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ABSTRACT: Unique helix of helix structures were formed
via intermolecular π-stacking and metal−metal interactions
in the crystal of single-helical dinuclear complexes [L2M2]
(M = Pd, Ni) having an acyclic bis(N2O2)-type ligand. The
difference in the helical winding angle of the constituents
(401.7° for [L2Pd2]; 421.3° for [L

2Ni2]) led to variation of
the helical pitches of the helical array (72 helix for [L

2Pd2];
62 helix for [L

2Ni2]).

The helical structure is a basic structural motif in
biomolecules such as the DNA double helix or protein

α-helix. These helical motifs play an important role in storing
genetic information, protein−DNA binding, etc. Some of the
helical structures further form a helical structure at a higher
order, i.e., a hierarchical helix of helix, as seen in the supercoiled
DNAs1 or coiled-coil structures in proteins.2 Such hierarchical
helical structures are also found in artificial systems; the
representative examples are a spiral structure of helical
polyacetylene fibrils3 and a cholesteric liquid crystal with a
helical twist.4 An alternative approach to obtaining hierarchical
helix of helix structures is the helical assembling of discrete
flexible molecules (Scheme 1). In this approach, each of the

discrete molecules is folded into a helix, which further
aggregates into a higher order helix via noncovalent
interactions. We have recently reported that a single-helical
metal complex forms a helical array in the crystalline state,
which well approximates a superhelical structure.5

We have focused on a hierarchical assembly of helical
molecules by taking advantage of the π-stacking and metal−

metal interactions. The 1D-stacked array of helical molecules
would provide novel electric or optical properties with a helical
chirality that is derived from the helicity of the constituents. An
aromatic ligand H4L

1 based on a bipyridine−phenol repeating
unit, which we recently reported,6 is a candidate for this
purpose (Chart 1). This ligand molecule consisting of eight

aromatic moieties formed a single-helical structure with an
intramolecularly π-stacked structure when complexed with
metal ions in a square-planar geometry. This planar metal
complex moiety also serves as a π surface for the intermolecular
π-stacking and metal−metal interactions, which would
contribute to the formation of a higher-order structure. In
this paper, we report the first hierarchical 1D-stacked array with
a helix of helix structure, i.e., a helically stacked array formed
from a discrete single-helical dinuclear complex of the ligand
H4L

2. The helical pitch was efficiently controlled by changing
the metal incorporated into the helical scaffold.
The ligand H4L

2 with formyl groups was synthesized from a
precursor bearing 1,3-dioxolan-2-yl groups using a method
analogous to the synthesis of the parent ligand H4L

1.7 The
helical dinuclear palladium(II) complex [L2Pd2] was obtained
in 77% yield by a reaction with palladium(II) acetate in N,N-
dimethylformamide (DMF).7 The single crystals of [L2Pd2]
were grown by the vapor-phase diffusion of diethyl ether into
the DMF solution. X-ray crystallographic analysis8,9 (Figure 1)
revealed that the asymmetric unit of the crystal contains seven
crystallographically independent molecules whose structures
are essentially similar to each other. While a number of crystals
containing several crystallographically independent molecules
in the asymmetric unit have been reported, the ones containing
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Scheme 1. Schematic Drawing of a Helically Stacked Array
of Helical Molecules as a Hierarchical Helix of Helix

Chart 1. Acyclic Pyridine−Phenol Ligands for the Formation
of Hierarchical Helix of Helix Structures
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seven are quite rare.10 Each molecule of [L2Pd2] has two
square-planar metal moieties lying almost parallel to one
another at a distance of 3.4 Å (Figure 1a). The dihedral angles
of the binaphthyl group range from 66 to 75°, and the helix
winding angles11 are in the range of 387−422°. The structures
are better described as a one-turn single-helical structure, whose
helical handedness is forced to be right-handed because of the
chiral (S)-2,2′-binaphthyl group.12 Such a structural feature of
the dinuclear complex [L2Pd2] was similar to that of the
nickel(II) complex [L1Ni2] without having formyl groups.6

The molecular arrangement in the crystal of [L2Pd2] is also
noteworthy. The seven crystallographically independent
molecules are stacked on top of each other in the direction
of [1 0 1̅], forming an infinite 1D array continuing to the
neighboring cells (Figure 1b,c). The two neighboring molecules
are stacked in such a way that they twist around the axis of the
1D array by 91−127°.13 As a result, the seven molecules form a
right-handed two-turn twist (72 helically stacked array; seven
repeat units per two turns) with a helical pitch of 22.5 Å, while
each of the molecules adopted a single-helical structure with a
helical pitch of 3.4 Å. Thus, a hierarchical helix of helix is
formed in the crystal.
This helically stacked array presumably resulted from

multiple noncovalent interactions between the neighboring
molecules. Each two neighboring molecules face one another in
such a way that the square-planar palladium planes are stacked
parallel on top of each other. The intermolecular Pd−Pd
distances are in the range of 3.16−3.37 Å, which are typical
values for the PdII−PdII contact.10d,14 The terminal phenol
rings of the two neighboring molecules are also stacked in a
parallel fashion at a distance of around 3.4 Å, indicative of a π-
stacking interaction. These two kinds of noncovalent
interactions are responsible for the formation of the 1D-
stacked array. In addition, the pyridyl protons, B2 and B3
(Figure 2), interact with the naphthalene ring of the
neighboring molecule in a C−H···π fashion (H···π distances,
2.5−2.8 Å). This attractive interaction as well as the steric
hindrance of the tert-butyl groups makes each two neighboring
molecules twisted at approximately 100° in the same direction,
leading to the formation of the unique 72 helically stacked
array.15

There still remains the possibility that the 1D helically
stacked array in the crystal of [L2Pd2] resulted from just the

crystal-packing force. However, intermolecular noncovalent
interactions were also observable in solution. The 1H NMR
spectra of [L2Pd2] in (CD3)2SO showed a significant
dependence on the concentration (Figure 2). As the
concentration increased, the protons on the phenol ring (A2
and A3), pyridine rings (B1−B3 and C1−C3), and the formyl
groups shifted upfield, while the naphthalene protons D2−D5
showed slight downfield shifts. This result suggests intermo-
lecular interactions in which the phenol−bipyridine moiety of
the [L2Pd2] molecule is in the shielding region of the
neighboring molecules. The spectral changes were analyzed
by using self-association equilibrium with the equal K model,16

giving an equilibrium constant of 35.7 ± 0.8 M−1 (Figure 2).
Of these spectral changes, the largest upfield shift was

observed for the pyridyl proton B3. This proton should interact
with the naphthalene π surface of the neighboring molecules via
C−H···π interaction, as is observed in the crystal structure
(Figure 2). The rotational nuclear Overhauser effect (ROE)
correlation between the pyridyl proton C1 and the naphthalene
proton D5 also supports a structural similarity to that of the
crystal structure in which the corresponding distances are in the
range of 2.5−3.0 Å. Therefore, the attractive noncovalent
interaction significantly contributes to the formation of the
helical array of [L2Pd2] in the crystal.
Once we knew that [L2Pd2] underwent aggregation in

solution, it was obvious that this unique 72 helically stacked
array was formed not by unpredictable interactions such as
packing forces but was inevitably produced by directional and
attractive noncovalent interactions. We expected that mod-
ification of the helical constituent at the lower hierarchical level
changes the structural feature of the helically stacked array at
the higher hierarchical level.
We synthesized the corresponding dinuclear nickel(II)

complex [L2Ni2] in a similar manner,7 whose structure was
determined by X-ray crystallographic analysis8,9 (Figure 3a).

Figure 1. (a) ORTEP drawing (30% probability) of one of the seven
crystallographically independent molecules of [L2Pd2]. Hydrogen
atoms are omitted for clarity. (b and c) Wireframe and space-filling
models of a 1D helically stacked array of [L2Pd2] in the crystal. A
helical ribbon is approximately overlaid on the positions of the tert-
butyl groups to show the helical twisting.

Figure 2. Concentration dependence of the 1H NMR spectra
(aromatic region) of [L2Pd2] (600 MHz, (CD3)2SO, 298 K). The
stacking structure of [L2Pd2] in the crystal is also shown.
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This crystal contains four crystallographically independent
molecules (molecules 1−4) of [L2Ni2], two of which
(molecules 1 and 4) have a crystallographically imposed 2-
fold axis. These four kinds of molecules formed an array of
1,2,3,4,3,2,1..., which forms the 1D-stacked helix of helix
structure (Figure 3b,c) similar to the palladium(II) analogue.
It is worth noting that [L2Ni2] formed a 62 helically stacked
array instead of the 72 one. The helical pitch is now 19.0 Å,
which is considerably shorter than that of [L2Pd2] (22.5 Å) by
ca. 3.5 Å.
The change in the pitch of the higher-order helix can be

ascribed to the slight structural differences in the helical
constituents at the lower hierarchical level. Although the overall
molecular structure of [L2Ni2] (Figure 3a) is similar to that of
[L2Pd2], different bond distances (Ni−O 1.815−1.838 Å and
Ni−N 1.860−1.878 Å for [L2Ni2]; Pd−O 1.933−1.996 Å and
Pd−N 1.947−2.002 Å for [L2Pd2]) resulted in a difference in
the average helix winding angles of each helical constituent
(421.3° for [L2Ni2]; 401.7° for [L2Pd2]). The difference of
approximately 20° well accounts for the difference in the helical
twisting per molecule, 720°/6 = 120° for [L2Ni2] and 720°/7 =
102.9° for [L2Pd2] because each two neighboring molecules are
stacked in a similar way. Thus, [L2Ni2] requires a lower number
of molecules for two turns (e.g., six molecules for two turns)
than [L2Pd2] (seven molecules for two turns).
One of the significant features of the helix of helix structures

reported here is that a helical molecule at the lower hierarchical
level formed a helically stacked array at a higher hierarchical level.
An organic ligand having chiral information can define the
handedness of helices at both the lower and higher hierarchical
levels. This implies that a finely designed helical constituent
leads to the formation of well-controlled helically stacked
arrays, which would be useful for various kinds of helicity-based
functions, such as self-replication, amplification, or transcription
of the chirality information. We are now investigating such a
sophisticated function based on the hierarchical helix of helix.
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Figure 3. (a) ORTEP drawing (30% probability) of one of the four
crystallographically independent molecules of [L2Ni2]. Hydrogen
atoms are omitted for clarity. (b and c) Wireframe and space-filling
models of a 1D helically stacked array of [L2Ni2] in the crystal. A
helical ribbon is approximately overlaid on the positions of the tert-
butyl groups to show the helical twisting.
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