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Anion-templated hexagonal nanotubes  

Nicholas G. White
a
 and Mark J. MacLachlan*

a 

Hydrogen bonding between bromide anions and a tetrahydoxytriptycene ligand was used to assemble crystalline 

hexagonal tubes with nanometer diameters in good yield. Use of a hexahydroxytriptycene ligand again gave hexagonal 

nanotubes, but containing the spontaneously-oxidised quinone-tetrahydroxy ligand. The surprisingly robust nanotubes are 

stable to heat, vacuum and water, and represent an unprecedented use of O–H···anion coordination to assemble complex 

three-dimensional structures. 

Introduction 

Inspired by Nature, directed self–assembly1 is an efficient 

method for the synthesis of complex three-dimensional 

systems, including framework materials,2 knots,3 and other 

topologically-intricate structures.4 These supermolecules have 

primarily been assembled using metal–ligand coordination 

bonds,5 although structures prepared through other non-

covalent interactions, such as hydrophobic effects, aromatic 

stacking, and hydrogen bonding, are also known.6 In contrast, 

the use of anion coordination (whether hydrogen or halogen 

bonding to anions, or anion–π interactions) to form self–

assembled systems is underexplored, presumably due to the 

difficulties associated with interacting with anions.7     

     Anion templation has been exploited within the field of 

transition metal chemistry, where the choice of counteranion 

to the metal cation can dramatically influence the structure of 

the product. A number of elegant examples of this approach 

have been reported,8 such as Lehn’s helicates, where use of 

iron(II) chloride gives a pentanuclear system containing a 

central chloride anion, while iron(II) sulfate yields a 

hexanuclear product.8a,b Although such “counteranion” 

templation can give access to interesting complexes, the ability 

to prepare such products deliberately is limited, as any 

interaction between the anion and the system is much weaker 

than the metal–ligand interaction. Anion templation has also 

been used in the strategic synthesis of interlocked structures: 

an anion (typically a halide) is used to bring the two 

components together to form a precursor assembly, which is 

then turned into a permanently interlocked system by covalent 

modification.9  

     While the field is still very much in its infancy, recently a few 

studies have reported the use of anion templation to prepare 

self–assembled systems. Notably, the groups of Wu, and 

Kruger and Gunnlaugsson have prepared “tetranuclear” cages 

assembled through hydrogen bonding between four 

phosphate or sulfate anions and four bis-urea ligands.10 Other 

anion-templated cages, helicates, 1-D coordination polymers 

and 2-D layered structures have also been reported.11  

     Despite their prevalence in biological anion recognition 

processes,12 O–H···anion hydrogen bonds have received very 

little use in synthetic anion receptors.13 This is perhaps 

surprising given that hydroxyl groups can be potent hydrogen 

bond donors, and are often comparatively easy to synthesize. 

In an effort to investigate these under-utilized interactions, we 

have explored the anion-templated assembly of triptycene-

containing tetrahydroxy ligand 1
14 (Fig. 1). We demonstrate 

that O–H···anion hydrogen bonds are powerful structure-

directing interactions and use them to form solid-state 

hexagonal15 nanotube architectures,16 which are remarkably 

stable. 

Results and Discussion 

Solution anion binding of 1 

We initially investigated the solution anion binding behaviour 

of 1 using 1H NMR titration experiments in the polar organic 

solvent CD3CN. Aliquots of CD3CN solutions of anions as their 

TBA (tetrabutylammonium) salts were added to 1, resulting in 

downfield shifts of the molecule’s O–H resonance (Fig. 1).  
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Fig. 1 Portion of the 1H NMR spectrum of 1 on addition of TBA·Br (2.0 mM, CD3CN, 298 

K). 

Analysis of the titration data revealed that despite the 

presence of two catechol motifs, only one significant binding 

event was observed (unsubstituted catechol shows 1:1 binding 

with halide anions in CD3CN13b,c). Presumably this is because 

coordination of an anion to 1 deactivates the ligand, 

significantly reducing its affinity for a second anion. Fitting the 

titration data to a 1:1 binding model using either 

WinEQNMR217 or Thordarson’s fittingprogram
18 gave 1:1 

association constants, which are similar to those reported by 

Smith for unsubstituted catechol,13b,c and follow the trend Cl– 

>> Br– > I– ~ NO3
– (Table 1).19 Notably, the solution binding 

affinities of all anions are relatively modest. 

Table 1. Association constants and approximate free energies of 
binding of tetrabutylammonium salts to 1 calculated using two 
different programs. Estimated standard errors of fittinga given in 
parentheses. 

Anion Ka (M
–1

)
b 

 

Ka (M
–1

)
 c
 

 

∆∆∆∆G (kJ mol
–1

)
b
  ∆∆∆∆G (kJ mol

–1
)

 c
  

Cl– 558(18) 554(14) –15.7 –15.7 

Br– 85(5) 92(3) –11.0 –11.2 

I– 40(2) 43(3) –9.1 –9.3 

NO3
– 37(1) 38(1) –9.0 –9.0 

aThese are the errors in the fitting of the curve and are an approximate 
measure of the random error in the data. They do not account for 
systematic error (such as inaccuracies in the quantities of reagents 
measured out, or the temperature of the NMR spectrometer), and as such 
the true uncertainty is probably substantially larger.  bDetermined using 
WinEQNMR2.17 cDetermined using fittingprogram.

18 

Solid-state structure of 1 and TBA·Br 

Vapour diffusion of diethyl ether or pentane into mixtures of 1 

and either one or two equivalents of TBA·Br in a wide range of 

solvents gave crystals. Single crystal X-ray diffraction (SCXRD) 

experiments showed that all of the crystals had extremely 

similar unit cells, despite the crystals being grown from a range 

of solvents (see Supporting Information for full details). 

Interestingly, we were not able to isolate any single crystalline 

products containing 1 when attempting to crystallize 1 with 

TBA·Cl, TBA·I, TBA·NO3 or TBA·HSO4, despite numerous 

attempts using several different solvent systems for each of 

these salts (see Supporting Information for further details).20,21 

     Full structure determination of the crystals obtained from 1 

and TBA·Br revealed that the product crystallizes as polymeric 

hexagonal nanotubes22 with the formula [1·(TBA·Br)2]n (Fig. 2). 

The nanotubes are held together by short O–H···Br– hydrogen 

bonds [O···Br: 3.038(8)–3.391(7) Å; H···Br: 2.19–2.54 Å, 72–

83% of the sum of the van der Waal radii of H and Br23]. Each 

bromide anion receives two hydrogen bonds and the 

nanotubes have a face-to-face diameter of approximately 1.6 

nm. The TBA counter-cations occupy the free spaces in the 

nanotube. 

Fig. 2 Views of the single crystal structure of [1·(TBA·Br)2]n. TBA cations and most 

hydrogen atoms are sometimes omitted for clarity. 

Bulk synthesis of nanotubes 

The nanotubes could be prepared in bulk by simply diffusing 

diethyl ether vapour into a 1:2 stoichiometric mixture of 1 and 

TBA·Br in acetonitrile. The product was isolated as single 

crystals in 67% yield after drying in vacuo. 

     Elemental analysis and 1H NMR spectroscopy confirmed the 

purity of the product, and powder X-ray diffraction (PXRD) of 

the dried bulk crystalline sample (Fig. 3) was used to 

demonstrate that the solid-state structure of the isolated 

product was consistent with the nanotubes identified by 

SCXRD studies. The product was further characterized by 

melting point analysis, IR spectroscopy and thermogravimetric 

analysis (see Supporting Information).  
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Fig. 3  Comparison of the observed PXRD data for the dried bulk sample of 

[1·(TBA·Br)2]n to that simulated from the SCXRD experiment. A more detailed analysis is 

provided in the Supporting Information. 

DOSY NMR spectroscopy in CD3CN was used to investigate the 

solution structure of the nanotubes (see Supporting 

Information for more details). No evidence for aggregation 

was observed, indicating that the nanotubes are broken apart 

upon dissolution. 

 

Stability of nanotubes 

Despite the large number and large size of the cations, there is 

still significant void space in the crystalline structure. In the 

solid state, this space appears to be occupied by poorly-

defined diffuse solvent molecules (see Supporting Information 

for more information). This solvent can be removed by drying 

in vacuo (as evidenced by 1H NMR spectroscopy, elemental 

analysis and thermogravimetric analysis), but disappointingly 

nitrogen adsorption measurements showed a negligible 

nitrogen-accessible surface area.24  

     Importantly, the hexagonal nanotube structure remains 

intact upon drying in vacuum (as evidenced by SCXRD and 

PXRD), even though it is held together only by apparently-

weak O–H···Br– hydrogen bonds. Furthermore, the complex 

retains the crystalline nanotube structure, even after heating 

at ~105 °C for 24 hours, or standing in water for three days 

(Fig. 4). This is remarkable given the modest solution binding 

strength measured between 1 and bromide anions, and may 

result in part from the hydrophobic character introduced by 

the triptycene motifs. We are unaware of any other materials 

assembled by anion coordination that have been reported to 

be stable in water over extended periods of time. 

 

Fig. 4  PXRD traces of [1·(TBA·Br)2]n after soaking in water for 1.5 hours, three days, or 

after heating at ~ 105 °C for 24 hours clearly showing that the nanotube structure is 

retained in all cases.  The PXRD of an untreated sample of nanotubes is shown for 

comparison. 

 

Assembly of hexahydroxytriptycene with TBA·Br 

We next investigated whether a tris-catechol triptycene derivative 2 

could be used to prepare anion-templated framework materials25 or 

honeycomb structures through O–H···Br– hydrogen bonding (Fig. 5). 

Due to the low solubility of 2 in acetonitrile, we used methanol as 

solvent.26 Vapour diffusion of diethyl ether into a methanol solution 

of 2 and three equivalents of TBA·Br gave large darkly-coloured 

single crystals; however, instead of a 3D framework, these were 

surprisingly revealed to be hexagonal nanotubes with the formula 

[3·(TBA·Br)2]n, where 3 is a partially-oxidized form of 2 containing 

one quinone ring (Fig. 5, see Supporting Information for further 

details).  

     We have found that hexahydroxytriptycene 2 can be readily air-

oxidized to give 3 in 85% yield by simply stirring in methanol in the 

presence of KOAc followed by aqueous work-up (see the Supporting 

Information). Vapour diffusion of diethyl ether into a methanol or 

acetonitrile solution of 3 and two equivalents of TBA·Br gave bulk 

samples of [3·(TBA·Br)2]n; 1H NMR spectroscopy, elemental analysis 

and PXRD showed that the bulk material was pure and had the 

nanotube structure observed by SCXRD. It is noteworthy that the 

nanotubes crystallize from the highly competitive hydrogen-

bonding solvent methanol. 
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Fig. 5  Structure of tris-catechol triptycene derivative 2, the partially-oxidised quinone 

form 3, and the crystal structure of nanotubes prepared from 3, [3·(TBA·Br)2]n (TBA 

cations and most hydrogen atoms omitted for clarity). 

Conclusions 

In this work, we have demonstrated that relatively weak O–

H···anion hydrogen bonding interactions (Ka ~ 80 M–1 for Br– in 

CD3CN) can be used to assemble complex three-dimensional 

nanotube structures. Even though these interactions are weak 

in solution, in the solid state, they act in concert to give stable 

materials that can be grown from methanol solution, or retain 

their structure even after soaking in water for several days. 

Importantly, these results demonstrate that interactions 

involving anions that are weak in solution can be used to 

prepare practically-useful solid-state materials. Work is 

continuing in our laboratories to expand this new strategy to 

prepare porous anion-templated materials.  
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Experimental 

General remarks 

Triptycene tetrol 1
14 and triptycene hexol 2

27 were both 

prepared in three steps from 1,2-dimethoxybenzene as 

previously described. The oxidation of 2 to 3 is described in the 

Supporting Information. All other reagents and solvents were 

bought from commercial suppliers and used as received. 

 

Synthesis of [1·(TBA·Br)2]n 

Dimethyltetrahydroxytriptycene 1 (35 mg, 0.10 mmol) and 

TBA·Br (64 mg, 0.20 mmol) were dissolved in acetonitrile 

(5 mL) and subjected to diethyl ether vapour diffusion.  Over 

2–4 days, large brown crystals developed, these were isolated 

by filtration, washed with copious diethyl ether and thoroughly 

dried in vacuo to give [1·(TBA·Br)2]n as brown single crystals. 

Yield: 66 mg (0.067 mmol, 67%). 
1H NMR (CD3CN, 5.0 mM, 400 MHz): 7.26–7.30 (m, 2H), 6.97–

7.01 (m, 2H), 6.85 (s, 4H), 6.82* (br. s, 4H), 3.05–3.10 (m, 16H), 

2.21 (s, 6H), 1.56–1.64 (m, 16H), 1.30–1.39 (m, 16H), 0.97 (t, J 

= 7.3 Hz, 24H). 

*Peak disappears on addition of D2O 

EA: C 65.7, H 9.4, N 2.7%; calc. for [1·(TBA·Br)2], C54H90N2O4Br2: 

C 65.4, H 9.2, N 2.8%. M. Pt.: 140.0–141.5 °C. IR: ~ 3180 cm–1 

(broad, O–H stretch). 

Product identity was elucidated using single crystal X-ray 

diffraction; powder X-ray diffraction on the bulk sample 

showed that the identity of the bulk was consistent with the 

single crystal structure. 

 

Synthesis of [3·(TBA·Br)2]n 

The tetrahydroxy quinone ligand 3 (19 mg, 0.050 mmol) and 

TBA·Br (32 mg, 0.10 mmol) were dissolved in methanol (5 mL) 

and subjected to diethyl ether vapour diffusion.  Over 

approximately a week, very dark crystals developed, these 

were isolated by filtration, washed with copious diethyl ether 

and thoroughly dried in vacuo to give [3·(TBA·Br)2]n as very 

dark brown single crystals. Yield: 17 mg (0.017 mmol, 34%).  
1H NMR (CD3CN, 5.0 mM, 400 MHz): 7.34* (br. s, 4H), 6.90 (s, 

4H), 6.07 (s, 2H), 3.05–3.11 (m, 16H), 2.04 (s, 6H), 1.54–1.63 

(m, 16H), 1.29–1.39 (m, 16H), 0.96 (t, J = 7.3 Hz, 24H). 

*Peak disappears on addition of D2O 

EA: C 63.2, H 8.7, N 2.6%; calc. for [3·(TBA·Br)2], C54H88N2O6Br2: 

C 63.5, H 8.7, N 2.7%. M. Pt.: 193–195 ºC. IR: ~ 3160 (broad, 

O–H stretch), 1652 (C=O stretch) cm–1. 

Product identity was elucidated using single crystal X-ray 

diffraction; powder X-ray diffraction on the bulk sample 

showed that the identity of the bulk was consistent with the 

single crystal structure.  

The synthesis could also be performed using acetonitrile 

instead of methanol as solvent to give product of 

indistinguishable purity in similar yield. 

Notes and references 

                                                             
1 a) D. Philp and J. F. Stoddart, Angew. Chem. Int. Ed., 1996, 35, 

1154–1196; b) M. D. Ward and P. R. Raithby, Chem. Soc. 

Rev., 2013, 42, 1619–1636. 
2 a) B F. Hoskins and R. Robson, J. Am. Chem. Soc., 1989, 111, 

5962–5964; b) O. M. Yaghi, M. O’Keeffe, N. W. Ockwig, H. K. 
Chae, M. Eddaoudi and J. Kim, Nature, 2003, 423, 705–714; 
c) H. Furukawa, K. E. Cordova, M. O’Keeffe and O. M. Yaghi, 
Science, 2013, 341, 974–987. 

3 a) C. O. Dietrich-Buchecker and J-P. Sauvage, Angew. Chem., 

Int. Ed., 1989, 28, 189–192; b) J-F. Ayme, J. E. Beves, C. J. 
Campbell and D. A. Leigh, Chem. Soc. Rev., 2013, 42, 1700–
1712. 

4 a) C. O. Dietrich-Buchecker, J-P. Sauvage and J-P. Kintzinger, 
Tetrahedron Lett., 1983, 24, 5095–5098; b) K. S. Chichak, S. J. 
Cantrill, A. R. Pease, S-H. Chiu, G. W. V. Cave, J. L. Atwood 
and J. F. Stoddart, Science, 2004, 304, 1308–1312; c) M. 

 

Page 4 of 6Chemical Science



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5  

Please do not adjust margins 

Please do not adjust margins 

 
Yoshizawa, J. K. Klosterman and M. Fujita, Angew. Chem., Int. 

Ed., 2009, 48, 3418–3438; d) J. E. Beves, B. A. Blight, C. J. 
Campbell, D. A. Leigh and R. T. McBurney, Angew. Chem., Int. 

Ed., 2011, 50, 9260–9327; e) T. K. Ronson, S. Zarra, S. P. Black 
and J. R. Nitschke, Chem. Commun., 2013, 49, 2476–2490. 

5 T. R. Cook, Y-R. Zheng and P. J. Stang, Chem. Rev., 2013, 113, 
734–777. 

6 a) C. A. Hunter, J. Am. Chem. Soc., 1992, 114, 5303–5311; b) R. 
Meissner, J. de Mendoza and J. Rebek, Science, 1995, 270, 
1470–1488; c) L. R. MacGillivray and J. L. Atwood, Nature, 
1997, 389, 469–472; d) M. Mastalerz, and I. M. Oppel, 
Angew. Chem., Int. Ed., 2012, 51, 5252–5255; e) N. 
Ponnuswamy, F. B. L. Cougnon, J. M. Clough, G. D. Pantoş 
and J. K. M. Sanders, Science, 2012, 338, 783–785; Y. Liu, W. 
Xiao, J. J. Yi, C. Hu, S-J. Park and M. D. Ward, J. Am. Chem. 

Soc., 2015, 137, 3386–3392; C. Montoro-García, J. Camacho-
García, A. M. López-Pérez, N. Bilbao, S. Romero-Pérez, M. J. 
Mayoral and D. González-Rodríguez, Angew. Chem., Int. Ed., 
2015, 54, 6780–6784. 

7 N. H. Evans and P. D. Beer, Angew. Chem., Int. Ed., 2014, 53, 
11716–11754. 

8 a) B. Hasenknopf, J-M. Lehn, B. O. Kneisel, G. Baum and D. 
Fenske, Angew. Chem., Int. Ed., 1996, 35, 1838–1840; b) B. 
Hasenknopf, J-M. Lehn, N. Boumediene, A. Dupont-Gervais, 
A. Van Dorsselaer, B. Kneisel and D. Fenske, J. Am. Chem. 

Soc., 1997, 119, 10956–10962; c) C. S. Campos-Fernández, B. 
L. Schottel, H. T Chifotides, J. K. Bera, J. Bacsa, J. M. Koomen, 
D. H. Russell and K. R Dunbar, J. Am. Chem. Soc., 2005, 127, 
12909–12923; d) H. T Chifotides and K. R. Dunbar, Acc. 

Chem. Res., 2013, 46, 894–906; e) J-F. Ayme, J. E. Beves, D. A. 
Leigh, R. T. McBurney, K. Rissanen and D. Schultz, Nature 

Chem., 2012, 4, 15–20; f) D. A. Leigh, R. G. Pritchard and A. J. 
Stephens, Nature Chem., 2014, 6, 978–982. 

9 a) J. A. Wisner, P. D. Beer and M. G. B. Drew, J. Am. Chem. Soc., 
2002, 124, 12469–12476; b) M. D. Lankshear and P. D. Beer, 
Acc. Chem. Res., 2007, 40, 657–668; c) G. T. Spence and P. D. 
Beer, Acc. Chem. Res., 2013, 46, 571–586. 

10 a) B. Wu, F. Cui, Y. Lei, S. Li, N. de Sousa Amadeu, C. Janiak, Y-
J. Lin, L-H. Weng, Y-Y. Wang and X-J. Yang, Angew. Chem., 

Int. Ed., 2013, 52, 5096–5100; b) K. Pandurangan, J. A. 
Kitchen, S. Blasco, E. M. Boyle, B. Fitzpatrick, M. Feeney, P. E. 
Kruger and T. Gunnlaugsson, Angew. Chem., Int. Ed., 2015, 
54, 4566–4570; c) D. Yang, J. Zhao, Y. Zhao, Y. Lei, L. Cao, X-Y. 
Yang, M. Davi, N. Amadeu de Sousa, C. Janiak, Z. Zhang, Y-Y. 
Wang and B. Wu, Angew. Chem., Int. Ed., 2015, 54, 8658–
8661. 

11 a) J. Sánchez-Quesada, C. Seel, P. Prados, J. de Mendoza, I. 
Dalcol and E. Giralt, J. Am. Chem. Soc., 1996, 118, 277–278; 
b) H-Y. Gong, B. M. Rambo, E. Karnas, V. M. Lynch and J. L. 
Sessler, Nature Chem., 2010, 2, 406–409; c) A. L. Cresswell, 
M-O. M. Piepenbrock and J. W. Steed, Chem. Commun., 
2010, 46, 2787-2789; d) H. Chifotides, B. L. Schottel and K. R. 
Dunbar, Angew. Chem., Int. Ed., 2010, 49, 7202–7207; e) T. 
Wang and X-P. Yan, Chem. Eur. J., 2010, 16, 4639–4649; f) Y. 
Haketa and H. Maeda, Chem. Eur. J., 2011, 17, 1485–1492; g) 
S. Li, C. Jia, B. Wu, Q. Luo, X. Huang, Z. Yang, Q-S. Li and X-J. 
Yang, Angew. Chem., Int. Ed., 2011, 50, 5721–5724; h) H. 
Maeda, T. Shirai and S. Uemura, Chem. Commun., 2013, 49, 
5310–5312; i) H-Y. Gong, B. M. Rambo, V. M. Lynch, K. M. 
Keller and J. L. Sessler, J. Am. Chem. Soc., 2013, 135, 6330–
6337; j) S. T. Schneebeli, M. Frasconi, Z. Liu, Y. Wu, D. M. 
Gardner, N. L. Strutt, C. Cheng, R. Carmieli, M. R. 
Wasielewski and J. F. Stoddart, Angew. Chem., Int. Ed., 2013, 
52, 13100–13104; k) B. Wu, S. Li, Y. Lei, H. Hu, N. Amadeu de 
Sousa, C. Janiak, J. S. Mathieson, D-L. Long, L. Cronin and X-Y. 
Yang, Chem. Eur. J., 2015, 21, 2588–2593; l) N. G. White, V. 

 

 
Carta and M. J. MacLachlan, Cryst. Growth Des., 2015, 15, 
1540–1545; m) Z. Zhang, D. S. Kim, C-Y. Lin, H. Zhang, A. D. 
Lammer, V. M. Lynch, I. Popov, O. S. Milanić, E. V. Anslyn and 
J. L. Sessler, J. Am. Chem. Soc., 2015, 137, 7769–7774. 

12 a) J. W. Pflugrath and F. A. Quiocho, Nature, 1985, 314, 257–
260; b) H. Luecke and F. A. Quiocho, Nature, 1990, 347, 402–
406; c) R. Dutzler, E. B. Campbell, M. Cadene, B. T. Chait and 
R. MacKinnon, Nature, 2002, 415, 287–294. 

13 a) H. Miyaji and J. L. Sessler, Angew. Chem., Int. Ed., 2001, 40, 
154–157; b) D. K. Smith, Org. Biomol. Chem., 2003, 1, 3874–
3877; c) K. J. Winstanley, A. M. Sayer and D. K. Smith, Org. 

Biomol. Chem., 2006, 4, 1760–1767; d) A. Shokri, J. Schmidt, 
X-B. Wang and S. R. Kass, J. Am. Chem. Soc., 2012, 134, 
2094–2099; e) A. Shokri, J. Schmidt, X-B. Wang and S. R. 
Kass, J. Am. Chem. Soc., 2012, 134, 16944–16947; f) A. 
Shokri, X-B. Wang and S. R. Kass, J. Am. Chem. Soc., 2013, 
135, 9525–9530; g) A. Shokri, S. H. M. Deng, X-B. Wang and S 
R. Kass, Org. Chem. Front., 2014, 1, 54–61; h) N. Busschaert, 
J. Jaramillo-Garcia, M. E. Light, J. Herniman, G. J. Langley and 
P. A. Gale, RSC Adv., 2014, 4, 5389–5393.  

14 Q-S. Zong and C-F. Chen, Org. Lett., 2006, 8, 211–214. 
15 For elegant examples of hexagonal structures assembled by 

transition metal cation templation, see: a) P. J. Stang, N. E. 
Persky and J. Manna, J. Am. Chem. Soc., 1997, 119, 4777–
4778; b) M. Wang, C. Wang, X-Q. Hao, J. Liu, X. Li, C. Xu, A. 
Lopez, L. Sun, M-P. Song, H-B. Yang and X. Li, J. Am. Chem. 

Soc., 2014, 136, 6664–6671. 
16 For some examples of supramolecular nanotubes prepared 

by methods other than anion-templation: a) A. J. Gallant and 
M. J. MacLachlan, Angew. Chem., Int. Ed., 2003, 42, 5307–
5310; b) J. P. Hill, W. Jin, A. Kosaka, T. Fukushima, H. Ichihara, 
T. Shimomura, K. Ito, T. Hashizume, N. Ishii and T. Aida, 
Science, 2004, 304, 1481–1483; c) T. Shimizu, M. Masuda 
and H. Minamikawa, Chem. Rev., 2005, 105, 1401–1443; d) S. 
J. Dalgarno, G. W. V. Cave and J. L. Atwood, Angew. Chem., 

Int. Ed., 2006, 45, 570–574; e) G. D. Pantoş, P. Pengo and J. K. 
M. Sanders, Angew. Chem., Int. Ed., 2007, 46, 194–197; f) Y. 
Yang, W. Feng, J. Hu, S. Zou, R. Gao, K. Yamato, M. Kline, Z. 
Cai, Y. Gao, Y. Wang, Y. Li, Y. Yang, L. Yhan, X. C. Zeng and B. 
Gong, J. Am. Chem. Soc., 2011, 133, 18590–18593; g) I. W. 
Hamley, Angew. Chem., Int. Ed., 2014, 64, 6866–6881; h) Z. 
Liu, G. Liu, Y. Wu, D. Cao, J. Sun, S. T. Schneebeli, M. S. 
Nassar, C. A. Mirkin and J. F. Stoddart, J. Am. Chem. Soc., 
2014, 136, 16651–16660. 

17 M. J. Hynes, J. Chem. Soc., Dalton Trans., 1993, 311–312. 
18 P. Thordarson, Chem. Soc. Rev., 2011, 40, 1305–1323. 
19 It was not possible to obtain binding data for the more basic 

anions HSO4
–, OAc–

 and F– as 1’s O–H resonance disappeared 
on addition of these anions, and the C–H signals show 
negligible shifts in response to anions. Addition of TBA·PF6 to 
1 did not result in any changes in the 1H NMR spectrum. 

20 In contrast, Khan has reported the crystal structures of 
unsubstituted catechol and TMA·Cl, TEA·Cl, TBA·Cl, TEA·Br, 
TPA·Br and TBA·Br, but found that he was unable to 
crystallize catechol with TPA·Cl or TMA·Br (TMA = 
tetramethylammonium, TEA = tetraethylammonium, TPA = 
tetrapropylammonium). Monomeric, dimeric and one-
dimensional polymeric packing motfis were observed: a) M. 
A. Khan, A. W. McCulloch and A. G. McInnes, Can. J. Chem., 
1985, 63, 2119–2122; b) M. A. Khan, J. Mol. Struct., 1986, 
145, 203–218. 

21 The crystal structure of 1 has been reported. The molecule 
adopts a zig-zag structure assembled through hydrogen 
bonding between phenol groups: Y. Han, Y. Jiang and C-F. 
Chen, Chin. Chem. Lett., 2013, 24, 475–478. 

 

Page 5 of 6 Chemical Science



ARTICLE Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

 
22 Rissanen has reported that C-methyl resorcinarene assembles 

into a tubular structure when crystallised in the presence of 
dimethyl-DABCO·2Br. Importantly though, in this structure, 
the anion does not participate in significant hydrogen 
bonding interactions, and in fact, the authors state that the 
use of a weakly interacting anion such as bromide is 
necessary, as chloride (which is a better hydrogen bond 
acceptor) prevents the tubular structure from forming: a) H. 
Mansikkamäki, M. Nissinen and K. Rissanen, Angew. Chem., 

Int. Ed., 2004, 43, 1243–1246; b) H. Mansikkamäki, S. Busi, 
M. Nissinen, A. Åhman and K. Rissanen, Chem. Eur. J., 2006, 
12, 4289–4296.  

23 S. Alvarez, Dalton Trans., 2013, 42, 8617–8636. 
24 Preliminary experiments show that the use of smaller 

tetraalkylammonium cations results in the formation of 
different solid state structures (not the hexagonal 
nanotubes). These results will be discussed in more detail in 
a subsequent publication. 

25 C. Mottillo and T. Friščić, Chem. Commun., 2015, 51, 8924–
8927. 

26 2 Also shows appreciable solubility in acetone, but we were 
unable to obtain any crystalline products from mixtures of 2 
and TBA·anion salts in this solvent. 

27 X-Z. Zhu and C-F. Chen, J. Am. Chem. Soc., 2005, 127, 13158–
13159. 

Page 6 of 6Chemical Science


