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ABSTRACT: Preorganization via intramolecular hydrogen
bonds was applied in a cleft-type receptor by exploiting the
excellent halogen bond donor ability as well as hydrogen bond
acceptor function of iodo-1,2,3-triazoles. As investigated by
isothermal calorimetric titrations, the restriction of conforma-
tional freedom causes an enhanced entropic contribution
resulting in a strongly increased binding affinity. This efficient
way to improve the binding strength of S-halo-1,2,3-triazoles
paves the way for applications of new charge-neutral halogen
bond donors in solution.

he halogen bond (XB) is a highly directional supra-

molecular interaction between a Lewis-acidic region of a
covalently bound halogen (o-hole) and a Lewis-base." When
compared to the hydrogen bond (HB), the XB features a higher
preference for linearity” as well as a higher bond strength,” which
constitutes the basis for application of XBs in selective anion
detection” and transport,” organocatalysis,’ and anion-templated
construction of interlocked structures.” Beside cationic halo-
imidazolium*”**® and halo-1,2,3-triazolium>>**’ moieties, also
charge-neutral systems based on perfluoroiodo arenes™*”'% and
halo-1,2,3-triazoles>®”*~%'! have been established as excellent
XB donors.

While cationic XB donors achieve very high anion affinities
due to charge assistance, their interaction with anions is less
directional because of the isotropic nature of the additional
Coulomb attraction.''* Evidently, this benefit only applies to
anionic species. In addition, highly competitive solvents are
usually required to dissolve the receptors and/or to prevent
precipitation of the formed complex,'” which lowers the effective
binding strength in case of cationic XB donors. In contrast,
charge-neutral XB donors offer an increased solubility in less
competitive solvents and allow for a more directional binding.
These characteristics of neutral systems might be advantageous
when designing strong and selective receptors, e.g, for
application in asymmetric organocatalysis.”” For the latter, the
use of charge-neutral catalysts is crucial, as the binding of anionic
intermediates (e.g, oxo-anions) or products (e.g., halides) instead
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of the neutral substrate would be highly preferred in case of
cationic receptors, i.e., the catalyst would be blocked.**

In particular, 5-halo-1,2,3-triazoles have been established as
versatile, charge-neutral XB donors due to their good
accessibility via facile and modular copper(I)-catalyzed cyclo-
addition reactions as well as their sufficient electron-withdrawing
character.''“"* Nevertheless, the polarization of the XB donor
atom and, consequently, the size of the o-hole in this neutral unit
is much smaller than that of positively charged halo-triazolium
moieties.*” Hence, additional concepts as for instance chelation
through polydentate donors*“®"'**%!'" are required to increase
the binding affinity. Furthermore, the concept of preorganization
via intramolecular HBs represents a very efficient method to
improve the binding affinity.

The 1,2,3-triazole ring is ideally suited to establish intra-
molecular preorganization as it offers both donor and acceptor
function. In the case of HB-based receptors, this has been
demonstrated by the seminal work by Flood et al."* Notably, the
preorganization by intramolecular HBs does not only screen the
entropic penalty for the binding event, but also increases the
effective binding enthalpy since the free receptor cannot adopt a
relaxed conformation and because the polarization of the 1,2,3-
triazole is enhanced (dipole moment of 4.4 D''“ and 6.1 D' for
the flexible and preorganized triazole, respectively). However, to
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the best of our knowled%e, no comparative XB-based system has
been published to date."”

Because of the strict linearity of XBs as well as the large size of
the XB donor atom, the design of efficient polydentate XB-based
receptors is not trivial.*” In contrast to flexible receptors, which
can adapt to the size of the binding partner, the design of
preorganized receptors is more challenging. In this case, the
cavity of the preorganized receptor molecule has to match the
size of the guest, otherwise the breaking of the intramolecular HB
upon binding would hinder the binding event. In this
contribution, we demonstrate that the carbazole spacer is ideally
suited to enable a bidentate binding of halides by two iodo-1,2,3-
triazoles in a coplanar fashion (Scheme 1, top)."® Building on this
finding, we demonstrate the effect of preorganization in XB
donors based on iodo-triazoles (Scheme 1, bottom).

Scheme 1. Schematic Representation of Studied Receptors”
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“Top: influence of spacer unit 1,3-benzene (phenyl) or 3,6-carbazole
(unorg) on distance (d) between two donor moieties. Bottom:
preorganization via intramolecular HBs (preorg).

Besides the already established phenyl-based receptor system
(phenyl),” the two carbazole-based receptors were synthesized
using copper(I)-catalyzed cycloaddition reactions. Unorg was
prepared directly from the corresponding iodo-alkyne (3) and
mesityl azide in moderate yields (Scheme 2). In the case of the
preorganized receptor, the 1,2,3-triazoles were formed first (8)
and the iodination was achieved by metalation using #-BuLi and
subsequent treatment with iodine to obtain the methoxy-
decorated precursor (9). Remarkably, even in the presence of the
iodo-1,2,3-triazoles, the final receptor preorg was obtained in
excellent yields by BBr;-induced ether cleavage. In addition, the
formation of intramolecular HBs in case of preorg was revealed
by selective ROESY studies as well as "H NMR experiments in
solvents with different polarity.'”

To discuss the influence of the receptor design in the solid
state, single crystals of free and complexed receptors were grown
by slow vapor diffusion of different nonsolvents into a
concentrated solution.'” Obviously, because of the conforma-
tional freedom of unorg, the anti/anti or syn/anti conformation
of the XB donors can be adapted in the free receptor.'® In
contrast, the formation of intramolecular HBs in preorg leads to
a limitation of the rotational freedom, and thus, the required syn/
syn conformation for the bidentate complexation is already
preformed, which could be also supported by quantum chemical
calculations using density functional theory (DFT)."”

Furthermore, all three receptors revealed the expected cleft-
type complexation of the anion through the formation of two
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Scheme 2. Schematic Representation of the Synthesis of
Receptors unorg and preorg
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nearly linear XBs, which are significantly shorter than the sum of
the van der Waals radii (I--Cl 3.73 A)."” Moreover, the
preorganization of preorg led to an additional binding process
(vide infra).

Comparing the 1:1 complexes of phenyl and unorg with
chloride (Figure 1), the larger distance (d) between the two

e
Figure 1. Molecular structure of phenyl (left) and unorg (right)
interacting with chloride (thermal ellipsoids at 50% probability level,

hydrogen atoms, counterions, and solvent molecules are omitted for

clarity).
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iodine atoms in the carbazole-based receptor enables an
improved coplanarization (dihedral angle of 31° and 13°,
respectively), which allows an increased linearity of the XBs
and, as a net result, a decreased I---Cl distance.

Isothermal titration calorimetry (ITC) experiments were
performed with the three receptors and two different tetra-n-
butylammonium (TBA*) halides to obtain a detailed under-
standing of the complex stoichiometry, the binding affinity, and
the thermodynamic effect of preorganization in solution (Table
1). All titrations were performed in the guest-into-host setup in
THEF. In addition, also inverse titrations, i.e., addition of a host
solution into a guest solution, were Eerformed to confirm the
reliability of the calculated values.'” Unfortunately, a direct
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Table 1. Thermodynamic Parameters for the Complexation of
Various Receptors with Different TBA* Halides”

host guest K [M™] AH [k] mol™"] TAS[kJ mol™"] N

phenyl Brm 222X 10° —24.5 —-S.1 0.99
I 352x10° -22.9 -2.3 1.08

unorg Br™ 1.58 x 10° =274 —8.8 1.03
Cl-  234x10° —24.9 —54 1.05

preorg”  Br~  3.85x10° -72 13.6 0.52
5.45 x 10* -23.5 4.0 0.89

Cl-  317x10° —-15.1 5.3 045

7.09 % 10* -17.8 10.3 0.90

“Thermodynamic parameters calculated from guest-into-host titrations
in THF at 303 K. “The formation of a 2:1 complex (host—guest)
could be further supported by a solid-state structure and selective
NOESY experiments (vide infra).

comparison between preorg and 9 was not possible because of
the insufficient solubility of 9 in THF.

In line with the binding in the solid state, a cleft-type
complexation of the halides by phenyl and unorg in solution was
deduced from the ITC titration experiments. For unorg, a
slightly increased enthalpic contribution toward the binding was
revealed, which may be due to the optimized XB formation
(Figure 1). On the other hand, the entropic term is decreased for
unorg, which is tentatively explained by a smaller extent of
desolvation of the receptor and/or the anion upon binding.
However, there are only subtle differences in the overall binding
affinities of phenyl and unorg and the effect of the spacer unit
seems to be negligible for the two flexible receptors.

Comparing the complexation of chloride and bromide, the
trend for the K values (Table 1) shows a general preference for
the more charge-dense/basic chloride, which allows a stronger
electrostatic as well as charge-transfer interaction.”*" For the
same reason, the solvent interaction is more pronounced for
chloride, resulting in a reduced enthalpic contribution toward the
binding, which is, however, overcompensated by a more
favorable entropic term due to the enhanced desolvation upon
anion complexation.*’

When comparing unorg and preorg, the tendency to form a
1:1 complex with chloride is enhanced by a factor of about 30 for
the preorganized receptor (K;""® = 2.34 X 10° M™' and
K8 = 7.09 X 10* M™'). As a result of the increased anion
affinity, even a 2:1 complex is formed (vide infra). The same
behavior is observed for bromide. Regarding the overall chloride
affinity, the accumulated binding constant has to be considered,
which even amounts to K, K, = 2.24 X 10° M, corresponding to
AG = —48.5 kJ mol™". Notably, in contrast to the association
constants, the observed binding enthalpy for the formation of a
1:1 complex with unorg cannot be directly compared to the
binding enthalpy of a 1:1 complex with preorg since a 2:1
complex is formed simultaneously in the case of the latter. Thus,
the released heat accounts for two processes both being related to
the complexation of a single anion. Furthermore, the observed
enthalpies for the formation of 1:1 and 2:1 complexes depend on
the titration setup (guest-to-host vs host—to—guest).21 However,
the sum of both enthalpies, which corresponds to the total
interaction with the anion, is the same irrespective of the titration
order and is slightly more negative in the case of preorg. This
slightly enhanced enthalpic contribution is attributed to the
preorganization, which prevents a relaxation of the free receptor,
i.e, the preorganized receptor is spring-loaded for complexation.
Additionally, the polarization of the triazole rings may be slightly
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enhanced;14b however, no significant difference of the computed
o-hole was observed.”** Most importantly, however, the
entropic term for the complexation with preorg is positive,
while it is negative for unorg. This striking difference can be
explained by the restriction of rotational freedom already in the
uncomplexed preorg due to the intramolecular HBs. Con-
sequently, the entropy penalty for the complexation is screened
in the preorganized receptor'*" and the desolvation of host and
guest give rise to a positive entropic term.

The formation of a 2:1 complex could also be observed in the
solid state (Figure 2A)."” Accordingly, the anion is complexed in
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Figure 2. (A) Molecular structure of preorg interacting with chloride
forming a 2:1 complex (thermal ellipsoids at 50% probability level,
hydrogen atoms, counterions, and solvent molecules are omitted for
clarity). (B) Schematic representation of the NOE contacts; the excited
protons are marked with a shaded arrow and strong and medium
contacts are indicated with solid and dashed arrows, respectively. (C) 'H
NMR and selective ROESY spectra for preorg in the presence of 0.5
equiv of TBACI in THF-dj.

a bis-bidentate fashion via four highly directional XBs (167° to
177°), which are all significantly shorter than the sum of the van
der Waals radii (3.09—3.23 A)."” Moreover, the hydroxyl groups
serve only as intramolecular HB donors and are not involved in
the anion complexation.

This coordination mode is also present in solution as revealed
by selective ROESY experiments (Figure 2B, C). For this
experiment, a 2:1 mixture of the receptor and the anion was
dissolved in THF-dg and the NOE signals after excitation of the
methyl group of the mesityl substituent (CH;-4™) were
recorded. Beside a strong contact to the adjacent aromatic
proton, further contacts to the central carbazole spacer and the
hydroxyl groups were visible (Figure 2B, C). These additional
NOE signals are not observed for the free receptor'” and can only
be explained by an orthogonal arrangement of two receptors
within a bis-bidentate complex.

In conclusion, three different bidentate XB-based anion
receptors were synthesized using facile and modular copper(I)-
catalyzed cycloaddition reactions. Subsequently, the halide
complexation was characterized by ITC experiments, X-ray
diffraction, and selective ROESY experiments. While phenyl and
unorg showed only moderate association constants, a strongly
increased binding affinity was revealed for preorg via formation
of intramolecular HBs between the central carbazole spacer and
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the adjacent iodo-1,2,3-triazoles, a rigid bidentate XB donor was
formed, which enabled a strong complexation of halides without
entropic penalty. Notably, the central carbazole is an almost ideal
spacer for this assignment as it enables a bidentate complexation
by a nearly planar receptor system. Following these building
principles, charge-neutral, cleft-type receptors with high anion
affinities can be designed. Owing to the highly directional and
strong XBs as well as to the absence of isotropic Coulomb
interactions, these receptors offer great potential for application
as organocatalysts.
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