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6 ABSTRACT: Triple pnictogen bonding refers to the ability of a pnictogen atom to engage in three simultaneous pnictogen bonds
7 (PnBs) to a complementary partner through a single pnictogen atom. This supramolecular strategy was recently introduced as a
8 unique facet of pnictogen bonding as compared to other named supramolecular interactions. Here, the ability of bismuth to
9 participate in this phenomenon is demonstrated using Bi((NCyH;);CH,). The study reveals that Bi engages in stronger PnBs than
10 the analogous Sb system. The results have been contrasted with Bi systems that form strong coordination bonds, and analysis of the
11 electron density along the bond path reveals key differences. The solution behavior of these newly synthesized supramolecules were
12 studied by PFGSE NMR spectroscopy and they are found to remain intact in solution. Molecular design strategies that allow for
13 triple pnictogen bonding should find use in the fields of molecular recognition and crystal engineering.

1+ l INTRODUCTION

15 Pnictogen bonding (PnB) refers to the pnictogen-centered
6 secondary bonding interactions (SBIs) that dominate the
17 supramolecular chemistry of the heavy p-block elements.'™* In
18 analogy to halogen (HaB) and chalcogen bonding (ChB), it
9 can be defined as a net attractive interaction between an
20 electrophilic region associated with a pnictogen element in a
21 molecular entity (the donor) and a nucleophilic region in a
22 molecular entity (the acceptor).”® Pnictogen bonding
23 categorizes a subset of interactions that are part of a continuum
24 that ranges from nondirectional London dispersion inter-
25 actions to more formal dative covalent bonds, and the exact
26 boundaries are difficult to define.” Pnictogen bonding is widely
27 observed in the solid-state structures of the heavier pnictogen
28 atoms in their trivalent state but, when compared to halogen or
29 chalcogen bonding, have not seen much purposeful employ-
30 ment as a supramolecular interaction. Some recent efforts to
31 design functional molecules around pnictogen bonding include
32 anion binding and transport,”~'> noncovalent catalysis,">~"”
33 self-assembly of reversed bilayer vesicles,'”'” and molecular
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recognition.””~** The paucity of examples may be a result of 34
the differences in synthetic approaches and VSEPR geometries 35
as compared with hydrogen and halogen bonding. An 36
important corollary of these differences is the unique ability 37
of pnictogen bond donors to engage in (up to) three 33
simultaneous interactions as shown in Figure 1. Formation of 39 f1
three simultaneous PnBs involving three separate acceptors can 49
lead to 2D or 3D self-assembly. When these interactions occur 41
between a single donor and a single acceptor, the descriptor of 4
a triple pnictogen bond can be applied and this triple PnB can be 43
used to direct molecular recognition between two units with a 44
high degree of specificity. 45
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Figure 1. Comparison between three separate PnBs (Bi(SC4Fs)5Py;:
CSD code OKOLUV)** and triple pnictogen bonding (BiCls-
Me;[9]aneN;: CSD code YOTYEL).>® The color of H, C, N, F, S,
C], and Bi atom in this figure is white, gray, blue, yellow-green, yellow,
green, and dark green, respectively.

46 It becomes pertinent to address the confusion that arises
47 with bismuth about the terms pnictogen bond and
48 coordination bond, particularly due to its classification as a
49 metal. Traditionally, the chemistry of bismuth(III) that extends
50 beyond a valency of three has been referred to as coordination
s1 chemistry and involves a continuum of distances and strengths.
52 In this work, we use the term pnictogen bonding to specifically
53 categorize the subset of these coordination bonds that occur
54 opposite a pre-existing primary bond at a distance that clearly
ss distinguishes them from primary bonds and involves little
s6 molecular reorganization. As such, they are functionally
57 analogous to noncovalent interactions like hydrogen and
s¢ halogen bonding. This way of categorizing these interactions is
s9 consistent with the lighter congeners and highlights the fact
60 that they are comparable in strength to other supramolecular
61 interactions like hydrogen and halogen bonding. To further
62 clarify the usage of pnictogen bonding here, a few examples of
63 molecular and coordination (mono and tricationic) com-
64 pounds of Bi are shown in Figure 2.”****” Bismuth structures
65 containing the tris-thioether ligand used by Benko and Heift
66 nicely illustrate these ideas (Figure 2).>** When it binds to
67 BiX; (X = Cl, Br, I), the Bi---S distances (3.047(9)-3.136(8) A)
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Figure 2. Examples of previously reported neutral Bi(III) compounds
and the new compound 2 in this work (above the line). Examples of
cationic Bi(III) coordination complexes (below the line).

are significantly longer than a covalent bond and occur nearly 68
opposite to a pre-existing Bi—X bond. In the case of Bi(OTf);, 6o
the Bi—S distances match those of a covalent bond (2.749(9) 70
A) and they do not geometrically correlate with a pre-existing 71
bond. It is useful to distinguish these two situations, the former 7
weak coordination bonds being described here as PnBs and the 73
latter as coordination bonds. The other implication of these 74
classifications is a difference in strength regime, the former 7s
behaving more like a noncovalent interaction and the latter 76
more like a covalent bond. While there is no hard and fast 77
dividing line between bonds that are molecular in nature and 78
those that behave more like a supramolecular interaction, 79
generally covalent bond strengths are greater than 150 kJ/mol so
(with most greater that 200 kJ/mol) whereas, for instance, s1
hydrogen bonds range in strength from 2 kJ/mol —170 kJ/ s2
mol 25730 0

In our recent study demonstrating the self-assembly directed s4
by a triple PnB, we observed that the antimony pnictogen ss
bond donor 1 (Figure 2) was capable of forming a triple PnB, ss
but only when partnered with an appropriately designed triple s7
PnB acceptor.”’ Computationally, it was found that the ss
formation of each PnB decreased the strength of the s9
subsequent pnictogen bond; significant negative cooperativity 9o
was associated with multiple PnB bond formation in this o1
system. The origin of this was determined to be the increasing 92
stereochemical activity of the pnictogen lone pair with each 93
additional pnictogen bond, which in turn reduces the value of 94
the positive electrostatic potential associated with the region os
where the PnB will form. Building positive cooperativity into 96
the acceptor allowed for a strong and symmetrical triple 97
pnictogen bond to form. This behavior is in contrast to that of 9s
antimony alkoxide cages that readily self-recognize and form 99
three PnBs at each antimony.’”*” A recent computational 100
study that considers intramolecular PnBs identified a similar 101
phenomenon.33 For the alkoxide cages, no analogous bismuth 102
alkoxide cage could be isolated, but density functional theory 103
(DFT) calculations suggested that it should form the strongest 104
pnictogen bonds. This is a result of three important 10s
considerations: 1) there is increased stereochemical inactivity 106
of the bismuth lone pair, 2) the o*-orbitals involved in PnB 107
formation are lower in energy, and 3) there is an increase in 108
polarizability. From this it follows that a bismuth analogue (2 109
in Figure 2) should not be as susceptible to negative 110
cooperativity upon pnictogen bond formation and is therefore 111
expected to be a more efficient triple PnB donor than 1. 112

While examples of triple-pnictogen bonding with bismuth 113
can be observed in crystal structures (see Benkd and Heift 114
2019 in Figure 2, for example),20 no examples have been 115
observed with tripodal bismuth compounds. Tripodal Bi(III) 116
compounds that have been reported (Figure 2) either have 117
bulky groups around the potential PnB sites or have a 11s
geometry that does not allow for ready formation of a PnB 119
opposite to an existing primary bond.>* ¢ In some cases, 120
transannular Bi--N interactions are observed. While these are 121
not necessarily PnBs, they reflect the Lewis acidity of the Bi 122
center in these tripodal systems and are probably best 123
characterized as coordination bonds.**™*® Compound 3" 124
was selected as a good example of coordination bonding 125
with bismuth(III) involving pyridyl groups and will be used in 126
this study to contrast its bonding properties with those of 127
compound 2. 128
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120 l RESULTS AND DISCUSSION

130 Synthesis and Characterization of 2. Similar to the
131 preparation of the antimony congener, 2 was prepared by
132 treating 2,2,2"-triskatylmethane, suspended in anhydrous
133 benzene, with 1.1 equiv of bismuth(IIl) dimethylamide
134 according to Scheme 1. After addition of the bismuth reagent,

Scheme 1. Synthesis of 2

Benzene
21°C

135 the colorless suspension turned into an orange homogeneous
136 solution (see Figure S1). Solvent was removed under vacuum,
137 and the recovered orange solid was suspended in anhydrous
138 hexanes, vacuum filtered, and then dried under vacuum in an
139 inert atmosphere. This product was fully characterized by
140 different spectroscopic methods (for more information see SI).
141 Unlike with 1, no single crystals of 2 were obtained; however,
142 loss of NH signal at 7.71 ppm in 'H NMR (Figure S7) and its
143 stretching frequency at 3398 cm™' in FTIR (Figure S24) are
144 consistent with the spectroscopic evidence established for 1
145 and support formation of 2. Comparison of the 'H NMR of 1
146 and 2 shows both compounds share similarities in integrated
147 values with slight shifts on the chemical shifts of the protons in
148 the solution. Additionally, the 13C NMR chemical shifts and
149 FTIR modes for compound 2 show similar features to
150 compound 1.

151 In the absence of crystallographic data, DFT calculations
152 (B97-D3, def2-TZVPP, ZORA) were used to estimate the
153 structural parameters of 2. Atoms in molecules (AIM) analysis
154 has proven to be a reliable method for evaluation of hydrogen
155 bonding.””*® Recently, many studies have employed AIM
156 analysis to evaluate the nature of noncovalent interactions.
157 This method has proven its applicability for the evaluation of
158 PnBs as well.”*7*

159 Given the similarity in spectroscopic features, calculations
160 were carried starting from the crystal structure of 1 by
161 substituting a Bi in place of the Sb atom. The geometry
162 optimizes to a Cj, symmetrical structure, consistent with
163 calculations of 1. The Bi—N bond lengths (2.168 A) are close
164 to previously reported Bi—N bond lengths for Bi com-
165 pounds.”' ~** The electrostatic potential energy (ESP) (Figure
166 3) and the Fukui function integrated from above (f'(r)) (See
167 Figure S3) were separately mapped onto the electron density
168 of 2 (0.001 au isosurface). Similar to 1,”' each maximum in the
169 electrostatic potential (V) is located opposite to a Bi—N
170 primary bond in a pocket created by the rigid cage motif and
171 has a value of 187 kJ/mol. Each V., overlaps with the regions
172 predicted to be susceptible to nucleophilic attack according to
173 the Fukui function (Figure S3). The V. values are
174 comparable with V. values calculated on the 0.001 au
17s molecular surface of strong neutral halogen (HaB) and
176 chalcogen (ChB) bond donors that have been used for
177 different purposes such as catalysis, molecular recognition, and
178 anion recognition.‘m_46
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Figure 3. Electrostatic potential (ESP) maps of 1 (left) and 2 (right)
on the electron density surface (0.001 au isosurface). Red and black
spheres on ESP maps are locations of V,, and V;, respectively.

Compared to 1, the potential associated with each V,,, in 2 179
has increased by 40 kJ/mol. The value for the V;,, which is 180
coincident with the pnictogen lone pair, displayed a more 181
dramatic change. An increase of 72 kJ/mol compared with 1 is 182
calculated, which is consistent with the increasing stereo- 183
chemical inertness of the lone pair down the group.”*”** It is 1s4
important to note that sufficient anisotropy still remains in the 185
electrostatic potential to direct the PnBs. Analysis of the 1s6
frontier orbitals (HOMO=9) of 1 and 2 (illustrated in Figure 187
S4) indicates the Bi lone pair orbital in 2 (—7.76 eV) is more
energetically inaccessible than the Sb lone pair on 1 (=7.70 189
€V), consistent with the difference in the V;, values (Figure 190
3). This further serves to illustrate the role that the pnictogen 191
lone pair plays in tuning the strength and directionality of the 192
pnictogen bonding with trivalent molecules.”"”* Another 193
important factor is the increased size of Bi as compared to 194
Sb. This Bi atom sits 1.358 A above the plane that contains the 195
three nitrogen atoms, compared with 1.251 A for the Sb atom 19
in 1. This removal from the electron rich triskatylmethane will 197
necessarily reduce the Pauli repulsion with an incoming PnB 198
acceptor. Given the very promising electrostatic poential, the 199
PnB ability was probed computationally by introducing 200
pyridine (Py) molecules as PnB acceptors. The behavior of 2 201
was contrasted with 1 to determine if the introduction of Bi 202
could mitigate the negative cooperativity that was previously 203
observed when trying to achieve a triple pnictogen bond. An 204
initial probe of negative cooperativity was performed by 205
comparing the ESP maps of 2-Py, 2-Py,, and 2-Py;. As shown 206
in Figure 4, a decrease in the values of the remaining V., and 207 4
Vinin occurs with each additional Py molecule. Notably, the 208
decrease observed for 2 is not as steep as observed with 1 and 209
the final V., on 2-Py, still has a value of 134 kJ/mol (ca. 53 210
kJ/mol in 1-Py,). Another feature of note is the residual 211
electrostatic potential on 2-Py; which is sufficiently large to 212
allow an additional interaction. 213

To complement observations from the ESP maps and 214
further understanding of the differences between addition of 215
Py molecules to 1 and 2, binding energies were evaluated 216
(Table 1). The binding energy for the addition of the first 2171
pyridine molecule to 2 only differs by 8 kJ/mol compared to 1. 218
These values also indicate that the bonds fall in the strength 219
regime of supramolecular interactions. The stepwise binding 220
energy becomes an important consideration. Binding of the 221
third Py molecule to 1 and 2 allows for the third stepwise 222
binding energy to be determined and it highlights the critical 223
difference between the two systems. In essence, once the 224
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Figure 4. Electrostatic potential of 2-Py (left), 2-Py, (middle), and 2-Py; (right) mapped onto the electron density surface (0.001 au isosurface).
Position of V,,, and V,, are indicated by red and black spheres and units are in kJ/mol.

min

Table 1. Binding Energy of Addition of 1-3 Py Molecules to This is fully consistent with the DFT calculations (Table 2) 2382

1 or 27 and demonstrates the effectiveness of Bi over Sb in forming 239
. three simultaneous PnBs with pyridyl-based PnB acceptors . 240
&3 yft) The Bi—N distances range from 2.217—2.235 A. These are 241
n=1 n=2 n=3 notably longer than those measured in the DFT model of 2, 242
1-py,’ -70 -136 -192 but they are very well reproduced by the DFT model of 2-Py;. 243
2-Py,* -78 -153 -220 DFT models of with 1—3 pyridine molecules reveal that Bi—N 244

“AE = AEpgng + AEzpg + AEgggp. “1 + n Py — 1.Py,. 2 + n Py — bond elongation occurs opposite each PnB (Table 3). This is 24513
2-Py,. dZEnergy units are in kJ/mol. consistent with what has been previously observed in 1-Py; and 246

other pnictogen bonded systems.”"”"** Within an orbital 247

) o ) ) model, this elongation can be rationalized by the population of 248
225 stepwise binding energy lies below a certain value, the a low-lying Bi—N ¢* orbital by the pyridine lone pair. The Bi--+ 249

226 probability of formation of the next PnB decreases. Here, it N gisances (Table 3) range from 2.742(2)-2.782(2) A which 250
227 appears that dividing line is somewhere between —56 kJ/mol are on average 76% of the Yr.w." These interactions are 2s1

2 .(I'PY3 is not obse‘rved eylclperimenFally) an;i —66 J/mol (2'1;),73 quite short yet still represent a 26% elongation over the Bi—N 252
2918 gbserveiexperlmen}tla }izl fl())r blndm.g © Pi’l to llarl;(li 2 T hls single bonds and are therefore clearly distinguished from 253
2(1) lsl(l)hlgast::tet at 2-Py; should be experimentally isolable in the typical single or strong coordination bonds. Compound 3*" 254

: was used as a point of comparison. On average, the Bi—N 2ss

232 Binding to Pyrldl.ne. An orange suspension of 2,' in distances in 3° were 111% of the Y'r., of Bi and N.* 2s6
233 benzene, was treated with excess Py resulting in the formation

234 of a clear yellow solution. Yellow block-shaped X-ray quality
235 single crystals formed upon sitting at 21 °C for 24 h. The
236 structure revealed that, in contrast to 1, 2 can form three PnBs
f5t2 237 with three individual Py molecules in the solid state (Figure S).

Comparing this distance to the Bi--N distances of the 257
supramolecules shows that they are shorter and closer to a 258
covalent bond rather than a strong PnB. To further 259
characterize the differences in the BiN bonding in these 260
systems an AIM analysis was employed. Values for electron 261
density (p), total electronic energy density (H) ! and the IVI/ 262
G indicator’” at the bond critical points (BCP) of 2 263
supramolecules and 3*" are presented in Table 2. V refers to 264
the electronic potential energy density (always negative) and G 265
refers to the kinetic energy density (always positive). The value 266
of the p at the BCP is related to the bond order for a given pair 267
of atoms.”® Comparison of the p values at BCPs for 3" 268
(0.0745 on average) showed that this value was 2.7 times 269
larger than those calculated for the PnBs involving 2 (0.0273 270
on average), closer to the values for the Bi—N single bonds in 271
2. This significant difference can be considered as an indication 272
of greater covalency between Bi and N atoms in 3°". For 2, 273
addition of each subsequent Py molecule results in a slight 274
decrease in the overall p at the PnB BCP, consistent with the 275

changes in the ESP maps and the binding energies. 276

Bonds in which electrostatics dominate have values of H > 0 277

Figure S. Ball and stick representation of 2-Py;. Hydrogen atoms and and [VI/G < 1 at the BCP.>"* A purely electrostatic model is 278

solvent molecules were omitted for clarity. often applied in order to rationalize the bonding in HaB, ChB, 279
D https://doi.org/10.1021/acs.inorgchem.1c01232
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Table 2. DFT Calculated Parameters and AIM Analysis of Coordination Compound 3%, 2 and Its Supramolecules

2-Py 2-Py, 2-Py,
Bi—-N (A) 2214 2235 2243
2.189 2241 2243
2.191 2.198 2242
Bi-~N (A) 2.772 2.836 2.847
2.807 2.846
2.846
p (Bi-=N, e A™%)
p (Bi-N, e A7) 0.0313 0.0273 0.0269
0.0291 0.0270
0.0270
H (Bi-N)
H (Bi-~N) —0.00149 —0.00071 —0.00060
—0.00104 —0.00063
—0.00061
IVI/GY (Bi—N)
V1/G” (Bi--N) 1.078 1.044 1.037
1.059 1.038
1.038

2-TPA 2-5% 2 3%
2264 2213 2.168 2.391
2271 2224 2.168 2.305
2267 2215 2.168 2.391

2.305
2.867 2.882
2.889 2.801
2.808 2.737
3.064
0.1043 0.0680
0.1041 0.0810
0.1042 0.0681
0.0810
0.0251 0.0253
0.0262 0.0290
0.0289 0.0327
0.0192
—0.0347 —0.01475
—0.0346 —0.02159
—0.0347 —0.01477
—0.02160
—0.00040 —0.00029
—0.00056 —0.00092
—0.00101 —0.00164
0.00025
1.393 1.301
1.392 1.370
1.392 1.301
1.370
1.027 1.019
1.035 1.051
1.057 1.078
0.978

“Only hydrogen positions were optimized, see Figure SS. bCalculated at Bi—N/Bi--N BCP.

Table 3. Bi—N and Bi-N Distances (A) of the
Supramolecules of 2

compound Bi—N,_; Bi---N,

2-Py, Bi—-N, 2.235(2) Bi--N, 2.782(2)
Bi—N, 2.230(2) Bi-Nj 2.742(2)

Bi—Nj; 2.218(2) Bi--Ng 2.751(2)

2-TPA Bi—N, 2.264(4) Bi-N, 2.975(5)
Bi—N, 2.253(4) Bi-Ng 2.784(5)

Bi—Nj; 2.248(5) Bi---Ng 2.798(5)

Bi--N, 2.751(5)

2,4 Bi—-N, 2.213(2) Bi--N, 2.737(2)
Bi—N, 2.215(3) Bi-Nj 2.801(2)

Bi—N; 2.224(2) Bi--Ng 2.751(2)

280 and PnB. Indeed, positive values for H are observed at the
281 BCPs for halogen bonded systems.”® It is important to note
282 that the strength of the pnictogen bonds discussed here is
283 much larger than those of typical halogen bonds. For the PnBs
284 between 2 and Py, values of H < 0 and [Vl/G > 1 are observed.
285 The value of H is quite small and |V1/G is close to 1, indicating
286 that the role of covalency in stabilizing the interaction cannot
287 be ignored. In contrast, values of H = —0.01817 and IV1/G =
288 1.335 (on average) were determined for 3** which supports
289 significant covalency between Bi and N atoms, best described
290 as strong coordinate covalent bonds. This compares well with

the values for the covalent Bi—N primary bonds in 2. These 201
PnBs are weak coordination bonds, that lay in the strong 292
regime of the named noncovalent interactions.” 293

Triple Pnictogen Bond Acceptors. The ability of 2 to 204
simultaneously bind to three Py molecules through strong 295
PnBs suggested that 2 could successfully form a triple PnB to 296
tris(2-methylpyridine)amine (TPA), where 1 had failed.”" 297
Single crystals of 2 and TPA were grown by dissolving a 1:1 298
ratio of the two compounds in toluene. After sitting at room 299
temperature (~21 °C) for 24 h, yellow blade shaped X-ray 300
quality single crystals of 2-TPA were recovered and analyzed. 301
The structure of 2-TPA is depicted in Figure 6 and reveals that 302 f6
all three pyridyl groups of TPA formed short PnBs with 2 303
resulting in the anticipated triple PnB. The Bi-N PnB 304
distances for the pyridyl groups ranged from 2.784 to 2.789 A 30s
which is an average of 77% of the Yr.qw and 127% of the 306
Y'r.o, of Bi and N. These distances are very similar to the ones 307
found for 2-Py; indicating a near perfect geometric match 308
between the two units. An AIM analysis yields BCPs indicating 309
presence of strong PnB along the Bi---N,_; paths, with values 310
of 0.0251—0.0289 e A™® for the electron densities (p). 311
Interestingly, a fourth short Bi--N distance is observed 312
involving N, The distance is 82% of the Yr.gw (136% 313
Y'rey). While the electrostatic potential surface indicates that 314
this could be a true attractive interaction, an AIM analysis was 315
performed to evaluate the nature of this possible contact and 316
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Figure 6. Ball and stick representation of 2-TPA. Hydrogen atoms
and solvent molecules are omitted for clarity.

317 indeed the electron density at the BCP was 0.0192 e A™3,
318 which was sufficiently large that this could be considered as a
319 medium to strong PnB. To further analyze the nature of this
320 fourth interaction and probe the role that the constrained
321 geometry of the TPA molecule plays, a model similar to 2-TPA
322 was chosen. This model (which will be denoted as 2-Py;
323 TMA) was developed from the geometry optimized 2-Py,
324 supramolecule where a trimethylamine (TMA) molecule was
325 placed at a distance and similar position as the amine group in
326 2-TPA. Energetics and AIM parameters were analyzed on the
327 optimize 2-Py;TMA (see Table S2 and S3). The final
328 structure of 2-Py;-TMA appeared more distorted compared
329 to 2-TPA which appears to be the product of steric repulsion
330 between the methyl groups on the TMA and the pyridine
331 rings. An AIM analysis revealed an electron density of 0.0086 e
332 A7 at the BCP of Bi~-N in between 2 and TMA which is
333 consistent with a weak to medium PnB. Energy calculations
334 also revealed a binding energy of —29 kJ/mol between 2-Py;
335 and TMA. This is smaller than the average binding energy for
336 each Py molecule in 2-Py; (—73.3 kJ/mol, Table 1). Overall,
337 calculations suggested that even with loss of the rigidity in TPA
338 Bi atom is still capable of forming a stabilizing interaction with
339 a fourth N. This fourth PnB highlights the residual electro-
340 philicity of the Bi atom even after it forms a triple PnB. We
341 were curious if this would affect the self-assembly of the
342 molecular capsule observed between 2 and the ditopic,
343 tridentate PnB acceptor 4 that we had used previously to
344 achieve a triple PnB with 1.

345 Single crystals of 2,-4 were grown by mixing a 2:1 ratio of 2
346 and 4 in benzene and dissolving under mild heating. After the
347 solution was stored at room temperature (~21 °C) for 24 h,
348 yellow octahedral-shaped crystals, suitable for single crystal
349 diffraction, were formed. The crystal structure, depicted in
350 Figure 7, shows that half of the atoms of 2,-4 were related to
351 each other by a C, rotation axis. On average the Bi--N PnBs
352 are 2.763 A which is 77% of the Y.r,qw and 127% of the Y r.,,
353 of Bi and N. In contrast to 1,-4, a noticeable torsion between
354 planes containing the arylethynyl arms of 4 and the central ring
3ss of 4, was observed. Measurements revealed torsion angles
356 between 22°—30° between these planes. Similar measurements
357 were performed on 1,4 and torsion angles were found to
358 range between 1°—5°. As a result of the torsion, the Bi—Bi

Figure 7. Ball and stick representation of 2,-4. Hydrogen atoms and
solvent molecules are omitted for clarity.

distance in 2,-4 is 0.428 A shorter than the average Sb—Sb 359
distance in (a and f)-1,-4. Similar to 1,-4, two pseudote- 360
trahedral cavities are formed in 2,-4. In the structure, benzene 361
molecules penetrate inside the cavities, but the small aperture 362
appears to prevent the solvent molecules from becoming 363
completely encapsulated. Like 2-Py; and 2-TPA, AIM analysis 364
was performed on one-half of 2,-4 supramolecule denoted as 2- 365
S (see Figure SS). The large size, and corresponding 366
computational demand required the use of this truncated 367
model. The values at the bond critical points were in-line with 368
those observed for 2-Py; and 2-TPA. 369

Pulsed-field Gradient Spin Echo (PFGSE) NMR ('H) 370
Spectroscopy. To study the integrity and behavior of the 371
supramolecules in the solution state, diffusion coefficients of 2, 372
2-Pys, 2-TPA, and 2,-4 were studied via pulsed-field gradient 373
spin echo (PFGSE) 'H NMR spectroscopy in a benzene-dg 374
solution. All diffusion coefficients were measured by fitting 375
experimental values collected from PFGSE NMR experiments 376
(for details, see S2.3 in the SI). In order to compare the values 377
obtained from these experimental series, only the most intense 378
nonoverlapping 'H peaks (indicated in red in Figure 8) were 379 fs
analyzed. The diffusion coefficient of 2, was 6.06 X 107 m?- 350
s™! (based on the methyl proton peak shown in Figure 8), and 381
this value was used as a reference to follow the solution 3s2
behavior of the supramolecules with 2. A summary of the 383
PFGSE NMR study is shown in Table 4. Using the Stokes— 384 t4
Einstein equation (see equation S2 in the SI) the Stokes radii 3ss
(Ry) of 2 and the other supramolecules was evaluated (Table 386
4). A hydrodynamic volume (Vy) was determined by treating 3s7
each species as spherical. These values were compared with the 3ss
van der Waals volumes (V,4y) estimated from the crystal 38
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Figure 8. Diffusion coeflicients measured in benzene-d6 solution of 2,
2-Py;, 2-TPA, 2,-4. Solid markers represent diffusion coeflicients
fitted for protons of the methyl groups of 2 (bolded values on left side
of the markers) and hollow dotted markers represent diffusion
coefficients fitted for the most intense nonoverlapping proton signals
of the pyridyl PnB acceptor molecules (italicized values on the right
side of the markers).

Table 4. Chemical Shifts (§), Diffusion Coefficients (D),
and Stokes Radii (Ry) of 2, 2-Py;, 2°TPA, and 2,4 Studied
by PFGSE NMR Spectroscopy of 'H Nuclei

Compound & (ppm) D (m2s™)) Ry (nm) Vg (A Ve (A3)°

2 2.51 6.06 X 1071 0.56 735 533¢
2Py 2.57 528 x 1071° 0.73 1629 893
2 Py;am) 8.18 132 x 107" 0.29 102

2-Py3u3) 6.80 134 x 107 0.29 102

20 TPA 293 534 x 1071 0.63 1047 951
2-TPAy,, 346 531 x 1071 0.64 1097 951
25 (me) 4 292 3.59 X 1071 1.07 5129 3680
24,5, 1.14 3.74 X 1071 1.03 4575 3680

“Hydrodynamic volume calculated based on measured Ry of each
supramolecule. Volumes were calculated for a spheres. bvan der Waals
volume of each supramolecule based on subtraction of solvent
molecule volume from the unit cell volume measured by X-ray
diffraction. “Volume was calculated based on the crystal structure of 1.

structure of each compound (the crystal structure of 1 was
used as a surrogate for estimating the volume of 2). The Vg
of any interstitial solvents was subtracted to give the final
tabulated values. It is essential to emphasize that the derived
V.qw should be expected to be smaller than Vi due to
contraction at lower temperatures (100 K for crystal data
collection) and lack of a solvation sphere.

As shown in Figure 8, the PFGSE characterization of 2-Py;,
indicates a rapid exchange between 2 and Py molecules in the
benzene-dg solution. The fitted value for proton peaks
belonging to methyl groups of 2 (2,-Py;) in solution had a
diffusion coefficient (5.28 X 107'° m?s™') that was smaller
compared to that of 2. A larger diffusion coefficient was
observed for the pyridine molecules in 2-Py; (13.3 X 107" m*
s~ on average). It is noteworthy to mention that the diffusion
coeflicient of benzene, which is similar in size with Py, is 16.8
X 107" m?s™". This is consistent with 2Py, being in
equilibrium with free Py molecules. Meaningful comparison of

Vy and V 4y was not possible due to the presence of different
species.

The solution behavior of 2-TPA and 2,-4 were different
compared to 2-Py;. Evaluation of the PFGSE NMR data
revealed that all components of the supramolecules diffuse at
similar rates in solution (Figure 8). The diffusion coefficient
values obtained for 2-TPA are very close to the value measured
for 2y, in 2-Py;. This can be rationalized through the fact that
both supramolecules are quite similar in size (Figure 6. The
supramolecule 2,-4 is significantly larger than the other
supramolecules that were investigated earlier, and it had the
slowest rate of diffusion. The most important result of these
experiments is the fact that both components of the
supramolecules of 2-TPA and 2,-4 diffuse together indicating
that the equilibrium favors the self-assembled construct in the
solution. Analysis of the Vy; and V 4 of both supramolecules
(2°TPA and 2,-4) shows a good correlation between the
volumes of both compounds indicating that they are diffusing
as aggregates that resemble those found in the crystal. This
highlights the utility of employing a triple pnictogen bond for
predictable molecular recognition and self-assembly, both in
the solid state as well as in solution.

B CONCLUSION

A new bismuth(III) PnB donor molecule was synthesized and
characterized. The supramolecular chemistry was compared
with the Sb congener, and it was found that the Bibased

430

431
432
433

molecule can form three strong PnBs with a larger variety of 434

PnB acceptors. This was established by solid-state and
computational studies. Solution studies via PFGSE NMR
spectroscopy showed that using more rigid PnB acceptor
molecules can result in strongly interacting supramolecules
that can keep their integrity in benzene solution. Lastly,
analysis of the Bi PnBs reveal that they are highly directional
but weak coordination bonds that support their categorization,
in this case, as supramolecular interactions.
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