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Pentafluorophenyl-substituted tripodal amine L, tris[[(2,3,4,5,6-
pentafluorobenzyl)amino]ethyl]amine, is becoming a potential
receptor for encapsulation of Cl- and Br- within the pseudo-C3-
symmetric tris(2-aminoethyl)amine (L1) cavity upon protonation of
the secondary amines. 1H NMR titration results indicate that [H3L]3+

binds with Cl- and Br- strongly compared to the [H3L2]3+ receptor,
where L2 is N,N′,N′′-tris[(2-benzylamino)ethyl]amine.

The development of receptors for anions is of considerable
current interest in molecular recognition study.1 Tris(2-
aminoethyl)amine (tren,L1) is one of the important building
blocks for binding of anions that has been studied by different
groups.2-11 The binding ability of tren-based acyclic tripodal
receptors toward anions varies with the attached moiety to
the tren (N4) unit because functional groups modify the
hydrogen-bonding capability. A recent theoretical investiga-

tion by Bryantsev and Hay showed that the effect of electron-
withdrawing substituents on the aryl moiety significantly
enhances the stability of anion complexes.10 Bowman-James
et al. reported the single-crystal X-ray structure of a Br-

complex ofL2 (Chart 1), which shows that the ligand is
triprotonated and quasi-planar withC2V-like symmetry and
two arms pointed in the same direction with a Br- ion in
between.11 This is obvious because, when amines are
protonated, they should be repelled by each other, making
the formation of aC3-symmetric cavity unlikely, although
L1 has been extensively used as a building block for the
synthesis of caged receptors that display encapsulation of
halide anions within the receptor cavity.12

In past years, several reports have shown the possibility
of complexation between theπ-cloud of C6F6 and electron-
rich molecules such as FH, NCH, OH2, and the anions.13,14

Therefore, it would be desirable to increase the positive
charge in the benzene rings ofL2 for their participation
toward anionic guest interactions and other nonbonding
interactions that eventually might generate aC3-symmetric
cavity. Recently, Resnati et al. have demonstrated a het-
eroditopic tripodal receptor having an iodotetrafluorophenyl/
pentafluorophenyl residue for recognition of alkali-metal
halides.15 Herein we report the synthesis of a pentafluo-
rophenyl-substituted tripodal amine receptor,L , and crystal
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structures of its Cl-/Br- complexes,1 and2, where halide
encapsulation takes place within the pseudo-C3-symmetric
tren cavity.

Tripodal receptorL is obtained via a Schiff base conden-
sation reaction ofL1 with 3 equiv of pentafluorobenzaldehyde
in methanol, followed by borohydride reduction.16 The
complexes [H3L (Cl)][(Cl) 2] (1) and [H3L (Br)][(Br) 2] (2) are
obtained upon reaction ofL with hydrochloric and hydro-
bromic acids, respectively, in moist CH3OH.16 Crystals
suitable for X-ray diffraction are obtained upon slow
evaporation at room temperature from a methanolic solution,
and the structures of1 and 2 have been determined by
crystallography.16,17Both complexes1 and2 are isostructural
(Figure 1 and Supporting Information Figure S3) and
crystallize in monoclinic space groupP21/n. In both 1 and
2, the ligand moiety is in the triprotonated state, having three
halide counterions. The crystal structures of compounds1
and 2 revealed that one Cl- anion and one Br- anion are
encapsulated inside the tripodal cavity, respectively. The rest
of the two anions are occupied outside the receptor moiety
in both cases. Structural analysis showed that encapsulation
of Cl-/Br- inside the receptor cavity is governed by various
nonbonding interactions. In1, a protonated amino H from
each arm of the ligand is involved in a strong intramolecular
(N-H)+‚‚‚Cl- interaction (Table 1 and Figure 1). In addition

to (N-H)+‚‚‚Cl- interactions, encapsulated Cl- is further
involved in two weak anion‚‚‚π interactions with the
electron-deficient C6F5 units (Cg2‚‚‚C1l ) 3.852 Å with a
shortest distance C13‚‚‚Cl1 ) 3.483 Å and Cg3‚‚‚Cl1 )
3.695 Å with a shortest distance C22‚‚‚Cl1 ) 3.448 Å, where
Cg2 and Cg3 are the centroids of the C6F5 rings of C13-
C18 and C22-C27, respectively). Though this type of
interaction is scarcely reported crystallogarphically, compu-
tational studies are available in the literature.13

It is interesting to note that the F10 atom from one of the
C6F5 units is involved in C-F‚‚‚Cg intramolecular interaction
with the centroid of C6F5 of another arm (Figure 1). The F1
atom of this interacted C6F5 moiety is further involved in
another C-F‚‚‚Cg intramolecular interaction with the cen-
troid of a third C6F5 unit. Details of these interactions are as
follows: for C18-F10‚‚‚C3g, F10‚‚‚C3g ) 3.60 Å and
∠C18-F10‚‚‚C3g ) 115.3°, and for C27-F1‚‚‚C1g, F1‚‚·
C1g ) 3.59 Å and∠C27-F1‚‚‚C1g ) 132.9°. The above
interactions probably favor the formation of theC3-symmetric
cavity for anion encapsulation and indirectly resist a closer
approach of the fluoro-substituted phenyl rings toward the
encapsulated halide, which is evident from the weak
anion‚‚‚π interactions.

A similar mode of anion encapsulation inside the receptor
cavity is observed in the case of isostructural Br- complex
2 (Figure S3 in the Supporting Information). Thus, Br1 is
involved in three intramolecular (N-H)+‚‚‚Br- contacts
(Table 2) inside the cavity. Two of the three C6F5 units of
the receptor are making relatively closer approaches toward
Br1, making weak Br-‚‚‚π contacts as observed in the case
of 1 (Cg1‚‚‚Brl ) 3.854 Å with a shortest distance C9‚‚‚
Br1 ) 3.433 Å and Cg2‚‚‚Br1 ) 3.769 Å with a shortest
distance C14‚‚‚Br1 ) 3.293 Å, where Cg1 and Cg2 are the
centroids of the C6F5 rings C4-C9 and C13-C18,
respectively). In this context, it is worth comparing the C6H5/
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Chart 1. Tripodal Triamine Having Pentafluorophenyl SubstitutionL
and Tripodal Triamine Having Phenyl SubstitutionL2

Figure 1. PLATON diagram depicting encapsulation of a Cl- ion inside
the tripodal cavity, where dotted lines represent the (N-H)+‚‚‚Cl-,
Cl-‚‚‚C6F5, and C-F‚‚‚C6F5 interactions (contact distances are in ang-
stroms).

Table 1. Hydrogen-Bonding Interactions of Cl1 in Complex1

H‚‚‚A/Å D ‚‚‚A/Å ∠D-H‚‚‚A/deg

N2-H(2C)‚‚‚Cl1 2.189 3.078(6) 170
N3-H(3D)‚‚‚Cl1 2.274 3.083(6) 150
N4-H(4C)‚‚‚Cl1 2.326 3.185(6) 160
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C6F5‚‚‚Br- contacts in the cases ofL2 and L . In L2,
C6H5‚‚‚Br- distances are 3.90 and 4.42 Å,11 which are larger
than the values observed inL , supporting the presence of
anion‚‚‚π interaction in the latter. In complex2, similar
C6F5‚‚‚C6F5 interactions do exist as observed in the case of
1, but interactions are relatively weaker than those of1.
Detailed interactions are as follows: for C9-F5‚‚‚C2g,
F5‚‚‚C2g ) 3.78 Å and∠C9-F5‚‚‚C2g ) 117.8°, and for
C14-F6‚‚‚C3g, F6‚‚‚C3g ) 3.87 Å and∠C14-F6‚‚‚C3g
) 133.4°.

Crystallographic investigation of the halide binding inside
the receptor cavity conclusively suggests that, in addition to
the strong (N-H)+‚‚‚halide interaction, weak anion‚‚‚π and
C6F5‚‚‚C6F5 contacts also play important roles because the
Br- anion binding becomes apparent between two arms of
the tripodal amine ligand,L2.11

In an attempt to understand the interactions of two exterior
halides of the receptor cavity, we have analyzed the packing
of the complexes and hydrogen-bonding interactions of outer
halides with the receptor. The packing diagram with hydrogen-
bonding interactions incorporating Cl2 and Cl3 anions with
[H3L ]3+ as viewed down thea axis is depicted in Figure 2.

As shown in Figure 2, the triprotonated ligand moieties
are oriented in a zigzag fashion along with the bridgehead
N of the screw-related receptors in opposite directions along
theb axis. Cl3 is positioned at regular intervals along theb
axis, making eight contacts with the zigzag organic moiety
via seven C-H‚‚‚Cl- contacts and one (N-H)+‚‚‚Cl-

contact, generating a hydrogen-bonded corrugated layer. Cl2
atoms dwell in between the adjacent corrugated layers,
bridging them along thec axis via a three-point contact [two
(N-H)+‚‚‚Cl- and one C-H‚‚‚Cl-], which generates a two-
dimensional assembly of cationic and anionic moieties.16 An
almost identical packing pattern is observed in the Br- salt
2, where Br3 is occupied at regular intervals involving four
C-H‚‚‚Br- and one N-H‚‚‚Br- contacts with the screw-
related triprotonated ligand moiety in the hydrogen-bonded
corrugated layers along theb axis. The Br2 atom is occupied

between the adjacent corrugated layers, linking them via five-
point hydrogen-bonding contacts [two (N-H)+‚‚‚Br- and
three C-H‚‚‚Br-], generating a two-dimensional hydrogen-
bonded architecture as observed in1.16

To investigate the solution-state binding of Cl- and Br-

with the host, we have protonatedL with two different acids,
e.g., p-toluenesulfonic and hydrofluoroboric acid.16 The
addition of tetrabutylammonium salts of Cl- and Br-

separately to [H3L ][TsO]3 or [H3L ][BF4]3 in DMSO-d6

showed a downfield shift of the N-H resonances, which
indicates participation of the receptor in anion binding via
hydrogen-bonding interactions of N-H protons. Titration
data gave the best fit for a 1:1 association of host to guest
(Figures S6 and S7 in the Supporting Information).16 Binding
constants18 of Cl- and Br_ with tosylate, a tetrafluoroborate
salt of [H3L ]3+, and a tosylate salt of [H3L2]3+ are presented
in Table 3. Results indicate that receptor [H3L ]3+ binds with
both Cl- and Br- with a log K > 2, which is higher than
that observed in the case of [H3L2]3+. This supports crystal-
lographic findings of weak anion‚‚‚π interactions in addition
to the (N-H)+‚‚‚halide interaction in the case ofL . Further,
this enhanced binding of halides in the case ofL compared
to L2 may be attributed to the significantly more acidic nature
of (-NH2)+ in L due to the electron-withdrawing character
of the C6F5 groups.

In conclusion, we have shown the encapsulation of anions
(Cl-/Br-) inside the cavity of a newly designed tripodal
receptor in the protonated state crystallographically. Incor-
poration of fluoro substitution on the phenyl rings of the
receptor generates a positive electrostatic cloud and anion‚
‚‚π and C6F5‚‚‚C6F5 interactions, which might have played
a pivotal role in making a congenial environment for the
halide encapsulation. Other substituents on the phenyl moiety
of the tripodal receptor are currently under investigation,
which might assist in the generalization of encapsulation of
a spherical anion within theC3-symmetric cavity of the
tripodal receptor.
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Figure 2. Packing diagram with various hydrogen-bonding interactions
in 1 viewed down thea axis (Cl1 is omitted for clarity).

Table 2. Hydrogen-Bonding Interactions of Br1 in Complex2

H‚‚‚A/Å D ‚‚‚A/Å ∠D-H‚‚‚A/deg

N2-H(2C)‚‚‚Br1 2.462(5) 3.216(5) 152(5)
N3-H(3D)‚‚‚Br1 2.529(5) 3.349(5) 166(5)
N4-H(4C)‚‚‚Br1 2.548(6) 3.235(6) 177(9)

Table 3. Binding Constant Data of [H3L ][OTs]3 (a), [H3L ][BF4]3 (b),
and [H3L2][OTs]3 (c)a with Anions in DMSO-d6

log K (M-1)

anion a b ca

Cl- 2.56 2.68 1.80
Br- 2.04 2.15 1.70

a Values are obtained from ref 11.
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