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The bottom-up synthesis of hoop-shaped aromatic hydrocarbons is currently attracting 
interest, because they can serve as finite models of single-wall carbon nanotubes 
(sWnTs). models for chiral (n,m)-sWnTs, particularly those with optical activity, have 
not been synthesized but are of special interest owing to their anomalous helical network 
of sp2-carbons. Here we show that finite model compounds for (12,8)-, (11,9)- and  
(10,10)-sWnTs are synthetically accessible by a stepwise macrocyclization of [4]phenacene, 
a compound that bears fused benzene rings in a zigzag arrangement, and we can isolate and 
identify all the isomers including the enantiomers with (P)- and (M)-helicity. The complete 
isolation and identification of the model compounds led to the first examination of the 
stereo-disproportionation of chiral sWnT models, which encourages the future studies on 
asymmetric induction for the synthesis. 
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Bottom-up synthesis of hoop-shaped aromatic hydrocarbons is 
currently attracting great interest because of both the difficulty 
with which these compounds are synthesized and the fact that 

they contain tubular structures that can serve as finite models of 
single-wall carbon nanotubes (SWNTs). Although the synthesis of 
finite models for armchair (n,n)-SWNTs has been intensely investi-
gated with cycloparaphenylenes (CPP) over the past few years1–6, the 
synthesis and isolation of models for chiral (n,m)-SWNTs (n≠m), 
particularly those bearing persistent structures with optical activity, 
has not been achieved. The chiral (n,m)-SWNT models are intrigu-
ing targets, possessing chirality inherent to the anomalous helical 
arrangements of the sp2-carbon network; however, many issues arise 
in the synthesis, isolation and characterization of such compounds. 
A recent investigation of the synthesis of a (15,14)-SWNT model 
further exemplifies another serious issue: a loss of optical activity 
with CPP congeners may arise because of racemization by rotation 
around the single-bond linkages under ambient conditions7.

Here we report the synthesis of [4]cyclo-2,8-chrysenylene 
([4]CC), a macrocyclic tetramer of chrysene ([4]phenacene) mol-
ecules that are linked by four single bonds. We found that we could 
isolate a complete set of rotational isomers of the cyclophenacen-
ylenes, including the helical enantiomers, and fully characterize 
the persistent rigid tubular structures that serve as finite models 
for (P)/(M)-(12,8)-SWNTs, (P)/(M)-(11,9)-SWNTs and (10,10)-
SWNTs8. Notably, the present synthesis is the first example of the 
bottom-up construction of cyclophenacene congeners, which have 
previously been prepared only through top-down chemical syn-
thesis from [60]fullerene9. Finally, we explored the possibility of  
enantioenrichment in the synthesis, which may call for the  
further challenge of bottom-up asymmetric synthesis of single  
chiral SWNTs in the future. 

Results
Synthesis. We synthesized [4]CC through the application of biaryl 
homocoupling to diborylchrysene10. After a few unsuccessful trials 
of one-pot homocoupling reactions of 2,8-dibromochrysene 1  
(refs 11,12), we arrived at a two-step synthesis involving the 
isolation of a Pt-complex as the synthetic intermediate, a strategy 
similar to that of the pioneering studies of Yamago for the synthesis 
of [8]CPP3,5. In our synthesis, we found that the arylated Pt-complex 
could be obtained straightforwardly through the reaction of 
boronate ester with divalent platinum. After converting dibromide 1  
to diborylchrysene 2, 2 was subjected to the metalation reaction 
with PtCl2(cod) in the presence of CsF to afford Pt-complex 3 in 
74% yield (Fig. 1; Supplementary Methods). The structural analysis 
of 3 by nuclear magnetic resonance (NMR) spectroscopy indicated 
that chrysenylene units are freely rotating around the single-
bond linkages at ambient temperature, and the square structure 
was established through the X-ray analysis of a single crystal 
(Supplementary Fig. S1). The final cyclization step was then effected 
through a ligand exchange reaction with PPh3 and a subsequent 
reductive elimination reaction at 100 °C to give [4]CC in 94% yield 
as a mixture of isomers13.

Structures. Before providing further experimental details, we 
describe the structures of the possible isomers of [4]CC to clarify 
the complex and challenging issues involved in its isolation and 
identification. Depending on the relative orientations of the chryse-
nylene units in the nanohoop, the total number of possible isomers 
of [4]CC is six, including two sets of helical enantiomers. All the 
possible structures, each of which bears a model structure for a dif-
ferent SWNT, are shown in Figure 2. Using the conventional assign-
ments of the chiral index of SWNTs8, we can group the isomers 
first into three structures: (12,8)-[4]CC, (11,9)-[4]CC and (10,10)-
[4]CC. The chiral (n,m)-isomers can be grouped further into heli-
cal enantiomers of (P) and (M), and the two different isomers of 

(10,10)-[4]CC can be assigned, respectively, as (10,10)-[4]CCAABB 
and (10,10)-[4]CCABAB, depending on the relative orientations of 
chrysenylene units.

Isolation. We succeeded in the isolation of the complete set of six 
isomers using a readily available column of surface-modified silica 
gel. Thus, a mixture of [4]CC was subjected to reserve-phase high-
pressure liquid chromatography (HPLC) using cholesterylated 
silica gel (COSMOSIL Cholester column) to delineate each isomer, 
A–F, as a separated peak (Fig. 3a). Although the peaks of three 
isomers (A–C) overlapped by ultraviolet-vis detection, detection 
with a circular dichroism (CD) method enabled us to determine 
the molar ratio of the six isomers (A:B:C:D:E:F = 13:19:5:22:19:22) 
and also to assign the isomers with helical chirality (B, D, E, F). 
Note that the separation and the CD activity unequivocally show 
that, unlike the previous examples of CPP7, the single-bond link-
ages in the nanohoop are rotationally constrained at ambient  
temperature and that all the isomers, including the helical enan-
tiomers, were separated on the chiral steroidal stationary phase.  
It is interesting to note that the rotation of chrysenylene units at 
the single-bond linkages are restricted in the absence of any appar-
ent steric repulsions that are requisite structural factors for the  
conventional restricted rotation. Exerting the chromatographic 
separation on a preparative scale with larger columns (Supple-
mentary Fig. S2), we obtained all the isomers in a pure form with 
the yields shown in Figure 2.

Identification. The next challenge of structural identification of 
the isolated isomers was accomplished by NMR spectroscopy and 
CD spectroscopy. As is often the case with fullerene derivatives14,15, 
we can assign the chiral index of [4]CC from 13C NMR spectra 
by using the difference in the point symmetry of each structure. 
The numbers of aromatic carbon resonances, observed experimen-
tally with the isolated isomers, were A = 17, B/E = 30, C = 9 and 
D/F = 9, where the two sets of CD-active isomers, B/E and D/F, 
displayed identical NMR spectra (Supplementary Figs S3 and S4), 
which reveals that they are the enantiomers of the (n,m)-isomers,  
respectively. Taking into account the symmetric operations 
inherent to each structure shown in Figure 2, we can expect the 
numbers of inequivalent aromatic carbons to be the following: 
(P)/(M)-(12,8)-[4]CC (D4 symmetry) = 9, (P)/(M)-(11,9)-[4]CC 
(C2 symmetry) = 36, (10,10)-[4]CCAABB (C2 h symmetry) = 18 and 
(10,10)-[4]CCABAB (D4d symmetry) = 9. Combining these facts 
including inevitable overlaps of the observed carbon resonances, we 
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Figure 1 | Synthesis of [4]CC. The ratios of isomers are the molar ratios 
determined by HPLC analysis.
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unequivocally assigned the chiral index of the isomers as follows: 
(12,8)-[4]CC = D/F, (11,9)-[4]CC = B/E, (10,10)-[4]CCAABB = A 
and (10,10)-[4]CCABAB = C (Fig. 2).

The helical handedness of (P) and (M) for the (n,m)-isomers 
was further identified by CD spectroscopy and theoretical calcula-
tions8,16. As shown in Figure 3b,c, the CD spectrum of B was the 
mirror image of E, and the CD spectrum of D was the mirror image 
of F. This observation confirmed the enantiomeric relationship 
between these two sets of isomers. By performing time-dependent 
density functional theory calculations using the B3LYP/6-31G(d,p) 
functional, we obtained theoretical spectra for the (P)-isomers 
bearing methyl substituents17. Matching the experimental and theo-
retical spectra, as shown in Figure 3b,c, we can assign isomer E as 
(P)-(11,9)-[4]CC and isomer F as (P)-(12,8)-[4]CC, which, conse-
quently, led the assignment of isomer B as (M)-(11,9)-[4]CC and 
isomer D as (M)-(12,8)-[4]CC. With the theoretical analysis, the 
negative CD bands at the longest wavelengths (432 nm for E and 
434 nm for F) can be ascribed to the transition between the HOMO 
and the LUMO that are fully delocalized over the tubular structures 
(Supplementary Fig. S7). Thus, the negative rotational bands from 
the first transition may be regarded as characteristic signatures of 
(P)-helical (12,8)- and (11,9)-SWNTs. With these identifications in 
hand, we completed the assignments of the chiral indices for all the 

isomers of [4]CC, as shown in Figure 2. It is interesting to note that 
both of the (P)-isomers are retained longer in the steroidal environ-
ment of the HPLC column.

Enantioenrichment. The complete isolation and assignment 
prompted us to examine the asymmetric induction to explore the 
possibility of stereoselective synthesis of chiral SWNT models. How-
ever, we could not find any appropriate chiral phosphine ligands for 
the stereo-discrimination and realized that chrysenylene units in 
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Figure 2 | Structures of the [4]CC isomers. The two possible chrysenylene 
orientations are shown in red and blue. The molar ratio was determined by 
HPLC analysis of a mixture of [4]CC isomers, and the yields were recorded 
after isolation of each isomer with preparative HPLC. 
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Figure 3 | Analysis of [4]CC isomers. (a) HPLC analysis of [4]CC 
using CosmosIL Cholester columns. The top chart shows the analysis 
with ultraviolet-vis detection at 300 nm, and the bottom chart shows 
the simultaneous analysis with CD detection at 420 nm. Peaks with 
positive CD are shown in blue, and those with negative CD are in red. 
(b) Experimental and theoretical CD spectra of (12,8)-[4]CC. The 
plain curves in blue and red are the experimental spectra of isomers B 
and E, respectively. The broken curve is a theoretical spectrum of (P)-
(12,8)-[4]CC with methyl substituents. (c) Experimental and theoretical 
CD spectra of (11,9)-[4]CC. The plain curves in blue and red are the 
experimental spectra of isomers D and F, respectively. The broken curve is 
a theoretical spectrum of (P)-(11,9)-[4]CC with methyl substituents. 
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[4]CC can rotate at an elevated temperature, although the rotation 
has not been observed at ambient temperature at least for several 
tens of hours. Thus, when (P)-(12,8)-[4]CC was heated at 100 °C in 
toluene, we started observing the other five isomers after 1 h and, 
after 8 h, the ratio of all the isomers reached at the same value before 
the separation. Although the precise energetics of the rotational 
barrier should be investigated in due course, we then examined the 
enantioenrichment in the synthesis by combining the dispropor-
tionating equilibration process with the preceding reductive elimi-
nation step. As shown in Figure 4, when we carried out the reductive 
elimination in the presence of an excess amount of cholesteryl stear-
ate, we obtained the (P)-isomers of (12,8)- and (11,9)-[4]CC prefer-
ably over the (M)-isomers and recorded enantiomeric excesses of 
17% for (12,8)-[4]CC and 11% for (11,9)-[4]CC. The results show 
that, in the presence of the steroidal additives, [4]CC undergoes dis-
proportionation of enantiomers at an elevated temperature, which 
may involve favourable interactions of steroids’ α-face with the con-
vex outer surface of the molecules18,19. The hypothesis is also sup-
ported by the fact that the isomers such as (P)-isomers that display 
a steroid-like face of chrysenylene units outward (shown in red in 
Fig. 2) are preferably obtained and that these isomers also tend to 
remain longer in the steroidal environment of the cholesterylated 
silica gel.

Discussion
We have demonstrated that cyclophenacenylenes with single-
bond linkages can maintain the hoop-shaped structure at ambient 
temperature and can be isolated as finite models for chiral (n,m)-
SWNTs with persistent helical chirality. Spectroscopic characteris-
tics of the finite models should provide indispensable information 
for the parent SWNTs, especially in the identification of their heli-
city with CD spectra. This first example of enantioenrichment on 
the synthesis of chiral SWNT models encourages further studies in 
the stereoselective synthesis as well as in the use of steroids both 
for separations and asymmetric induction. The application of the 
shortest finite models as base templates for the selective synthesis of 
SWNTs through elongation processes is another intriguing possibil-
ity to be explored20–22, and the chemistry of [4]CC at the periphery is 
currently under investigation.

Methods
Synthesis and characterization. The synthesis of intermediate 1 was based on the 
protocols established for the synthesis of chrysene derivatives10 and is reported in 
Supplementary Methods along with the physical data for the characterization of 
new compounds.

Synthesis of 2. A mixture of dibromochrysene 1 (3.06 g, 5.50 mmol), 
bis(pinacolato)dibrone (3.07 g, 12.1 mmol), PdCl2(dppf)•CH2Cl2 (135 mg, 
165 µmol) and KOAc (1.62 g, 16.5 mmol) in toluene (32.4 ml) was stirred at 80°C 
for 28 h and at 100°C for 5 h. To the mixture was added water (ca. 100 ml), and the 
organic materials were extracted with chloroform (4×50 ml). The organic layer 
was washed with brine, dried over magnesium sulfate, and concentrated in vacuo. 

The crude material was purified by silica gel column chromatography (eluent: 60% 
CHCl3/hexane) to afford 2 in 91% yield (3.24 g, 5.00 mmol) as a pale brown solid.

Synthesis of 3. A mixture of boronate ester 2 (100 mg, 154 µmol), PtCl2(cod) 
(57.6 mg, 154 µmol) and CsF (140 mg, 924 µmol) in tetrahydrofuran (7.7 ml) was 
heated at reflux for 24 h. To the mixture was added water (ca. 5 ml), and the organic 
materials were extracted with chloroform (4×20 ml). The organic layer was washed 
with brine, dried over magnesium sulfate, and concentrated in vacuo. The crude 
material was washed with tetrahydrofuran (ca. 30 ml) to afford 3 in 74% yield 
(78.8 mg, 113 µmol) as an analytically pure material

Synthesis of [4]CC. A mixture of platinum complex 3 (72.5 mg, 26.0 µmol) 
and triphenylphosphine (273 mg, 1.04 mmol) in toluene (8.67 ml) was stirred at 
ambient temperature for 30 min and at 100°C for 24 h. After removal of volatile 
materials in vacuo, the residual materials were purified by silica gel column chro-
matography (eluent: 20% CHCl3/hexane) to afford [4]CC as a mixture in 94% yield 
(38.5 mg, 24.4 µmol).

Analysis of [4]CC isomers by HPLC. A mixture of [4]CC isomers were analysed 
by an analytical HPLC system equipped with cholesterylated columns (COS-
MOSIL Cholester 4.6φ × 250 + 250 + 250 mm, Nacalai Tesque; 40°C in a column 
oven JASCO CO-2060PLUS) under the detection with ultraviolet-vis (JASCO 
MD2018PLUS; 300 nm) and CD (JASCO CD-2095; 420 nm) detectors at flow 
rate of 1.0 ml min − 1 with eluent of 60% CH2Cl2/MeOH. To deconvolute the first 
three peaks of A–C in the ultraviolet-vis chart, we used CD peaks of B as a refer-
ence and subtracted the adjusted peak from the ultraviolet-vis chart to obtain 
the corrected area ratio of all six peaks. We then converted the area ratio to the 
molar ratio by applying molar absorption coefficients of each isomers at the 
detection wavelength: (10,10)-[4]CCAABB (A) = 1.11×105 M − 1 cm − 1, (11,9)-[4]CC 
(B,E) = 1.07 × 105 M − 1 cm − 1, (10,10)-[4]CCABAB (C) = 1.16×105 M − 1 cm − 1, (12,8)-
[4]CC (D,F) = 1.18×105 M − 1 cm − 1. See Supplementary Fig. S5 for the ultraviolet-vis 
spectra. The corrected molar ratio was (P)-(12,8)-[4]CC (F): (M)-(12,8)-[4]CC (D) 
: (P)-(11,9)-[4]CC (E) : (M)-(11,9)-[4]CC (D) : (10,10)-[4]CCAABB (A) : (10,10)-
[4]CCABAB (C) = 22:22:19:19:13:5. We repeated the reaction and analysis five times 
and confirmed that the errors in the molar ratio are within the standard deviation 
of 0.5% at a maximum.

Isolation of [4]CC isomers by HPLC. A mixture of [4]CC isomers (38.5 mg) was 
separated by a recyclable HPLC system (JAI LC-908) equipped with cholesteryl-
ated columns (COSMOSIL Cholester 20φ × 250 + 250 mm, Nacalai Tesque) under 
detection with a ultraviolet-vis detector at flow rate of 9.0 ml min − 1 with eluent of 
60% CH2Cl2/MeOH. See Supplementary Figure S2 for the HPLC charts. The mix-
ture was first separated into three fractions (#1–#3; Supplementary Fig. S2a), and 
(P)-(12,8)-[4]CC (F) was obtained from the fraction #3 (7.6 mg, 19% yield). The 
fraction #2 was subjected to another HPLC separation (Supplementary Fig. S2b), 
and (M)-(12,8)-[4]CC (D) and (P)-(11,9)-[4]CC (E) were obtained after two cycles 
in 17% (7.1 mg) and 15% yield (6.2 mg), respectively. The fraction #1 was also 
subjected to another HPLC separation (Supplementary Fig. S2c) to afford (10,10)-
[4]CCAABB (A), (M)-(11,9)-[4]CC (B) and (10,10)-[4]CCABAB (C) in 11% (4.5 mg), 
14% (5.8 mg) and 4% (1.8 mg), respectively.

Theoretical calculations. The Gaussian 09 program suite was used in all calcula-
tions23, and the results, including simulated CD curves with Gaussian approxima-
tions24, were visualized on GaussView 5.0.9. All the calculations were performed 
using methyl-substituted congeners as the model and at the density functional 
theory (DFT) level with the B3LYP functional, the gradient correction of the 
exchange functional by Becke25,26 and the correlation functional by Lee, Yang 
and Parr27. The 6-31G(d,p) split valence plus polarization basis set was used28–32. 
Cartesian coordinates for the optimized geometries are shown in Supplementary 
Tables S1 and S2. Spectra calculations were performed by time-dependent DFT 
for the first 30 singlet–singlet transitions with an extra keyword of IOP(9/40 = 2) 
to output information on smaller contributions to each electronic transition. Note 
that, although the spectral analysis with the B3LYP functional yields an excellent 
consistence in the ordering of states with the experimental results, it tends to un-
derestimate the excitation energy to afford slightly red-shifted theoretical spectra17. 
The spectra with convoluted curves were obtained with peak half-width of 0.15 eV 
at the half-height and shown in Supplementary Figure S6. The CD signal at the 
longest wavelength was ascribed mainly to the HOMO–LUMO transition, and the 
corresponding orbitals are shown in Supplementary Fig. S7.

Enantioenrichment in the synthesis of [4]CC. A mixture of platinum complex 
3 (10.0 mg, 3.58 µmol), triphenylphosphine (37.5 mg, 14.3 µmol) and cholesteryl 
stearate (234 mg, 358 µmol) in toluene (190 µl) was stirred at ambient temperature 
for 30 min and at 100°C for 24 h. After removal of volatile materials in vacuo, the 
residual materials were purified by silica gel column chromatography (eluent: 20% 
CHCl3/hexane) to afford [4]CC as a mixture in 92% yield (5.2 mg, 3.3 µmol). The 
mixture was analysed by HPLC (Supplementary Fig. S8), and the molar ratio of six 
isomers was determined as (P)-(12,8)-[4]CC (F) : (M)-(12,8)-[4]CC (D) :  
(P)-(11,9)-[4]CC (E) : (M)-(11,9)-[4]CC (B) : (10,10)-[4]CCAABB (A) :  

CH3(CH2)16

O

O
(α-Face)

Cholesteryl stearate (100 eq.)

(β-Face)

3 [4]CC
92%PPh3 (40 eq.), Toluene, rt 30 min, 100 °C 24 h

(12,8):(11,9):(10,10)AABB:(10,10)ABAB = 41:40:13:6
(12,8)-[4]CC = 17% ee
(11,9)-[4]CC = 11% ee

Figure 4 | Enantioenrichment during the synthesis of [4]CC. Enantiomers 
with (P)-helicity were enriched by the presence of cholesteryl stearate.  
The enantiomeric excesses and the ratios of isomers were determined by 
HPLC analysis.
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(10,10)-[4]CCABAB (C) = 24:17:22:18:13:6. Thus, the enantiomeric excesses were 17% 
and 11% for (P)-(12,8)-[4]CC and (P)-(11,9)-[4]CC, respectively. 

References
1. Jasti, R., Bhattacharjee, J., Neaton, J. B. & Bertozzi, C. R. Synthesis, 

characterization, and theory of [9]-, [12]-, and [18]cycloparaphenylene: 
Carbon nanohoop structures. J. Am. Chem. Soc. 130, 17646–17647 (2008).

2. Takaba, H., Omachi, H., Yamamoto, Y., Bouffard, H. & Itami, K. Selective 
synthesis of [12]cycloparaphenylene. Angew. Chem. Int. Ed. 48, 6112–6116 
(2009).

3. Yamago, Y., Watanabe, Y. & Iwamoto, T. Synthesis of [8]cycloparaphenylene 
from a square-shaped tetranuclear platinum complex. Angew. Chem. Int. Ed. 
49, 757–759 (2010).

4. Omachi, H., Matsuura, S., Segawa, Y. & Itami, K. A modular and size-selective 
synthesis of [n]cycloparaphenylenes: A step toward the selective synthesis of 
[n,n] single-walled carbon nanotubes. Angew. Chem. Int. Ed. 49, 10202–10205 
(2010).

5. Iwamoto, T., Watanabe, Y., Sakamoto, Y., Suzuki, T. & Yamago, S. Selective and 
random syntheses of [n]cycloparaphenylenes (n=8-13) and size dependence of 
their electronic properties. J. Am. Chem. Soc. 133, 8354–8361 (2011).

6. Segawa, Y. et al. Concise synthesis and crystal structure of 
[12]cycloparaphenylene. Angew. Chem. Int. Ed. 50, 3244–3248 (2011).

7. Omachi, H., Segawa, Y. & Itami, K. Synthesis and racemization process of 
chiral carbon nanorings: A step toward the chemical synthesis of chiral carbon 
nanotubes. Org. Lett. 13, 2480–2483 (2011).

8. Komatsu, N. Stereochemistry of carbon nanotubes. Jpn. J. Appl. Phys. 49, 
02BC01 (2010).

9. Nakamura, E., Tahara, K., Matsuo, Y. & Sawamura, M. Synthesis, structure, 
and aromaticity of a hoop-shaped cyclic benzenoid [10]cyclophenacene. J. Am. 
Chem. Soc. 125, 2834–2835 (2003).

10. Isobe, H. et al. Concise synthesis of halogenated chrysenes ([4]phenacenes) 
that favor π-stack packing in single crystals. Org. Lett. 11, 4026–4038 (2009).

11. Nakanishi, W. et al. [n]Cyclo-2,7-naphthylenes: Synthesis and isolation of 
macrocyclic aromatic hydrocarbons having bipolar carrier transport ability. 
Angew. Chem. Int. Ed. 50, 5323–5326 (2011).

12. Nakanishi, W., Matsuno, T., Ichikawa, J. & Isobe, H. Illusory molecular 
expression of ‘Penrose stairs’ by an aromatic hydrocarbon. Angew. Chem. Int. 
Ed. 50, 6048–6051 (2011).

13. Shekhar, S. & Hartwig, J. F. Distinct electronic effects on reductive eliminations 
of symmetrical and unsymmetrical bis-aryl platinum complexes. J. Am. Chem. 
Soc. 126, 13016–13027 (2004).

14. Isobe, H. et al. Regioselective oxygenative tetraamination of [60]fullerene. 
Fullerene-mediated reduction of molecular oxygen by amine via ground state 
single electron transfer in dimethyl sulfoxide. J. Org. Chem. 70, 4826–4832 
(2005).

15. Isobe, H., Tokuyama, H., Sawamura, M. & Nakamura, E. Synthetic and 
computational studies on symmetry-defined double cycloaddition of a new 
tris-annulating reagent to C60. J. Org. Chem. 62, 5034–5041 (1997).

16. Berova, N., Nakanishi, K. & Woody, R. W. Circular Dichroism 2nd edn  
(Wiley, New York, 2000).

17. Bauernschmitt, R. & Ahlrichs, R. Treatment of electronic excitations within the 
adiabatic approximation of time dependent density functional theory. Chem. 
Phys. Lett. 256, 454–464 (1996).

18. Green, A. A., Duch, M. C. & Hersam, M. C. Isolation of single-walled carbon 
nanotube enantiomers by density differentiation,. Nano Res. 2, 69–77 (2009).

19. Friščić, T., Lancaster, R. W., Fábián, L. & Karamertzanis, P. G. Tunable 
recognition of the steroid α-face by adjacent π-electron density. Proc. Natl 
Acad. Sci. USA 107, 13216–13221 (2010).

20. Smalley, R. E. et al. Single wall carbon nanotube amplification: En route to a 
type-specific growth mechanism. J. Am. Chem. Soc. 128, 15824–15829 (2006).

21. Fort, E. H. & Scott, L. T. One-step conversion of aromatic hydrocarbon bay 
regions into unsubstituted benzene rings: A reagent for the low-temperature, 
metal-free growth of single-chirality carbon nanotubes. Angew. Chem. Int. Ed. 
49, 6626–6628 (2010).

22. Jasti, R. & Bertozzi, C. R. Progress and challenges for the bottom-up synthesis 
of carbon nanotube with discrete chirality. Chem. Phys. Lett. 494, 1–7 (2010).

23. Frisch, M. J. et al. Gaussian 09 Revision B.01 (Gaussian, 2010).
24. Stephens, P. J. & Harada, N. ECD Cotton effect approximated by the Gaussian 

curve and other methods. Chirality 22, 229–233 (2010).
25. Beck, A. D. Density-functional exchange-energy approximation with correct 

asymptotic behavior. Phys. Rev. A 38, 3098–3100 (1988).
26. Becke, A. D. Density-functional thermochemistry. III. The role of exact 

exchange. J. Chem. Phys. 98, 5648–5652 (1993).
27. Lee, C., Yang, W. & Parr, R. G. Development of the Colic-Salvetti correlation-

energy formula into a functional of the electron density. Phys. Rev. B 37, 
785–789 (1988).

28. Ditchfield, R., Hehre, W. J. & Pople, J. A. Self-consistent molecular-orbital 
methods. IX. An extended Gaussian-type basis for molecular-orbital studies of 
organic molecules. J. Chem. Phys. 54, 724–728 (1971).

29. Hehre, W. J., Ditchfield, R. & Pople, J. A. Self-consistent molecular orbital 
methods. XII. Further extensions of Gaussian-type basis sets for use in 
molecular orbital studies of organic molecules. J. Chem. Phys. 56, 2257–2261 
(1972).

30. Hariharan, P. C. & Pople, J. A. Accuracy of AH n equilibrium geometries by 
single determinant molecular orbital theory. Mol. Phys. 27, 209–214 (1974).

31. Gordon, M. S. The isomers of silacyclopropane. Chem. Phys. Lett. 76, 163–168 
(1980).

32. Hariharan, P. C. & Pople, J. A. The influence of polarization functions on 
molecular orbital hydrogenation energies. Theor. Chem. Acc. 28, 213–222 
(1973).

Acknowledgements
This study was partly supported by KAKENHI (21685005, 20108015, 22550094) and the 
Research Seeds Quest Program (JST). We thank Professor T. Imamoto (Chiba University) 
for the generous gift of chiral ligands, Professor N. Teramae (Tohoku University) for the 
CD instrument, Professor H. Tokuyama (Tohoku University) for the NMR instrument, 
Professor T. Iwamoto (Tohoku University) for the X-ray instrument, JEOL for the DART 
MS instruments, Nacalai Tesque for the first sample of cholester columns and Central 
Glass Company for the gift of hexafluoroisopropanol. S.H. thanks the Global COE 
program (Molecular Complex Chemistry) for the predoctoral fellowship.

Author contributions
H.I. conceived the research and S.H., W.N. and H.I. directed it. S.H. and T.Y. conducted 
the experiments; H.I. performed theoretical calculations; and S.H. and H.I. analysed 
the results. H.I. wrote the manuscript, and all the authors discussed the results and 
contributed to writing.

Additional information
Supplementary Information accompanies the paper at www.nature.com/
naturecommunications.

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Hitosugi, S. et al. Bottom-up synthesis of finite models of helical 
(n,m)-single-wall carbon nanotubes. Nat. Commun. 2:492 doi: 10.1038/ncomms1505 
(2011).


	Bottom-up synthesis of finite models of helical (n,m)-single-wall carbon nanotubes
	Introduction
	Results
	Synthesis
	Structures
	Isolation
	Identification
	Enantioenrichment

	Discussion
	Methods
	Synthesis and characterization
	Synthesis of 2
	Synthesis of 3
	Synthesis of [4]CC
	Analysis of [4]CC isomers by HPLC
	Isolation of [4]CC isomers by HPLC
	Theoretical calculations
	Enantioenrichment in the synthesis of [4]CC

	Additional information
	Acknowledgements
	References




