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Abstract: We report the template-directed synthesis of Blue-
Cage®, a macrobicyclic cyclophane composed of six pyridi-
nium rings fused with two central triazines and bridged by
three paraxylylene units. These moieties endow the cage with
a remarkably electron-poor cavity, which makes it a powerful
receptor for polycyclic aromatic hydrocarbons (PAHs). Upon
forming a 1:1 complex with pyrene in acetonitrile, however,
BlueCage-6 PFy exhibits a lower association constant K, than
its progenitor ExCage-6 PFy. A close inspection reveals that the
six PF;~ counterions of BlueCage®" occupy the cavity in
a fleeting manner as a consequence of anion—y interactions
and, as a result, compete with the PAH guests. This
conclusion is supported by a one order of magnitude
increase in the K, value for pyrene in BlueCage® when
the PFg counterions are replaced by much bulkier
anions. The presence of anion—m interactions is sup-
ported by X-ray crystallography, and confirms the

presence of a PFy~ counterion inside its cavity. i

The advent!"! of supramolecular chemistry marked
a departure from the near-to-sole preoccupation of
chemists with the covalent bond and more towards an
understanding of emergent properties which are the
prerogative of weak coordinative and noncovalent
bonding interactions. The pioneering research by
Lehn,? Cram P! and Pedersen! instilled a deep sense
of appreciation for these interactions, which are part
and parcel of all biological systems, and continue to
inspirel chemists in their design of adaptive functional
materials. Supramolecular chemistry also laid the
foundations for the emergence of the mechanical
bond,® effectively opening up a new domain in
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molecular chemistry under the mantle of mechanically
interlocked molecules” (MIMs), for example, catenanes
and rotaxanes. As a consequence of their electrostatic and
redox properties,®! polycationic macrocycles such as cyclo-
bis(paraquat-p-phenylene)® (CBPQT*") have played a cru-
cial role in establishing the functional aspect (e.g., switching)
of MIMs. Recently, we described™” the evolution (Figure 1)
of CBPQT*" into its extended homologue Ex"Box*" (n=1-
3), which displays high affinities for sequestering polycyclic
aromatic hydrocarbons (PAHs), and subsequently to the
three-dimensional analogue™! ExCage®*.
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Figure 1. Structural formulas of CBPQT*', Ex"Box*", ExCage®", and BlueCage®"
along with a space-filling representation of BlueCage®".

ExCage®", which possesses averaged D,, symmetry, is
composed (Figure 1) of three pyridinium units that are fused
to the central benzenoid rings with 1,3,5-substitution patterns
and paired together by three bridging paraxylylene units. As
a consequence of its macrobicyclic nature, the larger cavity
permits'!l increased orbital overlap between ExCage® and
PAHs, thereby leading to higher complexation strengths in
solution. The 1:1 complexes formed between ExCage® and
the smaller PAHs give some insights into the nature of
molecular recognition, as evidenced by the solid-state super-
structure of naphthaleneCExCage-6 PF,, where the PAH
guest is situated with a relative geometry that ensures
maximum orbital overlap with two of the three pyridinium
units in each platform and minimal contribution from the
central benzenoid ring. Moreover, a closer inspection of the
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solid-state structure of ExCage®" reveals that the pyridinium
rings assume slightly staggered conformations, resulting from
steric interactions with the hydrogen atoms of the central
benzenoid rings, hence impairing m—rm stacking between the
tritopic platforms and the bound PAHs.

Herein, we report the template-directed synthesis!? and
characterization of a near relative of ExCage® we have
called™ (Figure 1) BlueCage®*, which possesses two centrally
located, electron-poor triazine rings designed to impart more
favorable stereoelectronic interactions with PAHs on account
of the increased torsional freedom accorded to the bonded six
pyridinium rings. We also draw attention to an unexpected
observation—namely, the fact that the K, values of 1:1
complexes formed between BlueCage-6 PF, and PAHs are
smaller than those of ExCage-6 PF,. We present experimental
evidence that allows us to attribute this modulation in
complex stabilities to competing anion—m interactions
between PF,~ counterions and BlueCage®", which is shown
by X-ray crystallography to form a 1:1 complex in the solid
state with one of the PFy~ counterions. Finally, we demon-
strate that if we replace the PF,~ counterions with the
much larger tetrakis(3,5-bis(trifluoromethylphenyl))borate
(BArF") anions, then the binding efficiency of BlueCage®*
towards PAHs is restored.

The template-directed synthesis'?! of BlueCage-6 PF, was
achieved by a procedure (Scheme 1) similar to that de-
scribed™ for ExCage-6PF,. Treatment of 2.4,6-tris(4-pyr-
idyl)-1,3,5-triazine!™ (TPT) with 10 equiv of 1,4-bis(bromo-
methyl)benzene in MeCN/CH,Cl, (1:1) heated at 90°C for
3 days afforded TPTB in 58 % yield following counterion
exchange. The reaction of TPTB-3PF; with TPT in the
presence of 6equiv of phenanthrene as a template and
20 mol % of tetrabutylammonium iodide (TBAI) in MeCN at
90°C for 3 days furnished phenanthreneCBlueCage-6Br,
following precipitation of the crude product with tetrabutyl-
ammonium bromide (TBABr). Continuous extraction with
CHCI; for 7days, followed by preparative reverse-phase
HPLC and anion exchange with aqueous NH,PF,, afforded
BlueCage-6 PF, as a white solid in 11 % yield.!"”

Single crystals, suitable for X-ray crystallography, were
grown by vapor diffusion of Et,O into a solution of Blue-
Cage-6 PF, in MeCN. Aside from one of the PF¢~ counterions,

3PFe

O”*QN

Br
1:1 MeCN / CH,Cl,
90°C /3 Days
2) NH4PF5/H20 +'
58% 2;2 TPTB - 3PF6

1) TPT / 6 Equiv Phenanthrene /20 Mol% TBAI
MeCN / 90°C / 3 Days

2) TBABr

3) CHCI; / Continuous Extraction/ 7 Days

Scheme 1. Template-directed synthesis of BlueCage-6 PF,.

4) NH,PFg / H,0
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Figure 2. a)Space-filling/tubular representation showing the encapsula-
tion of one of the six PFs~ counterions inside the cage and the fact
that five of the six counterions are involved in anion-m interactions
with BlueCage®", which is displayed in different tones of blue (P =
magenta, F = green). b) Side-on view employing a tubular representa-
tion where the dashed red lines draw attention to anion-m interactions
ranging from 2.74 to 3.05 A including the encapsulated PF;~ counter-
ion. ) Top view, employing a tubular and space-filling representation,
showing how the counterions located external to the cavity of the cage
enter into anion-t interactions. The four symmetry-equivalent external
PF¢~ counterions possess anion-it contacts ranging from 2.99 to

3.22 A. d) Tubular, merging into a space-filling, representation of the
long-range packing along the b axis of BlueCage®" and their associated
PF¢~ counterions. PF,~ counterions highlighted in yellow display 50%
occupancy, whereas the PF;~ counterions inside the cavity are disor-
dered between two sites, but exhibit 100% occupancy at their given
locations.

which participates exclusively through C—H--F hydrogen
bonding with one of the CH, units in BlueCage®", the solid-
state superstructure!™® reveals (Figure 2) the existence of
anion-n interactions!'”! between the cage and the other five
PF,~ counterions.”¥! Four of these five anion—m interactions
occur on the exterior of the cage between single PF~ ions and
the m systems of some of the pyridinium rings, with distances
between 3.08 and 3.43 A, which are well within the 3.00-
3.50 A range that typically embody anion—m interactions.
These interactions are augmented further by one C—H--F
hydrogen bond (ca. 3.63 A) between each of these symmetry-
equivalent PF,~ ions and their proximal CH, groups on
BlueCage®". Furthermore, there is a notable absence of any
bifurcated C—H hydrogen bonding, which is typically
observed between anions and the hydrogen atoms of the
pyridinium and the CH, units of other polycationic receptors.
The fifth source of anion— interactions arises from the PF,~
ion situated in a slightly disordered fashion between two
equal occupancy sites inside the cavity of the cage interacting
with the triazine units, more so than the six pyridinium rings.
The distances between the PFy~ ion and the two central
triazines are shorter than typical anion—m interactions, with
distances!'® as low as 2.75 A. This observation is further
exemplified by the fact that the included PF,~ ion causes!"
each of the trigonal platforms to bow outward from planarity
by almost 1 A in each case.
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The question arises regarding the existence!'”! of anion—n
interactions between BlueCage®" and its anions in solution.
Anion—n interactions—as reported in seminal investigations
by Mascal,™ Frontera,”! and Alkorta® —describe the
favorable electrostatic complementarity between a negatively
charged entity and an electron-deficient msystem. Our
interest here in this interaction stems from comparing the
K, values of 1:1 complexes formed by BlueCage-6 PF, and
ExCage-6 PF¢ in MeCN. We expected that BlueCage-6 PF,
would possess a higher affinity for PAHs than would
ExCage-6 PF, on account of the electron-poor triazine rings
in the former, which render it capable of forming stronger n—x
stacking interactions than the benzenoid rings in ExCage®*.
ITC experiments on the binding of pyrene by BlueCage-6 PF;
in MeCN at 25°C gave (Figure 3) a K, value of 493 x10°m~ ",
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Figure 3. 1sothermal titration calorimetry (ITC) traces of a) BlueCage-
6 PFs and b) BlueCage-6 BArF, with corrections made for the heat of
dilution of pyrene. Detailed experimental procedures, as well as the
ITC titration of ExCage-6 BArF, are outlined in the Supporting Informa-
tion.

in contrast with an association constant of 6.77 x 10°m™" for
the pyreneCExCage-6 PF¢ complex formed under the same
conditions. A detailed examination of the enthalpic and
entropic contributions of these two 1:1 complexes sheds some
light on this somewhat counterintuitive finding. The AH
values for the association of BlueCage-6PF; and ExCage-
6 PF, with pyrene are —9.91 and —10.82 kcalmol ™, respec-
tively. This difference in exothermicity suggests that a small
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energy penalty was imposed upon the complexation of pyrene
by BlueCage 6 PF,, compared to that by ExCage-6 PF,. We
propose that this energy penalty of nearly 1kcalmol™!
originates from the displacement of a PF,~ counterion
residing inside the cage in the case of BlueCage®". Further
support for this rationalization comes from the difference in
the entropy changes of the two cages on binding pyrene. In
the case of BlueCage-6PF,, the ASvalue is —7.17 cal
mol 'K~!, whereas in the case of ExCage6PF,, it is
—9.10 calmol'K~!. Whereas the complexation of ExCage-
6 PF, with pyrene can be considered to be two entities forming
one complex, the analogous transformation involving Blue-
Cage 6 PF, can be interpreted®’ as guest exchange between
pyrene and the resident PFy~ counterion.

If the PF,~ counterions enter the cage in a transient
manner and mitigate the binding ability of BlueCage®', then
replacing them with larger anions should conceivably enhance
the affinity of this host towards PAHs, as they would be
incapable of entering the cavity. The BArF~ ion suits this
purpose. The preparation of BlueCage-6 BArF was accom-
plished by two successive anion exchanges, first by converting
the corresponding PF,~ salt into the water-soluble CI~ salt
using TBACI in MeCN, and subsequently exchanging the
halides for the BArF~ ion using Na[BArF]. With the BArF~
salt in hand, we examined its binding interaction with pyrene
using ITC. Upon titration (Figure 3) of a 5 mm solution of
pyrene in MeCN into a 0.5 mwm solution of BlueCage-6 BArF
charged inside an ITC cell, a K, value of 3.95x10°M™! was
observed,” which is one order of magnitude greater than
those for the PF,~ salts of both cages. For comparison, the
BArF~ salt of ExCage®" was prepared in a similar manner and
shown to have an association constant of 6.0x 10°M~" (see
Figure S1 in the Supporting Information). The origin of this
increase was determined to be largely entropic, with AS=
4.17 calmol ' K™, whereas the enthalpy of complexation was
found to be less exothermic, with AH = —7.76 kcalmol~!. We
attribute these changes in thermodynamic parameters to the
lack of anions which would otherwise occupy the cavity, thus
permitting solvent molecules to reside inside it. The increase
in entropy most likely corresponds to the expulsion of these
solvent molecules by pyrene. On the other hand, the decrease
in exothermicity may be interpreted®! by the energy cost
required to desolvate the cavity to facilitate entry of the guest.

Single crystals of coroneneCBlueCage-6 PF, suitable for
X-ray crystallography® were obtained (Figure 4) by vapor
diffusion of iPr,0 into a solution of MeCN. Whereas
coroneneC ExCage-6 PF, displays a C,-symmetric conforma-
tion in the solid state as a consequence of the 9.5-12° change
in dihedral angles incurred in two of the pyridinium panels by
the benzenoid ring, a negligible change is found in the
dihedral angles (ca. 2.5-3.1°) of the pyridinium units and the
triazine ring in the solid-state superstructure of coroneneC
BlueCage-6 PF;, thus permitting retention of its averaged Cj,
symmetry. The absence of torsional strain in the platforms of
coroneneCBlueCage-6 PF4 permits optimal ni— stacking with
the PAH and is evident by the deep purple color of the
crystals. This contrast may also be attributed to the formation
of three off-centered -6 C—H--m interactions between the
protons of coronene and the paraxylylene panels in coron-
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Figure 4. a) Side-on view of the 1:1 complex between BlueCage®* and
coronene (black), employing a space-filling/tubular representation
depicting the mt---1 stacking interactions and also the C—H---it inter-
actions (3.43 A) of selected protons on the coronene with respect to
the centroids on the bridging paraxylylene units. b) Space-filling/
tubular representation of the 1:1 complex interacting by means of
C—H---F hydrogen bonds displayed in perspective with some PF,~
counterions (P = magenta, F = green). c) Top view employing

a space-filling/tubular representation of coroneneCBlueCage®", show-
ing how the PAH is located precisely about the principal axis of the
cage, such that it interacts in a 5t---7t stacking manner with all three
pyridinium units. d) Progression from a tubular to space-filling super-
structure showing anions participating in hydrogen bonding (ca. 3.19-
3.45 A) and anion-mt interactions (ca. 2.85-2.86 A).

eneCBlueCage-6 PF, each with a distance of 3.43 A between
the proton and the arene centroid. We also observe C—H--F
hydrogen bonding between the PF,~ ions and the § protons of
the pyridinium rings, with distances ranging between 3.19 and
345A.

The redox behavior of BlueCage®" and its half-cage
analogue”?! TBPT** were examined (Figure5) by cyclic
voltammetry (CV) in Me,SO solution. The potentials for
successive two-electron reductions of BlueCage®' are less
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Figure 5. Cyclic voltammetry of 0.5 mm BlueCage-6 PF4 in Ar-purged
Me,SO at 298 K, with oxidation states indicated for each reduction
wave. Detailed experimental procedures can be found in the Support-
ing Information.
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negative (—293/—658/—1070/—1440 mV) than those!"! of
ExCage®, an observation which can be attributed to reso-
nance stabilization of successive radical cations by the triazine
rings. BlueCage® and TBPT®" register similar potentials for
the first three reductions, thus indicating a lack of electronic
communication between the two tritopic platforms of the
cage when undergoing reduction from its hexacationic state to
its neutral state (see Figure S2 in the Supporting Informa-
tion). The introduction of the triazine units into BlueCage®"
also extends its redox behavior down into the anionic regime,
where communication®” between the two platforms is finally
observed, namely, upon reduction to the dianionic state.

In summary, we report herein the synthesis of BlueCage®",
a hexacationic macrobicyclic receptor comprised of pyridi-
nium units fused together by electron-poor triazine rings.
Despite being inherently more electron-poor than its progen-
itor ExCage®", the PF;~ salt of BlueCage®" displayed a com-
parably inferior association constant with PAHs. Closer
scrutiny of this counterintuitive result reveals that the PF;~
counterions of the host are not mere spectators, but in fact
occupy the cavity of BlueCage®" in a fleeting fashion through
anion— interactions. This observation is supported by the one
order of magnitude increase in the association constant
observed for the corresponding BArF™ salt with respect to the
PF,~ salt, and is evident in the X-ray crystal structure, which
confirms the presence of PF,~ residing™ inside the cavity.

Experimental Section

BlueCage-6 PF,: A mixture of TPTB-3PF (1.70 g, 1.31 mmol), 2,4,6-
tris(4-pyridyl)-1,3,5-triazine (408 mg, 1.31 mmol), TBAI (97 mg,
0.26 mmol), and phenanthrene (2.10g, 11.8mmol) in MeCN
(500 mL) was heated under reflux in an atmosphere of argon for 3
days. The reaction mixture was cooled to room temperature and
treated with an excess of TBABr to precipitate the remaining solid,
which was collected by filtration. The filter cake was triturated with
a minimum amount of H,O and the combined aqueous fractions were
subjected to continuous extraction with CHCI; for 7 days to remove
the phenanthrene template. The aqueous phase was concentrated
under vacuum and purified by preparative reverse-phase HPLC (C,g
column), starting with H,O containing 0.1% TFA as eluant, and
increasing to 25 % of MeCN/0.1 % TFA. The combined fractions were
concentrated under vacuum and treated with saturated aqueous
NH,PF; to furnish pure BlueCage-6 PF, (257 mg, 143 pmol, 11%) as
a white solid. '"H NMR (500 MHz, CD;CN): 6 =9.06 (d, J=6.5 Hz,
12H), 9.05 (d, J=6.5Hz, 12H), 7.63 (s, 12H), 5.82 ppm (s, 12H).
BC NMR (125 MHz, CD;CN): 6 =169.4, 150.4, 146.1, 136.8, 130.8,
128.7,65.7 ppm. "“F NMR (470 MHz, CD;CN): 6 = —71.0 ppm (d, J =
706.9 Hz). *'P NMR (162 MHz, CD;CN): 6 = —143.59 ppm (sept, J =
708.6 Hz). HRMS (ESI) caled for CoH,gFuNj,Py: m/z =758.1341
[M—2PF]**; found: 758.1346.
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