Molecular Recognition

Angewandte
itermationalediion. CHEIMIIE

DOI: 10.1002/anie.201106996

C—H---O Hydrogen Bonding Induced Triazole Foldamers: Efficient
Halogen Bonding Receptors for Organohalogens**
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Yang Cao, and Zhan-Ting Li*

Halogen bonding is the noncovalent interaction between
halogen atoms (Lewis acids) and neutral or anionic Lewis
bases."? In the past decade, it has emerged as a new useful
noncovalent force, which has found wide applications in
supramolecular crystal engineering and materials design,”!
and its importance in controlling the structures and functions
of biological molecules™® and promoting organic reactions®
has also been recognized. Detailed investigations of discrete
halogen bonding patterns in the gas phase have provided
valuable data about their directional preferences and binding
trends.”! However, single halogen bonds, particularly those of
neutral organohalogens, are considerably weak in solution.”!
Thus, further applications of halogen bonds in solution-phase
supramolecular chemistry would heavily depend on the
development of new efficient binding patterns. We envisioned
that one straightforward strategy to achieve increased binding
affinity in solution is to utilize the cooperativity of single
binding patterns by the multivalent principle.®'” Our
research group and Hecht et al. recently reported that 1,4-
diphenyl-1H-1,2,3-triazoles could form intramolecular six-
membered C—H--O hydrogen bonding patterns."*! Herein,
we describe that i) this hydrogen bonding pattern can be
utilized to construct a new kind of triazole-derived foldamer,
and ii) the new foldamers are capable of binding tri- and
didentate organohalogens through multiple N---X (X = Cl, Br,
and I) halogen bonds to form stable 1:1 complexes.

A number of structurally flexible triazole oligomers have
been reported to bind chloride anions through the intermo-
lecular C—H-~-Cl~ hydrogen bond.*'"! We conjectured that
long oligomers with repeated 1,4-diphenyl-1H-1,2,3-triazole
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units might be induced, by the repeated intramolecular
C—H--O hydrogen bonds, to form folded structures with all
the triazole units being positioned inward to bind multi-
dentate organohalogens by halogen bonds.'¥ We thus syn-
thesized oligomers la-e (Scheme 1, see the Supporting
Information, Scheme S1 for details), which contain 2, 4, 6,
8, and 10 repeated triazole units, respectively. Hexamer 1b is
attached to two pyrene units as fluorescent probes to detect
the formation of the folded conformation in solution, while
dimer 1e is designed as a control compound.

Numerous attempts to crystallize oligomers la—e were
unsuccessful. However, crystals of short analogues 2a and 2b,
suitable for the X-ray analysis, were grown by slow evapo-
ration of their chloroform and ethyl acetate (1:1) solution."”!
It can be concluded that both compounds form two pairs of
three-center C—H--O hydrogen bonds because the CH:-O
distances all are shorter than the sum (2.72 A) of the van der
Waals radium of hydrogen and oxygen atoms (Figure 1). The
geometry of the two model compounds in the crystals also
suggested that oligomers with eight repeated triazole units
would give rise to one turn, which could produce a cavity that
is approximately 1.8 nm in diameter. The crystal structure of
2b also showed that one of the N2 atoms of its triazoles
formed a weak N--Cl halogen bond (3.29 A) with one
chlorine atom of the entrapped chloroform (Figure 1), thus
pointing to the potential of these type of triazole foldamers to
form intermolecular halogen bonds in solution.

The downfield sections of the 'H NMR spectra of
oligomers 1a-e and short oligomers 2a—c in [D]chloroform
are provided in Figure 2. The signals of the protons of the
triazole and the linker benzene units of 2a—c could be
assigned easily based on the integrated intensity of the signals,
while the signals of these type of protons of la—e were
assigned by comparing their spectra with those of 2a—c and
also using 2D '"H NMR NOESY techniques. The NH signals
of 1b and le were assigned using 'HNMR H,0/D,0
exchange experiments (see the Supporting Information). In
comparison to the triazole proton of 2¢, which cannot form
the intramolecular C—H--O hydrogen bonding,!""! the triazole
"H NMR signals (marked by stars in Figure 2) of 1a—e and 2a
and 2b all shift downfield pronouncedly (Ad=0.28-
0.44 ppm), except the signals of the benzoyl-bearing triazole
units of 1a and 1¢ (marked by triangles in Figure 2), as these
units form only one C—H---O hydrogen bond. These observa-
tions support the hypothesis that the longer oligomers also
form the three-center C—H---O hydrogen bonding in solution.

Irradiation of the Hb signal of decamer 1d at 6.40 ppm
caused the Ha signal at 8.35 ppm to strengthen notably (see
Scheme 1 for the atom labelling). The 2D '"H NMR NOESY
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Scheme 1. Oligomers Ta-e.

spectrum of 1d (2 mm) in [D]chloroform also displayed NOE
contacts between the Ha signal and the Hb-d signals and
between Hc,d signals and He signals (see the Supporting
Information). When the solution was diluted from 5 mm to
0.5 mm these signals did not shift significantly, thus excluding
the possibility of strong intermolecular stacking. Under
identical conditions, similar signal strengthening and NOE
contacts were not observed for the shorter oligomers 1a and
1c. Thus, although the signal overlapping made it difficult to
assign the triazole and benzene ring proton signals to the
different positions in the backbone, the above observations
for 1d still provide evidence for the helical conformation
because only this conformation could cause the two types of
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Figure 1. The crystal structures of compounds a) 2a and b) 2b. The
crystal structure of 2b highlights an intermolecular N---Cl halogen
bond formed with the entrapped chloroform.
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Figure 2. Sections of the '"H NMR spectra (400 MHz, 10 mm) of
triazole oligomers: a) 1a, b) 1b, ¢) 1¢, d) 1d, €) Te, f) 2a, g) 2b, and
h) 2c in [D]chloroform at 25°C.
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protons to be in close proximity to each other by the cross-
ring stacking of the end segments.'*!

The fluorescent spectra of hexamer 1b in both dichloro-
methane and polar acetonitrile (1.0 um) exhibited a strong
excimer emission around 449 nm (see the Supporting Infor-
mation). In contrast, the shorter analogue le at the same
concentration did not display this emission. The extremely
dilute concentration excludes any important intermolecular
stacking interactions, therefore the formation of the excimer
emission by 1b in the two solvents should also be attributed to
the formation of the folded conformation of the backbone;
this folded conformation induced the two appended pyrene
units to stack intramolecularly. The shorter oligomer 1le
should also have a slightly crescent-shaped conformation,
which, however, caused the two appended pyrene units to
separate spatially, making their stacking impossible.

With the assumption that an oligomer of eight 1,2,3-
triazole units forms a helicate of one turn, molecular
modeling revealed that the aromatic backbone of foldamers
1c and 1d would produce a polar internal cavity approx-
imately 1.8 nm in diameter, while shorter analogues 1a and
1b could also form a crescent-shape conformation of similar
internal size. The binding affinity of these compounds for
tridendates 3a—c and 4 were then investigated. Molecular
modelling showed that, when adopting an extended confor-
mation, 3a-¢ have a diameter of 1.4-1.5 nm, while 4 has
diameter of approximately 1.8 nm. In view of the conforma-
tional flexibility of the molecules, we anticipated multivalent
binding between them and the triazole foldamers through the
formation of multiple N---X halogen bonds.

The addition of 1 equivalent of the foldamers 1a—c to a
solution of 3¢ (10 mM) in dichloromethane caused the CF,
signal of 3¢ in the ’F NMR spectrum to shift upfield by 0.02,
0.04, and 0.04 ppm (with PhCF; as internal standard),
respectively, and an increase in the amount of 1lc¢ to
3.5 equivalents could lead to an upfield shift of 0.20 ppm
(see the Supporting Information). The shifts were not as large
as that reported for the halogen bonding with a chloride anion
as donor,™ but were repeatable, thus supporting the for-
mation of the N---I halogen bonding between the triazole N2
and N3 atoms of the foldamers and the iodo atom of the
tridentate guests. The addition of 1 equivalent of the short
analogues 2a and 2b to the solution of 3¢ (10 mMm) in
dichloromethane did not cause an observable change for the
chemical shift of its CF, signal, thus indicating that the above
shift of the F signal of 3¢ resulted through the cooperative
interaction of the weak intermolecular N---I halogen bonding.
Molecular modeling of the aromatic backbones of la—e
(Spartan/PM3 Semi-Empirical) also revealed that the N2 and
N3 atoms of their triazole units bear a partial negative
charge,®®! which produces a crescent or helical domain for
the longer 1a-d (see the Supporting Information) and thus
should remarkably favor multivalent binding with the guests,
as exemplified in Scheme 2 for the complex between 1b and
3c.

The addition of 3a—c and 4 to the dichloromethane
solution of 1a, 1¢, and 1d remarkably decreased the emission
intensity of the foldamers, while adding the organohalogens
to the solution of 1b caused its excimer emission to increase.
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Scheme 2. The folded structure of 1b binded to 3¢ by multiple N--I
halogen bonds, which further intensify the folded state of 1b, thus
leading to an increase of the excimer emission of the appended pyrene
units. Other N2 and/or N3 atoms of the triazole units may also form
the halogen bonds as a result of the dynamic nature of this non-
covalent interaction.

Both observations support that the foldamers complexed the
organohalogens. The latter observation also shows that the
complexation further stabilized the folded state of 1b
(Scheme 2). Fluorescent titrations were then conducted to
evaluate the binding constants of the related 1:1 complexes by
applying the results to the Benesi-Hildebrand plot, which
showed the required linear relationship (see the Supporting
Information).”! The derived binding constants are listed in
Table 1. It can be seen that the binding stability of the
complexes of the same foldamer increases from 3a to 3b and
then to 3¢; this finding is consistent with the fact that the
organoiodine is a better halogen donor then its chlorine or
bromine counterpart.l!! In the mixture of dichloromethane
and n-hexane, the complex becomes more stable (Table 1,
entries 6-8), thus implying that dichloromethane as weak
halogen donor might compete with the guest to bind the
triazole. The binding affinity of 1¢ toward didentates 5 and 6a
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Table 1: Binding constants of triazole foldamers 1a-d with organo-
halogens 3-6 in dichloromethane at 298 K.

Entry Foldamer Guest K, M7 AG
host [k) mol™]
1 la 3a 2.0x10° 18.8
2 1a 3b 41x10° 20.6
3 1a 3¢ 7.0x10° 21.9
4 1b 3c 3.0x10* 25.6
5 1b 3c 3.2x10%" 25.7
6 1b 4 1.4x10* 23.6
7 1b 4 8.6x10% 28.1
8 1b 4 1.0x10° 28.5
9 1b 4 1.0x10°0d 28.5
10 1c 3a 4.0%x10? 14.8
1 1c 3b 2.7x10° 19.6
12 Tc 3c 6.8x10° 21.9
13 1c 3¢ 5.9x10°" 21.5
14 lc 4 2.8x10° 19.7
15 1c 5 7.4%10? 16.4
16 1c 6a 1.6x10° 18.3
17 1c 6b 43x10° 20.7
18 1d 3a 24 7.9
19 1d 3b 1.0x10° 17.1
20 1d 3c 1.0x10* 22.8
21 1d 3c 7.7x10°" 22.2

[a] Binding constants, K,, are determined by using the Benesi—Hilde-
brand method. [b] Data is evaluated by using nonlinear regressions.
[c] In dichloromethane and n-hexane (1:1 v/v). [d] In dichloromethane
and n-hexane (1:9 v/v).

and 6b was also evaluated (Table 1, entries 15-17). As
expected, the value of § is lower than that of 4, but all the
values are still remarkably higher than the reported values for
the complexes stabilized by single a N--T halogen bond.”!

In conclusion, we have demonstrated for the first time that
intramolecular C—H:--O hydrogen bonding can be utilized to
induce aromatic 1,2,3-triazole oligomers to form folded and
helical secondary structures. All the triazole units of the new
foldamers are positioned inward to form a cavity approx-
imately 1.8 nm in diameter and tridentate organohalogen
guests can be bound within this cavity. The resulting 1:1
complexes are remarkably stable as a result of the coopera-
tivity of the formed halogen bonds, thus suggesting that
halogen bonding may be as useful as hydrogen bonding in
solution-phase molecular recognition when the multivalent
principle is applied. Given the extensive applications of the
N—H--N hydrogen bonding in supramolecular chemistry, a
future goal will be to exploit the affinity of the new triazole
foldamers toward hydrogen bonding guests of matching sizes
and binding sites.
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