
Registered Charity Number 207890

Accepted Manuscript

This is an Accepted Manuscript, which has been through the RSC Publishing peer 
review process and has been accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, which is prior 
to technical editing, formatting and proof reading. This free service from RSC 
Publishing allows authors to make their results available to the community, in 
citable form, before publication of the edited article. This Accepted Manuscript will 
be replaced by the edited and formatted Advance Article as soon as this is available.

To cite this manuscript please use its permanent Digital Object Identifier (DOI®), 
which is identical for all formats of publication.

More information about Accepted Manuscripts can be found in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the text and/or 
graphics contained in the manuscript submitted by the author(s) which may alter 
content, and that the standard Terms & Conditions and the ethical guidelines 
that apply to the journal are still applicable. In no event shall the RSC be held 
responsible for any errors or omissions in these Accepted Manuscript manuscripts or 
any consequences arising from the use of any information contained in them.

ChemComm

www.rsc.org/chemcomm

ISSN 1359-7345

Chemical Communications

www.rsc.org/chemcomm Volume 46 | Number 32 | 28 August 2010 | Pages 5813–5976

1359-7345(2010)46:32;1-H

Volum
e 46 | N

um
ber 32 | 2010 

C
hem

C
om

m
     

 
Pages 5813–5976

COMMUNICATION
J. Fraser Stoddart et al.
Directed self-assembly of a 
ring-in-ring complex

FEATURE  ARTICLE
Wenbin Lin et al.
Hybrid nanomaterials for biomedical 
applications

www.rsc.org/journals
Registered Charity Number 207890

Free institutional access, managed by IP address, is available on all these titles. 
For more details, and to register, visit www.rsc.org/free_access_registration

New for 2010

Chemical Science - a new journal presenting findings of exceptional significance from across the chemical 
sciences. www.rsc.org/chemicalscience

MedChemComm - focusing on medicinal chemistry research, including new studies related to 
biologically-active chemical or biochemical entities that can act as pharmacological agents with therapeutic 
potential or relevance. www.rsc.org/medchemcomm

Polymer Chemistry - publishing advances in polymer chemistry covering all aspects of synthetic and 
biological macromolecules, and related emerging areas. www.rsc.org/polymers

New for 2009 

Analytical Methods - highlights new and improved methods for the practical application of analytical 
science. This monthly journal will communicate research in the advancement of analytical techniques for use 
by the wider scientific community. www.rsc.org/methods

Integrative Biology - focusing on quantitative multi-scale biology using enabling technologies and tools to 
exploit the convergence of biology with physics, chemistry, engineering, imaging and informatics. 
www.rsc.org/ibiology

Metallomics - covering the research fields related to metals in biological, environmental and clinical systems. 
www.rsc.org/metallomics

Nanoscale - publishing experimental and theoretical work across the breadth of nanoscience and 
nanotechnology. www.rsc.org/nanoscale

Top science …free institutional access

ISSN 2041-6520

www.rsc.org/chemicalscience Volume 1  |  Number 1  |  2010

Chemical Science

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

ARTICLE TYPE
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

Halogen Bonded Analogues of Deep Cavity Cavitands 

N. Kodiah Beyeh,*
a
 Mario Cetina

a,b
 and Kari Rissanen*

a
 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 

DOI: 10.1039/b000000x 

The first examples of halogen bonded analogues of deep 5 

cavity cavitands with guest binding properties, formed 

between N-alkyl ammonium resorcinarene halides as 

acceptor and bromotrichloromethane as donor, are reported 

in the solid state and in solution. 

Resorcinarene cavitands1 with pre-organized cavities are suitable 10 

hosts for a variety of guests.2 The cavity in these host compounds 
can be extended further through the formation of a second 
cavitand seam leading to the formation of deep cavity cavitands.3 
Deep cavity cavitands possess a more elongated deeper cavity 
and can bind a variety of larger and/or elongated guests through 15 

several weak interactions.4 
 The mimicking of covalent systems using a variety of weak 
interactions is a constant challenge in contemporary 
supramolecular chemistry. Predicting and designing 
supramolecular architectures based on the utilization of multiple 20 

weak interactions is always a challenging task and the final 
assemblies are in most cases a compromise between the 
competing weak interactions and the geometrical constraints of 
the building blocks.5 Hydrogen bonds (HB) are by far the most 
frequently used weak interactions in the design of organic 25 

supramolecular architectures.5b,c Recently, the “long lost brother” 
of hydrogen bond, viz. the halogen bond (XB) has been defined6 
and been extensively used especially in crystal engineering7 and 
recently also in materials chemistry.8 The XB results from the 
charge transfer interaction between polarized halogen atoms and 30 

Lewis bases.6 It is analogous to hydrogen bond in terms of 
strength and directionality. 
 Anions are general very good Lewis bases and hence suitable 
XB acceptors. The spherical, symmetrical and electronic nature 
of halides makes them excellent both as HB and XB acceptors.9 35 

Receptors composed of both halogen and hydrogen bond donor 
groups working cooperatively are uncommon. Taylor et al.10 have 
demonstrated the selective recognition of anions by a host 
showing both halogen and hydrogen bonds as a result of a 
“compromise” between the distinct preferences of the two 40 

interactions. Supramolecular host systems utilizing both HB and 
XB with defined functions are a challenging prospect. Herein, 
HB and XB work in tandem in the presence of halide anions to 
form a host system analogous to deep cavity cavitands3 both in 
shape and cavity size. 45 

 In the presence of excess formaldehyde, Mannich 
condensation reaction,11 between primary amines and 
resorcinarenes results to tetrabenzoxazines. The ring opening of 

tetrabenzoxazines by mineral acids under refluxing conditions 
leads to the formation of N-alkyl ammonium resorcinarene 50 

halides.12 A very strong circular intramolecular hydrogen bonded 
anion seam is formed between the halide anions and the   –NH2

+-
R moieties leading to extended cavitand-like structures defined as 
hydrogen bond analogues of cavitands.12 The size, electronic and 
hydrogen bond acceptor affinity makes the chlorides and 55 

bromides optimum anions for this process.12a,b The ability of 
these halides to also act as XB acceptors opens the door for 
further extension of the cavity via halogen bonding, if a proper 
XB donor is available. 

 60 

Fig. 1 N-Alkyl ammonium resorcinarene halides 1-6, bromotri-
chloromethane (XB donor) 7 and guests 1,4-dioxane 8 and 1-butanol 9. 

 A set of N-alkyl ammonium resorcinarene chloride and 
bromide salts (1-6) of varying upper rim substituents, with either 
a rigid cyclohexyl group or a flexible benzyl group (flexibility 65 

originating from the –CH2– group) were synthesized (Fig. 1).       
A very interesting and cheap XB donor molecule, namely 
bromotrichloromethane (CCl3Br) 7, was used since the bromine 
atom is substantially polarized by the three chlorine atoms. The 
CCl3Br (7) is liquid at room temperature thus making it both a 70 

suitable solvent and building block for the construction of 
halogen bonded architectures. 
 Single crystals of halogen-bonded complexes suitable for       
X-ray analysis were grown by slow evaporation from a mixture 
of 1, 5 and 6 and a slight excess of 7 in chloroform. In the 75 

structure 1(7)4 the hydrogen bonds between the ammonium 
moieties and bromides form the strong circular hydrogen bond 
seam (···NR'R''H2

+···Br−···NR'R''H2
+···Br−···)2 leading to a 

cavitand-like structure.12 Four CCl3Br molecules are halogen 
bonded to the bromide anions thereby extending the cavity height 80 

by ca. 2 Å. resulting in an analogue of a deep cavity cavitand3b 
(Fig. 2a - c). 
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Fig. 2 CPK representation of the deep cavity cavitand 1(7)4, showing 
positions of CCl3Br molecules which fill up the spaces between the 
cyclohexyl moieties (side view, a) and cavity (top view, b). Ball and stick 
representation (c) of 1(7)4 showing HBs, XBs and in CPK style the 5 

included CCl3Br molecules (the upper with occupancy 0.5 and the lower 
with 0.75 disordered over five orientations). The hydrogen atoms that do 
not participate in the intracomplex interactions are omitted for clarity. 
CPK representation (d) of 8@4 showing the guest molecule situated in 
the center of the cavity and snugly hydrogen bonded to the host. 10 

 The CCl3Br molecules bind to the open space between 
cyclohexyl rings of the resorcinarene tetracation with both 
CCl3Br···Br- halogen bonds and van der Waals  
CCl3Br···cyclohexyl interactions. The four CCl3Br bonds to the 
four bromide anions through moderate XBs, the XB ratio13 RXB 15 

for the four XB’s observed in 1(7)4 varies between 0.85 and 0.90 
(Fig. 2a and 2c). The halogen bonded CCl3Br molecules form a 
wall together with the cyclohexyl rings resulting in a deep cavity 
(Fig. 2b). The height of the cavity is ca. 12 Å and thus ca. 2 Å 
larger than those observed in two X-ray structures of covalent 20 

deep cavity cavitands reported by Gibb et al.3b The effective 
diameter of the cavity in 1(7)4 defined by the closest van der 
Waals surfaces between the opposite chlorine atoms of CCl3Br 
molecules is ca. 7 Å, large enough for the CCl3Br to pass into the 
cavity (Fig. 2c). The solvent accessible cavity void volume was 25 

calculated to be ca. 550 Å3 (see ESI). 
 Further evidence that CCl3Br is a good XB donor was obtained 
from two additional complexes between 5 and 7, and 6 and 7. 
These complexes are not analogues of the deep-cavity cavitands 
due to the conformational twisting by the methylene spacers 30 

between the ammonium moieties and phenyl rings. However, 
these complexes exhibit similar CCl3Br···Cl-/Br- halogen bonds as 
in 1(7)4 (see ESI). 
 To have additional data about the host-guest properties and to 
compare the cavity size of the XB complex 1(7)4, the compound 35 

4 was recrystallized from 1,4-dioxane resulting in a 1:1 host-
guest complex. The included 1,4-dioxane molecule in 8@4 fills 
up the cavity of resorcinarene tetracation and sits deep in the 
center of  the cavity of 4, slightly below the plane of the cation-
anion belt and in a position which enables N−H···O hydrogen 40 

bonding between the host and the guest (Fig. 2d). 
 Demonstrating XB in solution is a tedious and elusive process 
due to the solvent effects, yet recent reports show NMR 
spectroscopy to be the most powerful and reliable tool to study 
XB in solution.14 Most of the solution studies have been 45 

performed by using perfluorinated hydrocarbons and 19F NMR to 
study the XB.14 However, comparative monitoring14b of 1H NMR 
chemical shift changes was utilized for the detection of halogen 
bond formation first by Bertrán and Rodríguez.14a  
 Due to the lack of fluorine atoms on the XB donor CCl3Br, a 50 

series of 1H and 13C NMR measurements were performed in 
CDCl3 to investigate the existence of XB of CCl3Br in solution 
and to probe the host-guest properties of the deep cavity cavitand 
1(7)4. Several samples containing the resorcinarene hosts 2 - 3, 
the XB donor 7 in 1:4 ratio and/or with slight excess of the guest 55 

molecules 8 - 9 were prepared [viz. 2(7)4), 8@2(7)4, 9@2(7)4, 
3(7)4), 8@3(7)4, 9@3(7)4] and their 1H and 13C NMR recorded at 
303 K. The absence of hydrogen atoms in CCl3Br makes direct 
observation of the influence of halogen bonding in solution via 
1H NMR studies very difficult. However the X-ray structure 60 

shows the halides to be halogen bonded to the bromine of the 
CCl3Br (Fig. 2). Therefore if XB does exist in solution, there 
should be a slight influence on the 1H NMR chemical shifts of the 
–OH and –NH2 groups synergistically. Indeed, XB was observed 
by slight shifting of the –OH and –NH2 signals [for example in 65 

2(7)4, +7.87 Hz for –OH and -7.14 Hz for –NH2] (Fig. 3, and 
ESI). 

 
Fig. 3 Partial 1H NMR spectra of several combinations of host 3, the XB 
donor CCl3Br (7) and 1,4-dioxane (8) as guest. The asterisk indicates the 70 

signal shifts of the hydroxyl groups of the host 3 and black dot indicates 
the signal shift of the guest 8. Dotted lines are references of the position 
of the free host 3 and free guest 8 and indicate the shifts resulting from 
interaction between the compounds. 

 In the presence of guests 8 and 9, significant complexation-75 

induced up field shifts in the 1H NMR resonances of the guest 
protons were observed from samples 8@2, 9@2, 8@3 and 9@3. 
Similar complexation-induced 1H NMR shifts of the guest 
protons, the hosts’ –OH and the –NH2 protons [for example in 
8@3(7)4, –CH2 of 8, 19.90 Hz, –OH, -6.08 Hz and –NH2, +7.64 80 

Hz] were observed from the samples containing the host, XB 
donor CCl3Br and the guests, (Fig. 3, ESI) and hence support the 
existence of HB and XB in solution, viz. the deep cavity cavitand 
analogue 2(7)4 and 3(7)4 are also retained in solution. 
 To further probe the existence of 2(7)4 and 3(7)4 and 85 

confirming the halogen bonding in solution, a series of 13C NMR 
(despite its low sensitivity) measurements were carried out 
aiming to observe the direct signal shifts of the carbon atom in 7 
while it is directly bonded to the bromine atom by XB (Fig. 4 and 
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ESI). In the analyses, the signals of CCl3Br, the –CH2 of 8, the –
OCH2– and –CH3– of 9, were monitored. Small up field shifts of 
the CCl3Br were observed (1.37 Hz in 2(7)4, and 1.56 Hz in 3(7)4, 
Fig. 4, ESI). The host guest complexes showed complexation-
induced up field shifts of the guest carbons (for example, 8@2, -5 

5.95 Hz, Fig. 4 and ESI). 

 
Fig. 4 Partial 13C NMR spectra of several combinations of host 2, XB 
donor CCl3Br (7) and 1-butanol (9) as guest. The asterisk indicates the 
signal shifts of the CCl3Br carbon and black dot indicates the signal shifts 10 

of the -CH3 carbon of the 1-butanol guest. Dotted lines are references of 
the position of the free host 2 and free guest 9 indicating the shifts 
resulting from interactions within 2(7)4 and 9@2(7)4. 

 Interestingly, the complexation-induced up field shifts of the 
carbons of the XB donor 7 and the guests 8 and 9 were also 15 

observed when samples containing the hosts, XB donor 7 and the 
guest in a 1:4:slight excess of the guests, respectively, were 
measured [for example in 9@2(7)4, 1.70 Hz of 7, 2.67 Hz of –
OCH2– of 9, Fig. 4, ESI]. These results show direct changes of 
the signals of the carbon atoms of the CCl3Br 7 and the guests. 20 

This further supports the existence of the HB and XB assemblies 
with guest complexation in solution. 
 In conclusion, we presented the first example of a combined 
HB and XB analogues of deep cavity cavitands with host-guest 
properties. The ability of NMR spectroscopy to reliably observe 25 

nucleus specific information and thermodynamic information12b 
was used to probe the existence of XB in solution via a series of 
1H and 13C NMR analyses. X-ray crystallography confirms 
moderately strong XBs between the CCl3Br donor and the 
bromide acceptors in the resorcinarene host 1. These results show 30 

the formation of an analogue of a deep cavity cavitand, with the 
cavity size even bigger than those reported in some covalent deep 
cavity cavitands.3a Most interestingly, the presence of guest 
molecules containing both HB donating and accepting groups did 
not dissociate the assemblies and even showed clear host-guest 35 

complexation into the cavity of the assemblies. The CCl3Br 
molecules proved out to be highly versatile XB donors. The fact 
that CCl3Br is very cheap and liquid at room temperature opens 
the door for its application as both solvent and/or building block 
in the construction of even more sophisticated XB architectures. 40 
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