 Å) Mo-Kα (λ =

0.71073 Å)
μ(Mo-Kα) 0.070 mm–1 0.827 mm–1 0.825 mm–1 0.797 mm–1 0.717 mm–1

2θmax 56.62° 56.50° 50.00° 50.00° 50.00°
F(000) 1064 806 802 1644 3080
Reflections 16594/9226 10555/9092 8826/7385 18227/6428 35403/12574
collected/unique (Rint = 0.0394) (Rint = 0.0151) (Rint = 0.0154) (Rint = 0.0392) (Rint = 0.073)
Absolute structure – 0.03(1) 0.26(2) –0.02(2) 0.00(2)
parameter
R indices [I�2σ(I)] R1 = 0.0509 R1 = 0.0457 R1 = 0.053 R1 = 0.0481 R1 = 0.0598

wR2 = 0.1133 wR2 = 0.1255 wR2 = 0.1475 wR2 = 0.1191 wR2 = 0.1373
R indices (all data) R1 = 0.1284 R1 = 0.0607 R1 = 0.0663 R1 = 0.0784 R1 = 0.1479

wR2 = 0.1425 wR2 = 0.137 wR2 = 0.1602 wR2 = 0.1371 wR2 = 0.1792

(εmax) = 315 (22.5 �103), 349 (11.2 �103), 363 (11.1 �103), 640
(1.5�102) nm. ESI-MS: m/z = 281 [Cu(L1)]2+, 660 [Cu(L1)-
(ClO4)]+. [Cu(L1)(H2O)(ClO4)](ClO4) (779.12): calcd. C 52.41, H
4.67, N 7.19; found C 52.70, H 4.74, N 7.24.

[Cu(L2)(ClO4)2]: Green solid; yield 140 mg (92%). IR (KBr): ν̃ =
3431 (bm), 2924 (m), 1577 (m), 1475 (m), 1091 (vs), 804 (m), 619
(m) cm–1. UV/Vis (CH2Cl2, 2.5� 10–5 m): λmax (εmax) = 321
(18.8�103), 354 (10.3�103), 730 (1.4 �102) nm. ESI-MS: m/z =
281 [CuL2]2+, 660 [Cu(L2)(ClO4)]+. [Cu(L2)(ClO4)2] (761.11):
calcd. C 53.65, H 4.51, N 7.36; found C 52.95, H 4.47, N 7.34.

[Cu(L3)(ClO4)2]: Green solid; yield 145 mg (95%). IR (KBr): ν̃ =
3436 (bm), 2929 (m), 1572 (m), 1254 (m), 1106 (vs), 799 (m), 620
(m) cm–1. UV/Vis (CH2Cl2, 2.5�10–5 m): λmax (εmax) = 325
(25.6�103), 356 (10.3 �103), 369 (9.1 �103), 764 (1.2 �102) nm.
ESI-MS: m/z = 281 [Cu(L3)]2+, 660 [Cu(L3)(ClO4)]+. [Cu(L3)-
(ClO4)2] (761.11): calcd. C 53.65, H 4.51, N 7.36; found C 52.84,
H 4.48, N 7.33.

[Cu(L4)(ClO4)2]: Deep green solid; yield 140 mg (92%). IR (KBr):
ν̃ = 3452 (bm), 2965 (m), 2924 (m), 1567 (m), 1424 (m), 1239 (m),
1086 (vs), 804 (m), 788 (m), 619 (m) cm–1. UV/Vis (CH2Cl2,
2.5 �10–5 m): λmax (εmax) = 306 (27.3�103), 354 (16.8 �103), 759
(8.0 �10) nm. ESI-MS: m/z = 295 [Cu(L4)]2+, 689 [Cu(L4)-
(ClO4)]+. [Cu(L4)(ClO4)2]·Et2O (863.28): calcd. C 55.64, H 5.62, N
6.49; found C 55.32, H 5.57, N 6.43.

General Method for Preparation of Dinuclear Double-Stranded CuI–
qtpy Helicates: [Cu(MeCN)4][PF6] (0.2 mmol, 42 mg) was treated
with the appropriate ligand (0.2 mmol) in degassed CH3CN
(2 mL). Dark red solutions were formed immediately and the reac-
tion mixture was stirred for 2 h at ambient temperature. Any solids
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were removed by filtration through Celite. The solvent was then
removed under vacuum.

[Cu2(L1)2][PF6]2: Dark red crystals; yield 139 mg (95%). IR (KBr):
ν̃ = 2930 (m), 1598 (m), 1465 (m), 1102 (s) cm–1. UV/Vis (CH2Cl2,
1.53�10–4 m): λmax (εmax) = 269 (50300), 292 (45300), 428 (5650),
520 (2743) nm. ESI-MS: m/z = 1269 [Cu2(L1)2][PF6]1+. [Cu2(L1)2]-
[PF6]2 (1414.34): calcd. C 56.79, H 4.97, N 8.02; found C 56.07, H
4.86, N 7.75.

[Cu2(L2)2][PF6]2: Dark red crystals; yield 136 mg (96%). IR (KBr):
ν̃ = 2929 (m), 1557 (m), 1434 (m), 1075 (m), 840 (vs), 558 (m) cm–1.
UV/Vis (CH2Cl2, 1.53�10–4 m): λmax (εmax) = 272 (69600), 311
(62700), 452 (11700), 548 (5000) nm. ESI-MS: m/z = 1269 [Cu2-
(L2)2][PF6]+. [Cu2(L2)2][PF6]2 (1414.34): calcd. C 56.79, H 4.97, N
8.02; found C 57.02, H 5.02, N 7.90.

[Cu2(L3)2][PF6]2: Dark red crystals; yield 127 mg (90%). IR (KBr):
ν̃ = 2925 (m), 1567 (m), 1424 (m), 1260 (m), 1076 (m), 843 (vs),
554 (m) cm–1. UV/Vis (CH2Cl2, 1.53 �10–4 m): λmax (εmax) = 264
(40.8� 103), 304 (45.3�103), 423 (6.4�103), 545 (2.8�103) nm.
ESI-MS: m/z = 1269 [Cu2(L3)2][PF6]+. [Cu2(L3)2][PF6]2 (1414.34):
calcd. C 56.79, H 4.97, N 8.02; found C 56.53, H 5.03, N 7.80.

[Cu2(L4)2][PF6]2: Dark red crystals; yield 130 mg (92%). IR (KBr):
ν̃ = 2919 (m), 1557 (m), 1424 (m), 1085 (s), 840 (vs), 553 (m) cm–1.
UV/Vis (CH2Cl2, 1.53 �10–4 m): λmax (εmax) = 272 (25.2 �103), 320
(25.0� 103), 427 (7.4�103), 523 (2.4�103) nm. ESI-MS: m/z =
1324 [Cu2(L4)2][PF6]+. [Cu2(L4)2][PF6]2 (1470.45): calcd. C 57.27,
H 5.37, N 7.75; found C 58.09, H 5.29, N 7.53.

[Cu2(L1m)2][PF6]2: Yield: 126 mg (89%). ESI-MS: m/z = 1269
[Cu2(L1m)2][PF6]1+. [Cu2(L1m)2][PF6]2·2.5H2O (1459.38): calcd. C
55.96, H 5.04, N 7.68; found C 55.81, H 4.95, N 7.70.
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DFT Calculations: DFT calculations were employed to investigate
the geometry of the complexes and their UV and CD spectra. Their
electronic ground states were optimized without symmetry con-
strains using the density functional PBE1PBE,[27] which is a hybrid
of the Perdew, Burke, and Ernzerhof exchange and correlation
functional and 25% HF exchange. The Stuttgart small core relativ-
istic effective core potentials were employed for Cu atoms with their
accompanying basis sets.[28] The 6-31G basis set was employed for
C, H, and N.[29] The electronic transitions for these complexes were
calculated at the TD-DFT level using the same functional and basis
sets. Tight self-consistent-field (SCF) convergence (10–8 au) was
used for all calculations. All the DFT calculations were performed
using the Gaussian 03 program package (revision D.01).[30] Al-
though frequency calculation of the optimized geometry was ham-
pered by the limitation of the computational power (the calcula-
tions involved too many basis functions and electrons, which were
too large to be handled by our computers), the forces on the system
were essentially zero and thus the optimized geometry was con-
firmed to be a stationary point.

Supporting Information (see footnote on the first page of this arti-
cle): Details of the DFT calculations.
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