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Abstract: The confined space inside a self-assembled cage
enhanced halogen bonding (XB) between iodoperfluorocar-
bons (XB donors) and NO;™ anions or H,O molecules (XB
acceptors), as confirmed by NMR spectroscopy in solution and
by X-ray crystallography in the solid state. The cavity also
bound an XB donor—acceptor pair, CsF;l; and CiHsNMe,, in
a selective pairwise fashion.

H alogen bonding (XB) is an attractive interaction between
electrophilic halogen atoms in organic halides and Lewis
bases, such as amines, ketones, ethers, and nucleophilic
anions.? This type of interaction has attracted considerable
interest, but most studies on XB reported to date have relied
solely on solid-state observations™! or theoretical predictions
and interpretations.”) Although they also exist in solution,
halogen-bonded systems in liquid media have received much
less attention.®”

Previously, the self-assembled cage 1 (Figure 1) was
shown to accommodate molecular aggregates, such as DNA
duplexes® and fluorous aggregates.”” In the confined space of
1, weak interactions within the aggregates are enhanced, as
observed by both NMR spectroscopy and X-ray crystallog-
raphy. The solution structures (NMR) were consistently the
same as the solid-state structures (X-ray). In this study, we
investigated halogen-bonded systems in the cavity of cage 1.
We observed clear XB between iodoperfluorocarbons 2 and 3
(XB donors) and NO;™ anions and/or H,O molecules (XB
acceptors). Both NMR spectroscopic and X-ray crystallo-
graphic studies suggested that XB assists guest inclusion. We
also observed the pair-selective inclusion of an aromatic
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Figure 1. Self-assembled coordination cage 1 and perfluorinated alkyl
and aryl guests 2 and 3 used in this study.

amine and a polyfluoroaryl iodide. This behavior is indicative
of a halogen-bonded guest pair stabilized by the cavity of 1.
The clear observation of XB in solution was supported by X-
ray crystallographic analysis in the solid state.

The iodine atom of a perfluoroalkyl iodide (Rg-I) is
a strong XB-donor site because of the electron-withdrawing
nature of the R group. We first compared the ability of cage
1 to encapsulate perfluoroalkyl iodides 2a and 2b with its
ability to encapsulate the perfluorocarbon 2 ¢, which is devoid
of a strong XB-donor site (Figure 1). A suspension of the
bisiodide derivative 2a (5 equiv) in an aqueous solution of
cage 1 (5.0 mm) was stirred at 80°C for 1 h. After the removal
of excess solid 2a by decantation, the '"H NMR spectrum
showed the formation of a 1:2 host—guest complex 1-(2a), in
approximately 50% yield (Figure 2). In the ""F NMR spec-
trum, the signals of internal CF, groups (signals b-d) were
shifted upfield (Ad ~ —2 ppm), as a consequence of shielding
from cage 1. Unexpectedly, a larger upfield shift (Ad=
—6.8 ppm) was observed for the CF, group adjacent to the
iodine atom (signal a), despite its less-shielded position. This
upfield shift suggests XB with either NO;~ anions or H,O
molecules, which donate electron density to the positively
polarized iodine atoms of 2a.®! Similar upfield shifts were
observed for the a-CF, signal of heptafluoro-1-iodopropane
(2d, Ao =—6.7 ppm) and the a-CF signal of heptafluoro-2-
iodopropane (2e, Ad = —6.5 ppm) upon encapsulation in cage
1 to give inclusion complexes 1-(2d), and 1-(2e),. This result
supports the hypothesis that XB involves H,O molecules or
NO;™ anions present in solution and occurs at the portals of
cage 1 (see Figure S1 in the Supporting Information).! The
highly positive charge of the cage may also assist in effective
XB at the portals.
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(see Figure S1). A single crystal suitable

b for a diffraction study was obtained by

slow evaporation of the aqueous solution
J used for NMR spectroscopy. Crystallo-
graphic analysis of 1-(3a), revealed two

disordered structures of the (3a), aggre-
gate. In the major structure (ca. 60%
occupancy), every molecule of 3a partic-
ipates in XB with NO;™ anions, in good

\
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agreement with the structures discussed
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=129 above and with the NMR spectroscopic
observations (Figure 4). The I---O distance
in this case is 3.1 A, which is below the
sum of the van der Waals radii of the
involved atoms (3.5 A). The X-ray crystal

structure also suggests that the electro-
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Figure 2. a,b) "F NMR spectra (470 MHz, 300 K) of 2a in CDCl; (a) and 1-(2a), in D,O (b; *
labels denote signals of the internal standard, 1,3,5-trifluorobenzene, in a capillary tube).
c) Expanded 'H NMR spectrum (500 MHz, 285 K) of the inclusion complex 1-(2a), in D,0.

The Py-H signals of cage 1 (Py=4-pyridyl) in the
'"H NMR spectrum of complex 1-(2a), were split into three
broadened peaks (Figure 2¢). This observation is consistent
with an orthogonal orientation of the two rodlike molecules
of 2a in the cavity of 1, which reduces the symmetry of the
cage from T, to D,, symmetry.'”! The guest geometry is fixed
on the NMR timescale presumably because of efficient XB at
the portals of cage 1 that pins the iodine atoms in place. In
contrast to 2a, neither 1-iodoperfluorooctane (2b) nor
perfluorooctane (2¢) was encapsulated by cage 1. This
result indicates the need for XB to occur at both ends of
the guest for inclusion to be possible.

XB of 2a, 2d, and 2 e at the portals of cage 1 was directly
visualized by X-ray crystallographic analysis (Figure 3; see
also Figure S16). From solutions of 1-(2a),, 1-(2d),, and
1-(2e),, single crystals of the complexes were obtained and
subjected to a diffraction study. These crystal structures reveal
the expected halogen-bonded guest inclusion in cage 1. In the
1-(2a), complex, the two guest molecules adopt the predicted
orthogonal orientation. All iodine atoms are located at the
portals of cage 1 and participate in XB with either NO;~
anions or H,O molecules. Short I---O contacts are observed in
both cases: on average 2.7 A for I--ONO,” and 3.2 A for
I--OH, (the sum of the van der Waals radii of I and O is
3.5 A). Furthermore, in 1-(2d), (see Figure S16) and 1-(2e),
(Figure 3b), all four of the iodine atoms form short contacts
with NO;™ anions (on average 3.0 and 2.9 A for I--ONO, in
1-(2d), and 1-(2e),, respectively).!'!

XB involving pentafluoroiodobenzene, C,FsI (3a), was
also observed by NMR spectroscopy and X-ray diffraction.
The treatment of 3a with cage 1 in D,O (room temperature,
30 min) resulted in quantitative formation of the inclusion
complex 1:(3a),, as confirmed by 'H and ""F NMR spectro-
scopic analysis (see the Supporting Information for details).
Again, a significant upfield shift (Ad=-2.6 ppm) was
observed for the fluorine atoms ortho to the iodine atom
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static proximity of NO,” and Pd*" aids
effective XB. In the minor structure, 3a is
more deeply accommodated in 1 and XB
is not observed (see the Supporting Infor-
mation).

Figure 3. X-ray single-crystal structures of a) 1-(2a), and b) 1-(2e),

(C gray, N blue, O red, F green, | purple, Pd brown). H atoms, NO;~
anions, and water molecules that are not involved in halogen bonding
have been omitted for clarity. Only one of the disordered structures is
shown for 1-(2e),.
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Figure 4. X-ray single-crystal structure of 1-(3a), (C gray, N blue, O
red, F green, | purple). Water molecules, NO;™ anions that are not
involved in halogen bonding, H atoms, and the other three guest
molecules, which are identical to that shown owing to symmetry
operations, have been omitted for clarity. Only the major disordered
structure is shown (see the Supporting Information for details).

From the crystal structure in Figure 4, we assumed that
the binding of C;FsX (3a-d: X =1, Br, Cl, and F, respectively)
to the cage would become stronger with increasing XB-donor
strength (I>Br>CI>F). To verify this hypothesis, we
performed competition experiments with pentafluoroaryl
halides 3a—d (Scheme 1). The treatment of a 1:1 mixture of
two different halides (5 equiv each) with a solution of cage
1 (1 equiv) in D,O (room temperature, 30 min), followed by
measurement of the ratio of included
guests by "F NMR spectroscopy, clearly
showed the relative preferences of the
halides to be bound within the cage F

d
(Table 1). The measured inclusion effi- I I b ,L 1 5 -
ciency was exactly as expected: 3a>3b > + a©/ B D . |
3¢>3d. Furthermore, 3a and 3b were F F e D0
F

more efficiently bound than 3e (X=H), '
which can form a medium-strength hydro-
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Scheme 1. Competitive inclusion experiments with pentafluoroaryl hal-
ides 3.

Table 1: Relative inclusion selectivities (guest with substituent X/guest
with substituent Y) of pentafluoroaryl halides 3 in cage 1.

X Y

Br (3b) cl 3¢) F (3d) H 3e)
| 3a) 71:29 76:24 80:20 71:29
Br (3b) 63:37 76:24 62:38
cl (3¢ 66:34 50:50
F (3d) 35:65

[a] Reaction conditions: cage 1 (5.0 mm in D,0O, 1 equiv), guests with
substituents X and Y (5 equiv each), room temperature, 30 min. Ratios
between the two guests were determined from the integral ratio in the
F NMR spectrum.

to a much greater extent than those in the spectrum of 1-(5),
(A6 =0.78 ppm). Both shifts are indicative of XB. Simple
mixing of 4 and 5 in CDCl; ([4] =20 mM, [5] =60 mMm) caused
only subtle signal changes (Ao = —0.025 ppm for 4 and ca.
0.001 ppm for 5) in the NMR spectra. Thus, we observed
enhancement of XB and pair-selective inclusion within the
confined cavity of 1.

In conclusion, we have clearly observed XB in solution
through the inclusion of XB donors in the confined cavity of
cage 1. Our results demonstrate that XB is operative in

80°C,1h

4 5 1+4+(5)3

gen bond. (5 equiv) (5 equiv)

Finally, we also report a case of the a) )1 1 DOH q 1 d
pairwise selective inclusion of an XB 4
donor and an XB acceptor in cage
1 (Figure5). A suspension of 4 (XB i a de L
donor, 5.0 equiv) and 5 (XB acceptor, B S a1 1
5.0 equiv) in an aqueous solution of cage 1

1 (1.0 equiv) was stirred at 80°C for 1 h.
The signal of 4 in the ’F NMR spectrum

of this inclusion complex was significantly
shifted upfield (Ad=-2.7ppm) and
broadened as compared to the corre-
sponding signal in the spectrum of 1-(4),.
Additionally, the signals of 5 in the
"H NMR spectrum were shifted downfield
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Figure 5. Pair-selective formation of a halogen-bonded complex within cage 1. a,b) '°F NMR
spectra (470 MHz, 305 K, D,O) of 1-(4), (a) and 1-4-(5); (b; * labels denote the signals of the
internal standard, trifluoroacetic acid, in a capillary tube). c,d) "H NMR spectra (500 MHz,
305 K, D,0) of 1:(5), (c) and 1-4-(5), (d).
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solution and may be strong enough to compete with hydrogen
bonding in determining the guest to be included in the cavity.
The benefits of the confined space of cage 1 are also notable:
The cage enhances XB as a result of efficient guest binding
(through hydrophobic interactions for organic substrates and
electrostatic interactions for anions or solvents), which
reduces the entropic disadvantage of donor—acceptor associ-
ation. Furthermore, the solution geometry of the substrate is
reproduced in the solid state as a result of the encapsulation
effect, thus making it possible to crystallographically observe
halogen-bonded structures similar to those that exist in
solution.

Keywords: halocarbon compounds - halogen bonding - host—
guest interactions - molecular recognition - self-assembly
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