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ABSTRACT: Supramolecular assembly utilizing simultaneous
formation of three pnictogen bonds around a single antimony
vertex was explored via X-ray crystallography, solution NMR, and
computational chemistry. An arylethynyl (AE) ligand was
designed to complement the three electrophilic regions around
the Sb compound. Though solution studies reveal large binding
constants for individual pyridyl units with the Sb donor, the
rigidity and prearrangement of the AE acceptor proved necessary
to achieve simultaneous binding of three acceptors to the Sb-
centered pnictogen-bond donor. Calculations and X-ray
structures suggest that negative cooperativity upon sequential
binding of three acceptors to a Sb center limits the utility of triple-pnictogen bonding pyridyl acceptors. These limitations can
be negated, however, when positive cooperativity is designed into a complementary acceptor ligand.

■ INTRODUCTION

Multivalent interactions are often necessary in the design of
complex and robust supramolecular assemblies. For instance,
halogen and chalcogen bonding can be used in the
construction of supramolecular capsules when multiple
halogen or chalcogen binding sites are installed on a molecular
cavitand.1−3 Halogen and chalcogen bonding are examples of
secondary bonding or σ-hole interactions in which the
attraction of a nucleophilic region on one molecule toward
an electrophilic region on a halogen or chalcogen atom in
another is exploited.4−8 The strength of σ-hole attractions is
correlated with the size of the atom acting as the donor (I > Br
> Cl ≫ F and Te > Se > S ≫ O) and the extent to which
electron withdrawing substituents accentuate the electrophilic
regions.9,10 These regions are found along the extension of
covalent bonds so that a halogen possesses a single σ-hole
approximately 180° across from the covalent bond and a
typical chalcogen possesses two σ-holes approximately 180°
from each covalent bond.
Lewis acidic antimony(V) compounds have led to exciting

advances in anion recognition and sensing,11−14 anion
transport,15 and catalysis.16−19 Trivalent pnictogen atoms
possess a lone pair, and their compounds often serve as
Lewis bases, particularly with the lighter pnictogens. To this
end, phosphine compounds are often employed as ligands
supporting organometallic compounds and catalysts,20 and the
triphenyl compounds, PPh3, AsPh3, and SbPh3, have been used
as halogen bond acceptors.21,22 Similar to strong halogen- and

chalcogen-bond donors, heavier pnictogen atoms such as Sb
and Bi can also behave as electrophiles and form strong
pnictogen bonds (PnB). Covalently bound trivalent pnictogen
atoms offer the possibility of three localized σ-holes and,
therefore, the potential for triple pnictogen bonding at a single
pnictogen (Scheme 1).23,24 This has been nicely demonstrated

through cocrystallization of antimony halides with crown
(thio)ethers.25−29 Few examples exist of the purposeful use of
this unique spatial arrangement of three σ-holes for supra-
molecular chemistry to date.24,30−32 One can imagine forming
assemblies via simultaneous binding of three Lewis basic
electron donors (PnB acceptors), with the pnictogen atom
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Scheme 1. Triple PnB Donors

Article

pubs.acs.org/ICCite This: Inorg. Chem. 2019, 58, 16227−16235

© 2019 American Chemical Society 16227 DOI: 10.1021/acs.inorgchem.9b02761
Inorg. Chem. 2019, 58, 16227−16235

D
ow

nl
oa

de
d 

vi
a 

TE
X

A
S 

TE
C

H
 U

N
IV

 o
n 

D
ec

em
be

r 1
5,

 2
01

9 
at

 1
5:

40
:2

8 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.



serving as a trigonal vertex of a polygon. To achieve this, a
cage-structure that allows sufficient space around the pnictogen
atom to form three primary and three secondary bonds is
necessary. A cage that has previously proved able to facilitate
self-assembly through multiple PnBs24,30 has been adapted for
this study (Scheme 1). Strong PnBs are facilitated by polar
primary bonds. In the case of Pn−O bonds, the formation of
strong interactions has been demonstrated but the molecules
are ambiphilic, where they act simultaneously as the PnB
donor and acceptor.24,30,33,34 One approach to prevent self-
recognition is to utilize perfluorinated alkyl/aryl groups. Matile
et al. demonstrated that the PnB formed with tris-
(perfluorophenyl)stibene can be quite strong (the Vmax on
the ESP surface is 172 kJ/mol) but only one such Vmax was
accessible on the molecular surface.23 To achieve a triple PnB
donor that does not undergo self-recognition, the approach
used here is to support the pnictogen with nitrogen in the
primary bonds to retain bond polarity. Incorporation of the
nitrogen into an indole ring delocalizes the N-lone pair,
reducing its efficiency as a pnictogen bond acceptor. Finally,
incorporating the pnictogen into a cage ensures sufficient space
at the pnictogen for the formation of up to three PnBs
(Scheme 1).
A supramolecular building block that is complementary to a

triple PnB donor (Scheme 1) must include three lone-pairs in
an arrangement that allows for alignment with the electrophilic
regions. Beyond that, building blocks for a functional PnB-
based supramolecular cavitand should contain both spacers
that create an internal cavity and some level of preorganization
favoring simultaneous PnB of three acceptor units. Polypyridyl-
containing molecules have previously been employed as
chelating ligands in coordination chemistry and as halogen
and hydrogen bond acceptors in supramolecular design.1,35−39

Arylene ethynylene (AE) 3 has been designed in this study to
provide a rigid template that allows the three pyridine
acceptors on each side an equatorial plane to form
simultaneous PnB interactions, creating small cavities above
and below the central 1,3,5-substituted benzene core of the
complex (Scheme 2). The different binding behavior of ligand
2 versus the flexible tris(2-pyridylmethyl)amine (TPA)
systems is rationalized by studying binding of the PnB donor
with not only these threefold acceptors but also monodentate
PnB acceptors in the solid state, in solution, and computa-
tionally in the gas phase.

■ RESULTS AND DISCUSSION
Computational Evaluation of Triple Pnictogen Bond

Donor. Density functional theory (DFT) calculations (B97-
D3, ZORA, def2-TZVPP) were used to evaluate the ability of 2
to form pnictogen bonds. The geometry was optimized starting
from the crystallographic coordinates. No significant deviation
from the experimental geometry was noted. The Fukui
function ( f+(r)) integrated from above and the electrostatic
potential energy (ESP) were separately mapped onto the
molecular surface as represented by the 0.001 au isosurface of
the electron density of 2 (Figure 1). The Fukui function

depicts electrophilic regions according to an orbital model.
The ESP map depicts three regions of high electrostatic
potential (Vmax) that coincide with the electrophilic regions
depicted by the Fukui function. Each of the three Vmax values
of 147 kJ/mol are on par with the values reported on the 0.001
au molecular surface for neutral systems that engage in strong
halogen,23,40 and chalcogen23,41 bonds. The presence of these
three well-resolved sites is a strong indicator of the ability of 2
to form multiple predictable PnBs.

Preparation and Characterization of Triple Pnictogen
Bond Donor. Treatment of tris-indole 142 with antimony(III)
diethylamide in anhydrous benzene gives the desired
compound, 2, in high yield (see Scheme 3). The clean loss
of the indole NH peak was observed by 1H NMR and IR
spectroscopies.
Yellow hexagonal single crystals of 2 were grown directly

from a solution of 1 and Sb(NEt2)3 upon sitting in anhydrous
benzene at room temperature. The crystal structure (Figure 2)
reveals a molecule of 2 without any pnictogen bonds. Due to
the high molecular symmetry, all the Sb−N bonds are
equivalent with a length of 2.057(3) Å. A benzene ring is
sandwiched between two staggered molecules of 2 with an Sb−
C6H6(centroid) distance of 3.648 Å, longer and at a different angle
than typically observed for Menshutkin complexes,43−45

Scheme 2. Design of a Triple PnB Donor

Figure 1. Electrostatic potential (top) and Fukui function (bottom)
of 2 from two different views mapped on the electron density surface
(0.001 au isosurface). The red and black spheres indicated on the ESP
are Vmax and Vmin positions, respectively. ESP units are in kJ/mol.
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suggesting that the benzene facilitates packing rather than
forming strongly attractive interactions with the antimony.
The powder X-ray diffraction pattern of the dried bulk

powder matches the simulated pattern of 2·C6H6 from the
single crystals (Figure S34); however, the 1H NMR spectrum
of the material reveals only half an equivalent of benzene
(Figure S14) which appears as free benzene according to the
unperturbed chemical shifts. Presumably, the interstitial
benzene has been lost from the lattice during drying. This is
consistent with a formula of 2·1/2C6H6 which matches the
results of elemental analysis.
Self-Assembly through Triple Pnictogen Bonds.

Preliminary DFT calculations (B97-D3, ZORA, def2-
TZVPP) suggested that tridentate TPA would bind with the
formation of three equivalent PnBs as depicted in Scheme 2.
Treatment of 2 with an equimolar amount of TPA in toluene
yielded single crystals of 2·TPA. Contrary to the DFT
minimized structure, the crystal structure of 2·TPA revealed
that self-assembly occurred via the formation of two PnBs
(Figure 3). The Sb interacts with N5 and N6 at distances of
2.754(2) Å (76% of ΣrvdW or 131% of Σrcov) and 2.615(2) Å
(72% of ΣrvdW or 124% of Σrcov), respectively.46,47 The Sb−N
primary bonds are, on average, 1.77% elongated as compared
to those in the structure of 2·C6H6 (see Table 1). This can be
rationalized, according to an orbital model, by considering the
PnB being stabilized by the overlap of the N-lone pairs with
the Sb−N σ* orbitals. There is another close contact between
Sb and N4 with a distance of 3.330(2) Å (92% of ΣrvdW or
159% of Σrcov). An AIM (atoms in molecules) analysis (see
Table 2) reveals a low density at the bond critical point (bcp),
consistent with the short distance being geometrically
enforced, rather than the result of a favorable interaction.
The third pyridyl group did not form a PnB with the third
electrophilic region on the antimony atom in 2·TPA.

Optimization of the structure of 2·TPA starting from the
crystallographic coordinates reveals a minimum with only two
PnBs that is only 8 kJ/mol higher in energy than the initial
prediction with three PnBs. Evaluation of the ESP of 2·TPA in
the observed solid-state geometry reveals a residual Vmax of
only 53 kJ/mol at the third PnB site. This number is
sufficiently low that weak hydrogen bonding can compete and,
indeed, a short distance (3.030 Å) is observed between N7 and
the methylene carbon on TPA in the solid-state structure. This
marked decrease in the magnitude of the Vmax suggests
negative cooperativity upon formation of the PnBs. This
contrasts with systems that use multiple halogens to achieve
complementary halogen bonding motifs. Negative coopera-
tivity is not observed in these multitopic systems which

Scheme 3. Synthesis of 2

Figure 2. Ball and stick representation of crystal structure of 2·C6H6
showing only 2 (left) and the arrangement of benzene between two
molecules of 2 (right). Hydrogen atoms are omitted for clarity.

Figure 3. (Left) Ball and stick representation of crystal structure of 2·
TPA (hydrogens were omitted for clarity). (Right) Electrostatic
potential of 2·TPA on 0.001 au electron density of supramolecule
(red sphere indicated on the ESP represents VS,max). ESP units are in
kJ/mol.

Table 1. Selected Crystallographic Bond Distances (Å)

compd Sb−Nn Sb···Nn

2 Sb−N1 2.057(3)
Sb−N2 2.057(3)
Sb−N3 2.057(3)

2·Py2 Sb−N1 2.037(5) Sb···N4 2.716(6)
Sb−N2 2.074(13) Sb···N5 2.716(6)
Sb−N3 2.037(5)

2·BP Sb−N1 2.074(2) Sb···N4 2.637(2)
Sb−N2 2.098(2) Sb···N5 3.197(2)
Sb−N3 2.0647(2)

2·TPA Sb−N1 2.092(2) Sb···N4 3.330(2)
Sb−N2 2.070(2) Sb···N5 2.754(2)
Sb−N3 2.118(2) Sb···N6 2.615(2)

α−22·3 Sb1−N1 2.108(4) Sb1···N7 2.815(4)
Sb1−N2 2.096(4) Sb1···N8 2.759(4)
Sb1−N3 2.099(4) Sb1···N9 2.779(4)
Sb2−N4 2.086(4) Sb2···N10 2.751(4)
Sb2−N5 2.077(4) Sb2···N11 2.886(4)
Sb2−N6 2.089(4) Sb2···N12 2.864(4)

β−22·3 Sb1−N1 2.078(4) Sb1···N7 2.735(4)
Sb1−N2 2.089(4) Sb1···N8 2.803(4)
Sb1−N3 2.094(3) Sb1···N9 2.822(3)
Sb2−N4 2.101(4) Sb2···N10 2.733(4)
Sb2−N5 2.081(4) Sb2···N11 2.768(5)
Sb2−N6 2.090(4) Sb2···N12 2.865(4)
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contrasts with the multivalent pnictogen bond donor presented
here.1,48−50

In order to circumvent this apparent problem of negative
cooperativity, and fully take advantage of the ability of
antimony to form three PnBs, a more rigid tridentate PnB
acceptor was designed. The design of PnB acceptor 3 exploits
the relatively low barrier to rotation of single bonds within
diarylacetylene units which can act as hinges for the rigid
ditopic pyridyl arms.51 A similar, but inverted, approach has
been used by Huber and co-worker as well, where multitopic
halogen bond donors were able to self-assemble with a tripodal
halogen bond acceptor.48 Threefold Sonogashira coupling of
precursor 4 to triiodobenzene yields an arylene ethynylene
(AE) system (3) in which coplanarity is impossible due to the
overlap of the pyridyl R groups (Scheme 5). Twisted AE

structures can be reinforced via covalent bonds52,53 or
noncovalent interactions54,55 and can be used to introduce
cavities in appropriately designed systems.56 In this study, it
was surmised that PnB could act as a driving force for holding
the three ethynylpyridine arms perpendicular to the central
benzene ring. Not only does this create a cavity within the
supramolecular construct (Figure 4), but also it forces the
ethynylpyridine arms on the opposite side of the equatorial

plane in a position to best accommodate a second threefold
PnB interaction. It was reasoned that this preorganization
would provide positive cooperativity for binding two
equivalents of PnB donor, potentially offsetting the apparent
negative cooperativity observed for three-fold binding in TPA.
X-ray quality single crystals were grown by treating PnB

acceptor 3 with 2 equiv of 2 in benzene. Two polymorphs, α
and β, were identified and single crystal analysis revealed that
both contained the anticipated ratio of 2 and 3 giving the
supramolecular assembly 22·3. The complete assembly from α-
22·3 is displayed in Figure 4. PnBs hold the two molecules
together, and the ethynylpyridine arms are unfolded in a
cylindrical conformation with a molecule of 2 capping each of
the top and bottom of the cylinder. The ethynylpyridine arms
are at approximate right angles (90.03−93.49°) to the central
benzene of 3, creating two pockets that are approximately 4 Å
in diameter. In the crystal structure, this space is occupied part
partially intruding solvent molecules. The second phase, β-22·
3, is shown in Figure S3 and has the same connectivity as the
first. In both phases, numerous solvents of crystallization are
observed. All of the PnBs appear to be strong based on the
relatively short distances observed in the solid-state structure
(Table 1). The Sb···N PnB distances in α-22·3 range from
2.751 to 2.886 Å, and the distances in β-22·3 range from 2.735
to 2.865 Å. These distances all fall below 80% of ΣrvdW or
137% of Σrcov. Analogous to 2·TPA, the Sb−N primary bonds
are elongated by 1.73% and 1.28% for the α and β phases,

Table 2. DFT Calculated Parameters and AIM Analysis of 2 with PnB Acceptors

2·Py 2·Py2 2·Py3 2·BP2
c 2·TPAa 2·TPAb 22·3

Sb−N (Å) 2.105 2.125 2.128 2.098 2.137 2.131 2.127, 2.127
2.083 2.121 2.128 2.074 2.132 2.107 2.128, 2.127
2.084 2.093 2.128 2.065 2.136 2.118 2.128, 2.127

Sb···N (Å) 2.703 2.764 2.812 2.637 2.843 2.752 2.799, 2.802
2.784 2.814 3.197 2.911 2.764 2.798, 2.797

2.815 2.901 3.438 2.800, 2.796
3.158

N−Sb···N (deg) 155.2 154.54 152.49 158.79 166.12 162.1 152.79, 152.46
154.38 152.39 154.41 172.2 161.7 152.67, 152.46

152.36 171.39 152.69, 152.83
ρSb···N (e Å−3) 0.0339 0.0301 0.0274 0.0380 0.0240 0.0307 0.0282, 0.0282

0.0289 0.0275 0.0128 0.0266 0.0316 0.0282, 0.0280
0.0276 0.0237 0.0043 0.0282, 0.0283

0.0165
∇2ρSb···N (e Å−5) 0.0555 0.0522 0.0506 0.0631 0.0477 0.0530 0.0521, 0.0521

0.0509 0.0508 0.0299 0.0500 0.0532 0.0521, 0.0519
0.0508 0.0474 0.0138 0.0519, 0.0522

0.0393
aConformation with four points of attachment (see Figure S6). bConformation from the crystal structure (see Figure S6). cConformation from the
crystal structure with optimized hydrogen positions.

Scheme 4. Structures of Pyridyl-Based PnB Acceptors

Scheme 5. Generation of 3 via Threefold Coupling
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respectively. Comparison between the chemical shifts of
different protons of 2, 3, and 22·3 confirms self-assembly of
22·3 in a benzene solution (see Figure S18). The chemical
shifts reveal C3 symmetry, suggesting that the supramolecule is
highly symmetrical. A geometry optimization of a model of 22·
3 (lacking t-butyl groups) shows that all PnB distances are
equal within ±0.003 Å and the supramolecular structure has a
C3 rotation axis. Furthermore, the electron density at the bond
critical points for all the pnictogen bonds are identical within
1% (Table 2). The high symmetry in solution and in the
calculated structure suggest that the deviations from this that
are observed in the solid state structure of 22·3 are the result of
packing rather than being electronic in origin.
Pnictogen Bond Formation with Monodentate PnB

Acceptors. In order to evaluate the role of cooperativity in the
formation of multiple PnBs, 2 was treated with monodentate
PnB acceptors pyridine (Py) and 4,4′-bipyridine (BP)
(Scheme 4). Crystalline 2·1/2C6H6 is only partially soluble
in nonpolar solvents such as toluene and benzene. Addition of
1−3 equiv of the monodentate PnB acceptors assisted in the
dissolution of 2. Leaving the solutions undisturbed for 24 h
resulted in the formation of X-ray quality single crystals. As
shown in Figure 5, there are only two PnBs formed between 2
and the monodentate PnB acceptors, Py and BP, in the solid
state. For 2·Py2, the PnBs between Sb···N4 and Sb···N5 are
both 2.716(6) Å which is 75% of ΣrvdW (129% of Σrcov), an
indication of strong Pn-bonding. Although there are three PnB
donor sites available on the antimony in 2, a third interaction is
not observed. Similar results were observed with BP where the
single crystal X-ray structure reveals a 1:1 2:BP stoichiometry.
As BP is ditopic, this again results in only two PnBs formed
with 2 (Scheme 6). Here, strong and weak interactions are

observed. The Sb···N4 distance is 2.637(2) Å (73% of
ΣrvdW,126% of Σrcov) and the Sb···N5 distance is 3.197(2) Å
(89% of ΣrvdW, 152% of Σrcov). Furthermore, there appears to
be a suboptimal alignment of the pyridyl ring with the PnB
vector. The longer PnB may result from the packing
arrangement. Closer inspection of the structure reveals a
short π−π distance between the N5 pyridine ring and the N2
indolyl ring (dC18···C37 = 3.224 Å vs ΣrvdW = 3.4 Å) that may
energetically offset the longer and misaligned PnB. AIM
analysis reveals a bcp (0.0128 e Å−3) that supports the
presence of a weak interaction between the Sb and N atoms
(see Table 2). Ultimately, the combination of 2 and BP results
in a zigzag polymeric structure assembled through strong and
weak PnBs (see Figure S5).

Figure 4. Ball and stick presentation of α-22·3 (hydrogens are omitted
for clarity).

Figure 5. Ball and stick representation of crystal structure of 2·Py2
(top) and 2·BP (bottom). Hydrogens are omitted for clarity.

Scheme 6. Self-Assembly of Triple PnB Donor 2 with One
to Three Pyridine Rings
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Given the three large Vmax values calculated for 2, it was
surprising that only two sites were occupied. DFT calculations
were used to probe for evidence of negative cooperativity in
sequential PnB formation. Electrostatic potential maps were
evaluated for 2·Py and 2·Py2 (Figure 6) to determine the

influence of PnB formation on the magnitude of the remaining
Vmax sites. Addition of one pyridine molecule to 2 results in a
decrease of the remaining Vmax values at the antimony to 111
kJ/mol, a decrease of 36 kJ/mol compared with 2. Addition of
the second Py results in a further reduction of the remaining
Vmax to 77 kJ/mol. In comparison, the Vmax value calculated for
iodobenzene, which has not been observed to form halogen
bonds in the solid state, is 63 kJ/mol. This appears consistent
with the apparent inability of 2 to form a third PnB with a
monodentate PnB acceptor. An additional point is that,
according to the ESP map, the hydrogens on pyridine
molecules have Vmax values of 119 and 103 kJ/mol for 2·Py
and 2·Py2, respectively (cf. 52 kJ/mol Py). This increase in
Vmax at the pyridine alongside the decrease at the antimony
may lead to competition with hydrogen bonding.
The apparent inability to form a third PnB can also be

rationalized using an orbital model. The energy of the orbital
corresponding to the lone pair on Sb in 2 was plotted as a
function of PnB formation with pyridine. Figure 7 depicts a
significant increase in energy of this orbital with each
subsequent PnB. This suggests in increase in stereochemical
activity with each additional Py. This would result in increased
repulsion between the PnB donor and the new acceptor,
making the formation of the third PnB less favorable. To
complement this, the lowest energy Sb−N σ* orbitals from 2·
Pyn (n = 0−3) were extracted from the calculations. In an
orbital model, these would be expected to overlap with the
occupied lone-pair orbital on the PnB acceptor. As illustrated
in Figure 7, the addition of each Py molecule increases the
energy of the Sb−N σ* orbital(s) which causes a reduction in
the electrophilicity of 2 toward PnB formation as a result of
inefficient energetic overlap with the third Py molecule. To
visualize this effect, the Fukui function ( f+(r)) integrated from
above was mapped onto the molecular surface of 2·Py and 2·
Py2 represented by the 0.001 au isosurface of the electron
density of each supramolecule (Figure S9). Both color maps
are at the same scale, and the results show a great drop in the
electrophilicity of 2·Py2 compared to 2·Py. This trend is
mirrored by the calculated binding energy for each subsequent

addition of a pyridine plotted in Figure 7. Here, each
additional pyridine experiences a nonlinear decrease in
stepwise binding energy. Ultimately, the third binding step is
14 kJ/mol less favorable than the first, further evidence of
negative cooperativity.
AIM analysis revealed bcp’s at the PnBs in each of the

supramolecules (ρSb···N in Table 2). A decrease in density with
the addition of each subsequent pyridine molecule was
observed for 2·Pyn (n = 1−3), consistent with the decrease
in PnB strength. The cooperativity enforced by the highly
organized pnictogen bond acceptor 3 resulted in bcp’s with
higher density than the bcp’s calculated in 2·Py3, implying that
the PnBs in 22·3 are stronger than the individual added
pyridines.
Careful design of a rigid multidentate PnB acceptor is

needed to overcome the negative cooperativity associated with
multiple PnB formation at an antimony center. Alternatively,
strategies to enhance the electrophilicity of the pnictogen
could be targeted. These could include modifications to the
tripodal support or inclusion of a less electronegative
pnictogen.

Pnictogen Bond Formation and Self-Assembly in
Solution. To further quantify the PnB donor ability of 2 in
solution, binding constants for 2·Py and 2·BP were measured
by fitting the changes in the UV−vis spectra accompanying a
titration. Solutions of 2 in a noncoordinating solvent (DCM)
were titrated with each PnB acceptor. Self-assembly was
assumed to occur stepwise and the data extracted from the
titrations were fit to a 1:1 binding model.36 More complex
models were tested but no significant improvement to the fit
was observed. The 1:1 binding constants with both pyridine
and 4,4′-bipyridine (Table 3) are on the larger side as
compared to those observed for neutral halogen-bond donors
(K = 2.3 × 106 M−1 with ICl, 77 M−1 with I2, 0.8 M−1 with

Figure 6. Electrostatic potential of 2·Py (left) and 2·Py2 (right)
mapped on the 0.001 au molecular surface (red and black spheres
indicated on ESP are Vmax and Vmin, respectively). ESP units are in kJ/
mol.

Figure 7. Energy of the low-energy Sb−N σ* orbitals (red) and 5s
orbital on antimony (blue) in 2·Pyn (n = 0−3) and stepwise binding
energy (2·Pyn + Py → 2·Pyn+1, n = 0−3) plotted in black. Dashed
lines have been added as a visual aid.

Table 3. Binding Constants and ΔGbinding Determined by
UV−Vis Spectroscopy at 293 K

compd K (M−1) ΔG (kJ/mol)

2·Py 1.75 × 104 −23.8
2·BP 1.22 × 104 −22.9
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NO2C6H4C2I),
57,58 consistent with the large calculated Vmax

values.
To investigate the solution behavior of the supramolecular

cage 22·3, diffusion coefficients of 2, 3, and 22·3 were measured
by pulsed-field gradient spin echo (PFGSE) NMR spectros-
copy. Inspection of the crystal structures suggests that 2 should
diffuse faster than the much larger supramolecule, and as a
result 22·3 must have a smaller diffusion coefficient. Fitting the
PFGSE NMR signals for the protons on the methyl groups of 2
(labeled as 2-Me) reveals a diffusion coefficient of 5.24 × 10−10

m2/s for 2. A similar analysis using the tert-butyl and Ha
(indicated in Scheme 4) protons of 3 (labeled as 3-tBu and 3-
Ha) yields smaller diffusion coefficient as compared to 2,
consistent with the larger size of 3. The same sets of peaks
were analyzed in a solution containing 22·3 and all the protons
in the indicated groups of the supramolecule had both smaller
and similar diffusion coefficients than isolated 2 or 3 (Table 4).

Assuming a hard sphere model, the Stokes radii can be
calculated from the diffusion coefficients. The size increases as
expected from 2 to 3 to 22·3. These measurements are in
accord with 22·3 remaining intact in solution. In addition to
diffusion analysis, difference between the chemical shifts
(Table 4) of the methyl groups on 2 and 22·3 further confirms
the integrity of the supramolecule.
The formation of the 22·3 assembly and its persistence in

solution lends credence to the idea of using the triple
pnictogen bonding motif as a new design element for the
vertices of supramolecular capsules and cages. The predictable
geometric arrangements can potentially be used to self-
assemble cavities tailored to guests by incorporating functional
groups that can form specific interactions. Given the trend of
increasing interaction strength down a group, it can perhaps
also be expected that the use of bismuth can lead to stronger
pnictogen bonds.

■ CONCLUSION
In summary, a new antimony-based triple pnictogen bond
donor compound, 2, was prepared and structurally charac-
terized. No pnictogen bonds were observed in crystal structure
of 2 by itself. The propensity to form pnictogen bonds was
suggested by the large Vmax values on the electrostatic surface
potential map and confirmed by short pnictogen bonds with
pyridyl PnB acceptors. Negative cooperativity was observed
with pyridine, bipyridine, and tris(2-pyridylmethyl)amine.
DFT calculations revealed a stepwise decrease in the residual
Vmax values with each sequential pyridine binding. Solution
studies suggest a rather high 1:1 binding constant compared
with neutral halogen bond donors, highlighting the strength of
the pnictogen bonds. Perfect complementarity between the
triple PnB donor and an acceptor was achieved by engineering

positive cooperativity into the PnB acceptor. An acetylene
hinged, rigid ditopic system was designed that acted as a triple
pnictogen bond donor to form a supramolecular assembly with
open cavities. Diffusion NMR studies revealed that the
supramolecular structure was maintained in solution. The use
of a complementary triple pnictogen bond donor/acceptor
pairs represents a new strategy for enforcing predictable
heteromolecular self-assembly. Furthermore, this structure and
its solution stability suggest the use of triple pnictogen bonding
as a design element for supramolecular capsule formation.
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Revisited. Dalton Trans. 2008, 0 (21), 2832−2838.
(48) Jungbauer, S. H.; Bulfield, D.; Kniep, F.; Lehmann, C. W.;
Herdtweck, E.; Huber, S. M. Toward Molecular Recognition: Three-
Point Halogen Bonding in the Solid State and in Solution. J. Am.
Chem. Soc. 2014, 136 (48), 16740−16743.
(49) Turunen, L.; Beyeh, N. K.; Pan, F.; Valkonen, A.; Rissanen, K.
Tetraiodoethynyl Resorcinarene Cavitands as Multivalent Halogen
Bond Donors. Chem. Commun. 2014, 50 (100), 15920−15923.
(50) Lieffrig, J.; Jeannin, O.; Fourmigue,́ M. Expanded Halogen-
Bonded Anion Organic Networks with Star-Shaped Iodoethynyl-
Substituted Molecules: From Corrugated 2D Hexagonal Lattices to
Pyrite-Type 2-Fold Interpenetrated Cubic Lattices. J. Am. Chem. Soc.
2013, 135 (16), 6200−6210.
(51) Toyota, S. Rotational Isomerism Involving Acetylene Carbon.
Chem. Rev. 2010, 110 (9), 5398−5424.
(52) Menning, S.; Kram̈er, M.; Coombs, B. A.; Rominger, F.; Beeby,
A.; Dreuw, A.; Bunz, U. H. F. Twisted Tethered Tolanes:
Unanticipated Long-Lived Phosphorescence at 77 K. J. Am. Chem.
Soc. 2013, 135 (6), 2160−2163.
(53) Iwaniuk, D. P.; Wolf, C. A Stereodynamic Probe Providing a
Chiroptical Response to Substrate-Controlled Induction of an Axially
Chiral Arylacetylene Framework. J. Am. Chem. Soc. 2011, 133 (8),
2414−2417.
(54) Nandy, R.; Subramoni, M.; Varghese, B.; Sankararaman, S.
Intramolecular π-Stacking Interaction in a Rigid Molecular Hinge
Substituted with 1-(Pyrenylethynyl) Units. J. Org. Chem. 2007, 72
(3), 938−944.
(55) Sharber, S. A.; Baral, R. N.; Frausto, F.; Haas, T. E.; Müller, P.;
Thomas III, S. W. Substituent Effects That Control Conjugated
Oligomer Conformation through Non-Covalent Interactions. J. Am.
Chem. Soc. 2017, 139 (14), 5164−5174.
(56) Hirata, O.; Takeuchi, M.; Shinkai, S. Allosteric Binding of
Anionic Guests to a Bicyclic Host Which Imitates the Action of a
‘Turnstile.’. Chem. Commun. 2005, No. 30, 3805−3807.
(57) Beale, T. M.; Chudzinski, M. G.; Sarwar, M. G.; Taylor, M. S.
Halogen Bonding in Solution: Thermodynamics and Applications.
Chem. Soc. Rev. 2013, 42 (4), 1667−1680.
(58) Dumele, O.; Wu, D.; Trapp, N.; Goroff, N.; Diederich, F.
Halogen Bonding of (Iodoethynyl)Benzene Derivatives in Solution.
Org. Lett. 2014, 16 (18), 4722−4725.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.9b02761
Inorg. Chem. 2019, 58, 16227−16235

16235


