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ABSTRACT: When ether vapor was allowed to diffuse
into a CH2Cl2 solution of an enantiomer of a hexa-peri-
hexabenzocoronene (HBC) derivative carrying a chiral
(BINAP)Pt(II)-appended coordination metallacycle
(HBCPy

[(R)‑Pt] or HBCPy
[(S)‑Pt]), screw-sense-selective

assembly took place to give optically active nanotubes
(NTPy

[(R)‑Pt] or NTPy
[(S)‑Pt]) with helical chirality, which

were enriched in either left-handed (M)-NTPy
[(R)‑Pt] or

right-handed (P)-NTPy
[(S)‑Pt], depending on the absolute

configuration of the (BINAP)Pt(II) pendant. When
MeOH was used instead of ether for the vapor-diffusion-
induced assembly, nanocoils formed along with the
nanotubes. As determined by scanning electron micros-
copy, the diastereomeric excess of the nanocoils was 60%
(80:20 diastereomeric ratio). Removal of the (BINAP)Pt-
(II) pendants from NTPy

[(R)‑Pt] or NTPy
[(S)‑Pt] with

ethylenediamine yielded metal-free nanotubes (NTPy)
that remained optically active even upon heating without
any change in the circular dichroism spectral profile. No
helical inversion took place when NTPy derived from
HBCPy

[(R)‑Pt] or HBC
Py
[(S)‑Pt] was allowed to complex with

(BINAP)Pt(II) with an absolute configuration opposite to
the original one.

I n general, the formation of large, elaborate organic
nanostructures with well-defined molecular geometries has

been considered to require that the assembly process carries
sufficiently high thermodynamic reversibility.1,2 Otherwise, ill-
defined structural errors, potentially brought about by kinetic
traps, may be unavoidable. However, such a thermodynamic
reversibility of the assembly often gives rise to readily
deteriorative dynamic nanostructures that are unfavorable for
applications. In regard to this contradictory issue, the groups of
Raymond3a and Fujita3b,c reported that, in the formation of large
inorganic nanocages, the assembly events at a certain stage
change to become hardly dynamic.3 Compared with such
inorganic nanostructures based on metal ion coordination
chemistry, nanoscale organic assemblies formed by van der

Waals and π-stacking interactions have been considered more
dynamic. Nanotubularly assembled hexabenzocoronene (HBC)
derivatives, reported in 2004 by our group,4−6 provide a typical
example of highly elaborate nanostructured organic materials. A
prototype of such HBC derivatives carries two triethylene glycol
(TEG) chains on one side of the HBC core and two dodecyl side
chains on the other (Figure 1).4 The tubular wall is 3 nm thick

and consists of a helically rolled-up bilayer assembly of J-
aggregated HBC units.5 Consequently, a single nanotube (NT)
is chiral with either a left- or right-handed helical geometry.6

Because of this high level of structural complexity, we have simply
thought that the nanotubularly assembled HBC derivatives must
be dynamic to a large extent. However, contrary to such a
preconceived notion, we report here that the NTs are not
dynamic. Instead, the constituent HBC J-aggregates carry a high
geometrical stability in their helical tubular array.
For the purpose of investigating the dynamic nature of the

HBC NTs, we utilized their helical chirality as a probe. In a
previous paper,7 we reported HBCPy, an HBC derivative carrying
a pyridyl group at the terminus of each TEG chain (Figure 2).
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Figure 1. Schematic illustration of a nanotubularly assembled hexa-peri-
hexabenzocoronene (HBC) derivative with a helically rolled-up bilayer
wall consisting of J-aggregated HBC units.
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Under appropriate conditions, HBCPy can coordinate to a
transition-metal ion such as Pt(II) through its pyridyl groups and
assemble into NTs.7 In the present study, HBCPy was allowed to
complex with axially chiral (R)- or (S)-(BINAP)Pt(II) with the
expectation that the resultant complex HBCPy

[(R)‑Pt] or
HBCPy

[(S)‑Pt], respectively (Figure 2), would self-assemble into
one-handed helical NTs, just like the self-assembly of HBC
derivatives with chiral oligoether side chains.6a In fact, this chiral
HBC derivative underwent screw-sense-selective nanotubular
self-assembly to form optically active nanotubes NTPy

[(R)‑Pt] or
NTPy

[(S)‑Pt]. Of particular interest, the nanotubes NT
Py obtained

by removal of (BINAP)Pt(II) from NTPy
[(R)‑Pt] or NT

Py
[(S)‑Pt]

perfectly maintained their biased helical trajectory even upon
heating (Figure 2). The issue of helical memory has been
extensively studied by Yashima and co-workers8 for covalent
polymers and by Purrello and co-workers9a and Meijer and co-
workers9b−d for supramolecular polymers composed of π-
stacked aromatic motifs.
Chiral HBCPy

[(R)‑Pt] and HBCPy
[(S)‑Pt] (Figure 2) were

prepared by the reaction of metal-free HBCPy with Pt(OTf)2
monohydrate complexes of (R)- and (S)-BINAP, respectively.10

Next, they were allowed to self-assemble by vapor diffusion.

Figure 2. Schematic illustration of a series of experiments for investigating the dynamic nature of nanotubularly assembled HBCPy.
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Typically, a 10 mL vial containing a CH2Cl2 solution (2 mL) of
HBCPy

[(R)‑Pt] (7.7 × 10−5 M) was placed in a 50 mL vial
containing ether (8 mL), a poor solvent for HBCPy

[(R)‑Pt]. While
this setup was kept at 25 °C for 36 h, ether vaporized and diffused
into the CH2Cl2 solution of HBCPy

[(R)‑Pt], whereupon a yellow
suspension resulted. Scanning electron microscopy (SEM) of its
air-dried sample showed the presence of a large number of
bundled nanofibers (Figure S1 in the Supporting Information).10

We found that this solid substance, which was collected by
centrifugation, is well-dispersed in MeOH, affording a clear,
yellow-colored dispersion. SEM (Figure 3a) and transmission

electron microscopy (TEM) (Figure S2a and Figure 3a inset)10

of its air-dried sample visualized the presence of NTPy
[(R)‑Pt] with

a uniform diameter of 18 nm and a wall thickness of 3 nm (for
NTPy

[(S)‑Pt], see Figure S3a,b).10 Because HBCPy
[(R)‑Pt] itself,

unless tubularly assembled, is insoluble in MeOH, the enhanced
dispersibility of NTPy

[(R)‑Pt] can be attributed to its cationic metal
ion pendants that fully cover the NT surface.4c,11

As commonly observed for tubularly assembled HBC
derivatives, the MeOH dispersion of NTPy

[(R)‑Pt] at 25 °C
displayed an electronic absorption spectrum with two red-shifted
absorption bands at 430 and 459 nm (Figure S4, blue curve),10

characteristic of J-aggregated HBC units.4,5 In this visible
absorption region, NTPy

[(R)‑Pt] in MeOH showed two distinct
circular dichroism (CD) bands at 430 and 459 nm (Figure 4b,
blue curve). The CD spectrum thus observed was a perfect
mirror image of that of NTPy

[(S)‑Pt] obtained by the assembly of
HBCPy

[(S)‑Pt] (Figure 4b; red curve). It should be noted that
nonassembled HBCPy

[(R)‑Pt] in CH2Cl2 displayed CD bands only

at 315 and 352 nm (Figure 4a, blue curve) due to the axially chiral
(BINAP)Pt(II) pendants bound to the pyridyl groups (Figure
S5b, blue curve).10 Therefore, the chiroptical activity of
NTPy

[(R)‑Pt] in its visible absorption region indicates that the
nanotubular helical assembly of HBCPy

[(R)‑Pt] is either left-
handed-enriched, (M)-NTPy

[(R)‑Pt], or right-handed-enriched,
(P)-NTPy

[(R)‑Pt] (Figure 2). It is noteworthy that when MeOH
was used instead of ether for the self-assembly of HBCPy

[(R)‑Pt]
under vapor-diffusion conditions, helical nanocoils (NCs) were
formed along with the NTs (Figure 3c). The NCs (Figure 3c
inset) can be regarded as a structurally relaxed form of
NTPy

[(R)‑Pt].
6b From arbitrarily selected SEM micrographs, we

confirmed that roughly 80% of the observed NCs adopted an
(M)-helical sense [60% diastereomeric excess (de)]. As
expected, HBCPy

[(S)‑Pt] with the opposite configuration of the
BINAP pendant predominantly gave rise to (P)-helical NCs
(Figure 3d and its inset), again with 60% de. The observed
selectivity is remarkable considering that the chiral pendant is
attached to the assembling aromatic core by the rather long (>1
nm) and flexible spacer.

Figure 3. (a) SEM and (inset) TEM micrographs of an air-dried
dispersion of NTPy

[(R)‑Pt] in MeOH. (b) SEM and (inset) TEM
micrographs of an air-dried suspension of NTPy inMeOH formed by the
removal of the (BINAP)Pt(II) pendants from NTPy

[(R)‑Pt]. (c, d) SEM
micrographs of mixtures of NCs andNTs formed by self-assembly of (c)
HBCPy

[(R)‑Pt] and (d) HBC
Py
[(S)‑Pt] in CH2Cl2 upon diffusion of MeOH

vapor. The insets in (c) and (d) highlight NTs partially exfoliated into
NC strands. The yellow arrows point out NCs with a minor helical
sense. [M]:[P] = 48:12 and 7:26 in (c) and (d), respectively.

Figure 4. (a) CD spectra of HBCPy
[(R)‑Pt] (blue curve) and HBC

Py
[(S)‑Pt]

(red curve) in CH2Cl2 at 25 °C. (b) CD spectra of NTPy
[(R)‑Pt] (blue

curve) and NTPy
[(S)‑Pt] (red curve) in MeOH at 25 °C. (c) CD spectra

(MeOH, 25 °C) of NTPy derived from NTPy
[(R)‑Pt] (blue solid curve) or

NTPy
[(S)‑Pt] (red solid curve) upon removal of the (BINAP)Pt(II)

pendants using EDA ([EDA]:[HBCPy] = 600:1, 2 h). Dotted curves
represent the CD spectra after heating at 50 °C for 12 h. (d) CD spectra
(MeOH, 25 °C) after mixing NTPy derived from NTPy

[(R)‑Pt] with (S)-
(BINAP)Pt(II)(OTf)2 (blue solid curve) or NTPy derived from
NTPy

[(S)‑Pt] with (R)-(BINAP)Pt(II)(OTf)2 (red solid curve) at a
[(BINAP)Pt(II)]:[HBCPy] ratio of 1:1. The dotted curves show CD
spectra recorded 5 months after mixing at 25 °C. (e) CD intensity
changes at 430 nm from (d) with time. All of the CD spectra were
recorded at [HBCpy] = 7.7 × 10−5 M.
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The (BINAP)Pt(II) pendants could be detached from the NT
surface by treatment with an excess amount of ethylenediamine
(EDA) (Figure 2). Typically, EDA was added to a MeOH
dispersion of NTPy

[(R)‑Pt] ([HBC
Py
[(R)‑Pt]] = 5.1× 10−5M; [EDA]

= 0.03 M), and the mixture was gently stirred at 25 °C for 2 h in
the dark. The resulting yellow suspension was subjected to
centrifugation, and the resultant precipitate was collected and
washed three times with a MeOH solution (2 mL) of EDA (0.1
M). By means of SEM (Figure 3b) and TEM (Figure S2b and
Figure 3b inset),10 we confirmed that the solid substance thus
isolated was composed exclusively of NTs with diameter (18 nm)
and wall thickness (3 nm) nearly identical to those of the
NTPy

[(R)‑Pt] precursor (Figure 3a). No residual (BINAP)Pt(II)
was detected by 1H NMR spectroscopy and elemental analysis,
indicating that the chiral pendants were completely removed
from the inner and outer surfaces of NTPy

[(R)‑Pt] (Figure 2).
Accordingly, this transformation was accompanied by a slight
decrease in intensity of the broad absorption band centered at
365 nm. However, the absorption intensities of the resultant
NTPy at 430 and 459 nm due to the J-aggregated HBC units
remained unchanged (Figure S6).10

Because of the presence of chiral elements in the helical HBC
array and its surface pendants, (M)-NTPy

[(R)‑Pt] and (P)-
NTPy

[(R)‑Pt] are diastereoisomers of one another (Figure 2).
However, (M)-NTPy and (P)-NTPy derived from them by
removal of the (BINAP)Pt(II) pendants are enantiomers.8,9

Hence, if the helical HBC array in NTPy were highly dynamic,
(M)-NTPy, for example, could eventually be racemized to give an
optically inactive 1:1 mixture of (M)-NTPy and (P)-NTPy.
However, NTPy obtained from NTPy

[(R)‑Pt] remained optically
active (Figure 2). As shown by the blue solid curve in Figure 4c,
the CD intensity at 430 nm in MeOH was essentially identical to
that observed for its precursor NTPy

[(R)‑Pt] (Figure 4b, blue
curve). Although a significant CD spectral change took place at
300−400 nm, this change is reasonable when the CD spectral
profile of pyridine-coordinated (R)-(BINAP)(Py)2Pt(II) (Fig-
ure S5b, blue curve) is taken into account. An analogous CD
spectral change was observed for the transformation of
NTPy

[(S)‑Pt] (Figure 4b, red curve) into NTPy (Figure 4c, red
solid curve). Interestingly, even upon heating for 12 h at 50 °C,
the chiroptical activity thus observed for NTPy was maintained
without any decrease in CD intensity (Figure 4c, dotted curves).
These observations demonstrate a high thermal stability of the
helical HBC array in NTPy. Just in case, we added (S)-
(BINAP)Pt(II)(OTf)2 to NTPy derived from NTPy

[(R)‑Pt] at a
[(BINAP)Pt(II)]:[HBCPy] ratio of 1:1 in MeOH (Figure 2).
The mixture immediately showed the expected CD spectral
change at 300−400 nm (Figure 4d, blue solid curve) for the
complexation of NTPy with (S)-(BINAP)Pt(II), matching the
CD spectral profile of its pyridyl complex (Figure S5b, red
curve). However, even over a period of 5months, the CD band at
430 nm did not show any appreciable change associated with
helical inversion of the HBC array (Figure 4d,e).12

In conclusion, by using (BINAP)Pt(II) as a detachable chiral
auxiliary for the non-covalent assembly of a hexabenzocoronene
derivative, HBCPy, we succeeded in the first asymmetric synthesis
of a highly elaborate “nanotubular” helical architecture (Figure 1)
with 60% de (80:20 diastereomeric ratio). In view of the rather
long (>1 nm) and flexible spacer between the chiral auxiliary and
the HBC core, the assembly event is highly sensitive stereo-
chemically. The optically active NTs obtained after the removal
of the detachable chiral auxiliary (Figure 2) did not racemize over
a period of >5 months, demonstrating a large geometrical

stability of the J-aggregated HBC units in the NT. Why then can
this poorly dynamic molecular assembly fulfill the large
stereochemical requisite for the formation of such an elaborate
nanotubular architecture? We suppose that the assembly event is
analogous to that of crystallization, where only the growing
termini of the NT are dynamic, allowing the correction of any
kinetically driven geometrical errors that may be generated.
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