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Two levels of conformational pre-organization consolidate strong
CH hydrogen bonds in chloride—triazolophane complexesti
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Structural rigidity is verified as a pre-organizational factor that
acts together with the macrocyclic effect such that synthesis
helps in paying the cost of bringing together electropositive CH
donors ready for H-bonding with chloride.

Pre-organization is a foundational concept in supramolecular
chemistry where enhanced binding arises from optimal
conformational preparation and low solvation of the host.!
The importance of a host’s conformational pre-organization
was exemplified by comparing rigid spherands to less organized
acyclic ether hosts for cation binding.! Demonstrations of
increasing pre-organization in the field of anion binding are
rare. On the basis of their structure, triazolophanes2 are a class
of anion-binding macrocycles that enable such an examination.
While the specific enthalpy and entropy factors resist
generalization,” they can be described for each specific system.
We do this here, and in response to a recent proposal by
Craig,* we focus on the enthalpic benefit of pre-organizing
electropositive H-bond donors.

Triazolophanes display large CI™ binding strengths from
non-classical®> CH H-bond donors: the affinity is as high as
K, = 5 x 10° M™' (CH,Cl,) with tetraphenylene triazolophane,
1 (Fig. 1). The origins of this affinity are still being verified.
Chloride stabilization is provided by CH H-bonds®’ from
the 1,2,3-triazole units>**° and the weaker phenylene CH
donors.® Yet this is only half the story. Unlike most neutral
receptors, these macrocycles, as well as those of Hamilton,'°
Jeong!'* and Maeda,'? are rigid. Consequently, these are all
thought to be “highly”! pre-organized such that the H-bond
donors are already directed into the center of the cavity.
Achieving this structure, however, forces the electropositive
triazole hydrogens into contact'? with each other—an enthalpic
cost that is largely paid during the synthesis of the rigid
macrocycle 1.
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Based on this description, the key question emerges: Does
rigidity afford additional benefits for the macrocycle? This idea
has never before been tested experimentally with shape-
persistent macrocycles.>'®'> We recognized that the idea
could be investigated in a straightforward manner because it
is easier to remove rigidity from 1 than to add it, which is the
task undertaken in most other cases.!"'* Triazolophane 2
(Fig. 1) was designed to make use of propylene linkers (blue)
to reduce the rigidity generating a “partially”! pre-organized
macrocycle while retaining a similar size (24-membered) and
the semi-planar east-west wings as in 1. Furthermore,
replacing phenylene with methylene CH donors is believed
to reduce the H-bond strength by half.””!® Our estimates for
the sum of the individual CH- - -Cl1~ strengths'®! provide ideal
Cl -binding free energies in the optimal configuration for
eight H-bonds in 1 and 2 of AGjgea1 = —48 and —44 kJ mol ™!
(Table 1), respectively. Calculations on the conformations of
18 and 2 (vide infra)'® show them to have similarly-small
configurational (entropy) changes®*'® upon CI~ binding.
However, these conformations are differently organized such
that we expect there will be a drop in CI™ binding for 2 in order
to prepare the correct conformation when electropositive
hydrogens are brought together for binding. To provide a
measure of this effect, we calculate electrostatic potentials
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Fig. 1 Different levels of pre-organization in rigid macrocycle 1,
flexible macrocycle 2 and oligomeric receptor 3.
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Table 1 Observed, ideal'” and computed® energy values (kJ mol~')“

R = 1 2 3

AG, R + CI” = RCI” —-38+2 —23+2 —11+1
AGigesr R+ Cl_ = RCI —48 —44 -52
AE,., R* =R* +10 +24 +33

@" = prepared structure, * = model of receptor.

(ESP, HF/3-21G, spArRTAN)'® as a function of different
conformations and correlate higher positive ESP values to
the build-up of repulsion.

The idea of pre-organization has been visited with other
shape-persistent receptors'®!'*!2 as the macrocyclic effect.'
Triazolophanes are no exception, as was shown using the
“poorly” pre-organized oligomer 3 (Fig. 1), which folds
around Cl~ with much reduced affinity® even though its
ideal'® binding energy using nine H-bond donors'’ is
AGiges = —52 kJ mol~'. Consequently, we expect its low-
energy conformations to have smaller ESPs than 2, which
would generate a larger electrostatic penalty upon preparation
of the folded form, explaining some of the drop in CI™
binding. Additional entropy adjustments will also arise from
freezing out the conformations'® and rotations.

Solvation is also known to play a role.* Small differences in
solvation upon CI~ binding across the complexes is expected.?’
There will also be a small favorable effect of pre-organization
in 1 for excluding some but not all solvent, however, this effect
is assumed to be small for the uncharged receptors.

By examining differences between oligomeric 3 and flexible
2, we will focus on identifying any benefit arising from
directing the electropositive triazole hydrogens toward the
center region of the cavity (macrocyclic effect) and when
comparing 2 with 1, to identify the benefit of rigidly forcing
them close together (conformational pre-organization).

The synthesis of 2 is described in the supporting informa-
tion. Titration of tetrabutylammonium chloride (TBA™-Cl17)
into a solution of 2 (CH,Cl,) generated signals for the anion-
complex (2-Cl7) wusing electrospray ionization mass
spectrometry®*'® and for the complexed ion-pair (2-CI~-TBA ™)
using diffusion NMR.% The following three equilibria co-exist
together in solution:

2+ ClI” =2Cl~ AG, 1)
TBA™ + CI” = TBAT-CI” AG;, (2
TBA' + 2.CI" = 2CI"TBA"  AGi,. (3)

NMR titration of 2 with TBA*-ClI~ (Fig. 2) suggests weak
binding on account of the poor saturation after 20 equivalents.
All the inward facing protons shift downfield with large
peak migrations from the triazole H* (Ad = 2.3 ppm) and
phenylene H? (Ad = 1.0 ppm). The peak position of propylene
H¢ was barely affected. These shifts indicate the dominance of
C-H- - -CI™ H-bonds on the peak positions.?! The positions of
protons a—c, and the «-CH, proton on TBA * were included in
the estimation of the binding constants.'®

Using the complete set of binding equilibria, the 1:1
binding energy for 2-Cl~ was determined'® to be AG, =
—23 + 2 kJ mol™!. This value is smaller than the ion pairing
between C1~ and TBA ™ (AGy, = =28 kJ mol~1),?? indicating

6
&/ ppm

Fig. 2 '"H NMR titration of 2 (500 pM) upon addition of 0-20 eq. of
TBA™"-Cl™ in CD,Cl, (298 K).

the strong competition between semi-rigid triazolophane 2 and
the TBA™ cation for Cl~. Consistent with Fuoss’ Law,>* the
ion-pairing of 2-Cl~ with the TBA ™" countercation (eqn (3),
AGipe = =21 £3KkJ mol’l) was weaker than between Cl™ and
TBA™ (=28 kJ mol™}).

The prior titration data on oligomer 3?* was re-evaluated to
accommodate ion pairing. A reliable simulation of the NMR
peak positions'® was generated when considering the direct
formation of ion-pair complex 3-CI"-TBA™ (eqn (4)). Based
on reasonable assumptions,'® the binding affinity for 3-Cl~
was estimated as AG, = 11 £ 1 kJ mol™".

3+ TBA" + CI” = 3.CI"TBA" B = K, X Kipe (4)

This datum completes the series (Table 1). Differences between
AG, and AGigea'” define the preparation free energies.*
Calculations on 1-3 and their complexes provide insights
into the nature of the pre-organization by considering their
conformations, computed preparation energies (AE,,, Table >
and electropositive character. The results on an analog of 1
(1%, Fig. 3)® can be compared to the computational results on
an analog of 2 (2, Fig. 3) and of 3 (3"),'° where all #-butyls are
replaced with hydrogens. In 1% the empty triazolophane
shows® (Fig. 3) the electropositive hydrogens (blue) barely
directed out of the receptor’s plane with average nonbonded
H.--H distances of 2.30 A and an ESP maximum situated on
the triazole hydrogens of 287 kJ mol™' (= 287 ev for “ESP
value”). Upon CI™ binding, the structure planarizes with
dyy.. 11 decreasing by 0.14 A to 2.16 A. By examining the
structure with the Cl~ removed, 1*", an increase in the ESP
to 327 ev (more blue) was observed. Presumably this increase
is reflected in the computed energy penalty to prepare the
perfectly planar structure 1#” of AE,., = 10 kJ mol 1.2

1# >
@ g 2¢ 2#

Fig. 3 Optimized structures (B3LYP/6-31+ G(d,p)) of 1%, 2% and 2*.
CI™ and the prepared structures 14" and 2#; ESP (isovalence = 0.002:
—230 (red) to 330 (blue) ev.
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Geometry optimization (B3LYP/6-31+G(d,p)) shows that
the lowest energy conformation of the empty macrocycle 2%
(Fig. 3) is different from the one minimized for the complex
2#.C1". The key difference is the two semi-planar east—west
wings in 2% are arranged in a divergent manner (average diy.. ;3 =
2.53 A, ESP = 253 ev), whereas in 27-C1™, they re-arrange to
converge the CH H-bonds onto the Cl™ ion. The average
dy. g = 2.27 A reduces by 0.26 A, twice as much as 17,
indicative of differences in rigidity. When the C1™ is removed
from the structure of the complex, the ESP (296 ev)
has increased and the preparation energy of 2*° (AEpep, =
24 kJ mol ") comes close to the difference between AG, and
AGiqear (Table 1) of 21 kJ mol~'. Consistent with predictions,
the ESP of 2# starts out smaller than 1—the empty flexible
macrocycle relaxes its structure to diverge the electropositive
hydrogens. However, once 2*" is prepared, its ESP increases
(more blue than 2%) because the penalty of bringing its
electropositive hydrogens together is paid by Cl~ binding.

In the case of oligomer 3%, 44 conformations were found
within a span of 18 kJ mol~' (AM1).'® In the six lowest-energy
ones (< 1.5 kT), and just as for 1# and 2", the triazole protons
are directed away from each other. The average ESP for the six
conformations of 3# (236 ev) is even smaller than 2% (253 ev),
which is consistent with expectations. However, the ESP of the
prepared receptor 3" (302 ev) is very close to 2% (296 ev).
Correspondingly, the computed preparation energy'®
AE,., = 33kJ mol~" is larger than that of 2#" (24 kJ mol™").
However, it falls short of the amount needed (AG, — AGigea1 =
41 kJ mol ™) to take full advantage of the H-bond donors,'”
suggesting that factors (solvation and entropy) other than
pre-organization of the electropositive hydrogens are playing
a role in weakening the stability of 3-C1™.

The structures of 1¥, 2# and 3* show that the receptors try to
achieve relaxed conformations by diverging the electropositive
hydrogens, as suggested by Craig.* Forming a macrocycle
confers a benefit>* of ~20 kJ mol™" for which some of this
will arise from bringing the hydrogens together. The rigid
constraints in 1% prevent it from relaxing as much electro-
positive character as 2% resulting in a benefit of ~11 kJ mol~!
to the preparation energy.” This line of reasoning suggests
that rigidity can allow a jump in the stability of the CI™
complexes that a partially pre-organized macrocycle alone
cannot furnish. It is also the feature that confers the halide
selectivity for CI~ and Br~ over F~ and I7.%

Rigidity is identified as a pre-organizational factor in tetra-
phenylene triazolophanes that acts with the macrocyclic effect
to prevent the relaxation of electropositive hydrogens such
that they remain pre-organized in a complementary manner
for forming CH- - -Cl1~ H-bonds. While the analysis presented
here gives credence to electrostatics, a full deconvolution will
require evaluations of solvation and an estimate of the relative
weights of each contributing factor.

We thank the NSF (CHE-0844441 and CHE-0911454) for
funding and the referees for input.
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