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Using a combination of NMR, single crystal X-ray diffraction (sc-XRD) and quantum chemistry, the struc-
ture-directing role of London Dispersion (LD) is demonstrated for dibismuthane Bi,Naph, (1). 1 shows
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intermolecular Bi---n contacts in the solid-state, while zn---n interactions as observed in the lighter homol-
ogues are missing. Comparison of the whole series of dipnictanes revealed the influence of the pnictogen

atom on the strength of London dispersion and highlights its importance in heavy main group element
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Introduction

In the last decade, the structure directing role of London dis-
persion forces (LDF) has been intensively studied.' LDF were
found to significantly contribute to the energetic stabilization
of a variety of compounds by overcompensating repulsive inter-
actions between the ligands resulting from Pauli interaction of
the electron clouds.® Apart from LD interactions between
organic ligands, easy polarizable metal atoms such as heavy
p-block metals are also suitable to form attractive metal-
metal’ and metal-ligand interactions.” Peri-substituted
naphthalene (naph) metal complexes are promising candi-
dates to investigate LD interactions due to the structural rigid-
ity of the planar naphthalene skeleton and the proximity of the
groups in 1,8-position.® While this was shown for pnictogen-
substituted (I, II, (Fig. 1))’ and heteroatomic Au---Sb and
Hg---Sb naphthalene complexes,'® peri-substituted species con-
taining the heaviest and easily polarizable group 15 elements,
Sb and Bi,"" are still rare. Dipnictanes Pn,Naph, (Pn = As, Sb;
type V) were structurally characterized,'> with Sb,Naph,
forming dimers in the solid-state resulting from dispersion-
dominated Sb---m interactions, whereas the corresponding dia-
rsane and diphosphane Pn,Naph, (Pn = P,"* As'?”) lack any Pn
based LD interactions, most likely due to the poorer polariz-
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ability of As compared to Sb. In addition, Bi---n interactions
were recently observed in Ph,Bi,Naph, (type IV).° To compare
the role of LDF in dipnictanes Pn,Naph,, we became inter-
ested in the structure of the missing member, Bi,Naph,, since
Bi as the largest and softest group 15 element according to the
HSAB (hard-soft-acid-base) principle is an ideal candidate for
the formation of noncovalent inter- and intramolecular
interactions.

Results and discussion

Bi,Naph, (1) was prepared by slow addition of BiCl; to a
cooled solution (=30 °C) of Li,Naph in thf and colorless crys-
tals of 1 were isolated after workup and characterized by NMR
and IR spectroscopy, elemental and sc-XRD
(Scheme 1).

The 'H NMR of 1 in thf-dg shows the typical doublet of
doublets (8.11 ppm, 7.35 ppm, 7.31 ppm), that were also
observed for the lighter homologues.

1 crystallizes in the monoclinic space group C2/c with eight
molecules per unit cell (Fig. 2A). The Bi-Bi bond length in 1

analysis
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Fig. 1 Peri-substituted group 15 naphthalene/acenaphthene complexes.
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Scheme 1 Synthesis of 1 and 2.

(2.8964(8) A) is at the shorter end of Bi-Bi single bond lengths
and the avg. sum of bond angles (261.25°) is smaller than
those of the lighter Pn,Naph, homologues (Pn = Sb 267.23°,
As 278.11°, P 286.11°), clearly reflecting the increasing
p-orbital character in the bonding electron pairs and the
increasing s-character of the Pn electron lone pairs with
increasing atomic number. More importantly, the molecular
packing of 1 significantly deviates from their lighter homol-
ogues Pn,Naph,.""* 1 does not show any n---x contacts as was
observed in the lighter homologues, but two Bi---n contacts
per Bi atom were observed (Fig. 2D). In contrast, only one
Sb---n contact was found in Sb,Naph, and even none in the
lightest homologues (P, As), respectively. Moreover, the Bi---x
distances in 1 (3.69 A/3.58 A, 3.81 A/3.80 A) are almost identi-
cal to the Sb---n distances in Sh,Naph, (3.65 A, 3.86 A) despite
the larger atomic radius of Bi, indicating stronger inter-
molecular interactions. Furthermore, Bi---H contacts were
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observed (Fig. 2B), forming a zig-zag chain through the inter-
action of two hydrogens with a Bi atom (Fig. 2C), which are
further connected via H---H and CH---n contacts (Fig. 2D).

The same synthetic procedure was also applied for the dia-
rsane and distibane complexes. Recrystallising a sample of
As,Naph, (2) from fluorobenzene yielded a new polymorph in
the triclinic space group P1.

The bonding parameters of diarsane 2 are in close proxi-
mity to those of the first polymorph (CCDC-1907994, ref. code
HOJVAG)."” However, 2 shows intermolecular As--As contacts
in contrast to the initially reported structure, which are
accompanied by n---n and CH---n contacts (Fig. 3).

To understand why 1 and 2 form different intermolecular
interactions in the crystal, a computational analysis of both
structures was carried out. Using a cluster approach that has
proven to yield robust and accurate results,">"* we computed
and analysed all relevant intermolecular interactions and the
approximated cohesion energies in the different structures.
The findings show that the stability of a crystal structure can
be rationalized in terms of dimer interactions, and a compari-
son of interaction energies for possible dimers of Pn,Naph,
(Pn = P-Bi) yields an explanation why only Bi shows a structure
with the unique stacking motif.

Before turning to the crystal structure models, the two most
relevant dimers in 1 are used to benchmark our methodology
as outlined in the following: the dimer structures (Fig. 4) from

Fig. 2 (A) The solid-state structure of 1 with displacement ellipsoids drawn at the 50% probability level. Selected bond lengths (A) and angles (°), 1:
Bil-Bi2 2.8964(8), Bi1-C10 2.241(13), Bi1-C20 2.271(15), Bi2—C18 2.264(16), Bi2—C28 2.249(14), C10-Bi1-C20 89.1(5), C10-Bi1-Bi2 85.2(3), C20-
Bil-Bi2 84.7(3), C18-Bi2—-C28 92.2(5), C18-Bi2-Bil 85.4(4), C28-Bi2-Bil 85.9(3). (B—D) Crystal packing of 1. One BiNaph, molecule is connected
with nine surrounding Bi;Naph, molecules through H---H (pink), CH---x (orange), Bi---H (blue) and Bi---r (green) contacts.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Crystal packing of 2. The As,Naph, molecules form a two-
dimensional network, which is connected via n---x (red), CH---x (orange)
and As---As (green) contacts.

sc-XRD were kept frozen and the energies of the dimer and
monomers were computed at the DLPNO-CCSD(T)/cc-pVTZ
level of theory'>'*™*° and with the B3LYP,*° PBE,>' PBEO,*
TPSS,”* M06-2x>* and BP86>° functionals (def2-TZVPP basis
set® and D3-B] correction®””*®). The Local Energy
Decomposition (LED) was used to extract the dispersion com-
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Calculations were run with ORCA (version 5.0),>' and all
further analyses were carried out with PBEO.

Compared to the other widely used functionals (e.g. TPSS
and PBE), which in their corrected versions accurately describe
interaction energies and their components in agreement with
previous studies,’**** PBE0 has shown a reasonable accuracy
on both, dispersive and non-dispersive (electrostatic, charge-
transfer and covalent) contributions (for more details, see
ESIY).

Having established that DFT results offer an excellent
balance between cost and accuracy, a cluster approach to
compute interaction energies was applied to the crystal struc-
ture of 1. The central molecule surrounded by its nearest
neighbours was chosen as model system. From a 13-molecule
cluster, all possible dimers containing the central molecule
and its nearest neighbours were isolated (Fig. 5). The top of
Fig. 5A shows the dimers that are most relevant to the total
structure (vide infra), while at the bottom less important
dimers are displayed.

Fig. 5B shows a comparison of the interaction energies of
the different dimers from the molecular structures fixed at the
crystallographic geometries. The comparison reveals that some
dimers contribute to a larger extent to the stability of the
crystal structure than others. It must be noted that the
different contributions need to be weighted based on how
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Fig. 4 Benchmark of DFT-D3 functionals against DLPNO-CCSD(T) on the dimer formation energy of Top Y (A) and Side X (B). See Fig. 2 for the
dimers naming convention. DLPNO-CCSD(T) calculations were run with the cc-pVTZ basis set and DFT-D3 with the def2-TZVPP basis.
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Fig. 5 (A) Dimers as cut from the 13-molecule cluster of Bi;Naph, (1). Geometries are frozen at the experimental crystallographic ones. The high-

lighted molecules are the ones included in the calculations (see text) while the rest of the cluster is only shown to illustrate how the dimers were
extracted. Colour code: C (black), Bi (purple), H (light pink). (B) Comparison between the different dimer formation energies at the PBEO/def2-

TZVPP level of theory.

Symmetry considerations show that the ‘Top Y’ and ‘Side 7’
interactions are found twice in the cluster, while the ‘Side X’
interaction appears four times and all others only once.
Hence, these three motifs play a major role in the formation of
this structure, with ‘Top Y’ being by far the most important
one. Consistently with what has been observed before in
similar studies,'> LDF accounts for a large part of the total
interaction for all dimers.

The approximated cohesion energy, defined as the energy
to insert the central molecule into the cluster, was compared
with the sum of the formation energies of the dimers. If the
dimer approximation is valid, their formation energy should
add up to the total cohesion energy. Overall, the difference of
the sum of all dimer interactions (—=354.14 k] mol™") and the
computed cohesion energy approximation (—334 kJ mol™") is
in the range of a few percent, confirming that the dimer
approximation is a reasonable good approach to quantify and
assess the interactions that govern the crystal structure
stability.

This journal is © The Royal Society of Chemistry 2022

An analysis analogous to the one carried out on Bi,Naph,
(1) was also performed for As,Naph, (2), resulting in a
14-molecule cluster by taking all nearest neighbors of a central
molecule in the unit cell. Fig. 6A depicts the 11 unique dimers
that can be extracted from this structure, with two of these
dimers (‘Side X-like’ and ‘Front Upright’) being twice inside
the cluster while all others occur only once. Note that the ‘Side
X-like’ dimer is similar to the ‘Side X’ dimers in the bismuth
structure, in structure and interaction energy Fig. 6B depicts a
comparison of the dimer formation energies and the cohesion
energy of the cluster (—305.28 k] mol™) in comparison with
the dimer sum (—324.05 kJ mol™"). Here, a slightly larger error
(6.15%) than for Bi is observed. However, the per dimer error
is still low enough (0.5%) to consider the dimer model a good
approximation.

Comparing the analyses of the two structures reveals that
the ‘Top Y’ is the one dominating the interaction in the struc-
ture of 1, accounting for half of the total cohesion energy. In
the case of 2, the contributions are more evenly distributed

Dalton Trans., 2022, 51, 5016-5023 | 5019
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(A) Dimers as cut from the 14-molecule cluster of As,Naph, (2). Geometries are frozen at the experimental crystallographic ones. The high-

lighted molecules are the ones included in the calculations (see text) while the rest of the cluster is only shown to illustrate how the dimers were
extracted. Colour code: C (black), As (green), H (light pink). (B) Comparison between the different dimer formation energies at the PBEO/def2-TZVPP

level of theory.

across the dimers with two dominating dimer motifs. The
largest contribution (i.e. ‘UpsDwn’) accounts for roughly 25%
of the cohesion energy, followed by ‘Top L’ that contributes
approximately 20% and ‘Top R’ and ‘FrUpr’ giving another
~13%. The remaining energy is distributed almost evenly
among the other dimers. It should also be noted that the
overall cohesion energy is lower for the As cluster, despite
having one additional contact compared to Bi. Having estab-
lished how the total cohesion energy of the different structures
is dominated by certain dimer motifs, we now assess how the
interaction energies for these specific dimers change for the
pnictogens. For this purpose, we optimized the most signifi-

5020 | Dalton Trans., 2022, 51, 5016-5023

cant dimers of both structures for the P, As, Sb and Bi com-
pounds. This way, the dimers that occur in the Bi structure are
computed also for As and vice versa.

Fig. 7B depicts the dimers and Fig. 7A the dimer formation
energies for the different central atoms and the latter exhibits
the reason for the preference of different pnictogens for
different crystal structures: first of all, the “Top Y’ dimer is
much more stable than the ‘UpsDwn’ dimer for Bi. Going from
lighter elements to Bi, a switch from ‘UpsDwn’ to ‘Top Y’
stabilizes the structure by roughly 35 k] mol™", if we account
for the fact that the ‘“Top Y’ dimer occurs twice. This brings us
again to the conclusion that the Bi,Naph, structure is driven

This journal is © The Royal Society of Chemistry 2022
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Fig. 7

(A) Total formation energies (solid lines) and dispersion contribution (dashed lines) of the dimers optimized at the PBEO/def2-TZVPP. (B)

Dimers optimized at the PBEO/def2-TZVPP level of theory shown with the central atom from their original crystal structure. Optimizations have
been performed also changing the central atom in each structure, going down the pnictogen group, from P to Bi. Colour code: Bi (purple), As

(green), C (black), H (light pink).

by the formation of this very stable dimer, which in turn deter-
mines the aggregation of the others around it, whereas the
difference is much less pronounced for As,Naph, (2).
However, we can still see that the ‘UpsDwn’ dimer, which
occurs in the arsenic crystal structure, has a larger formation
energy than ‘Top Y’. As discussed above, for 2 the contri-
butions to the cohesion energy are more homogeneously dis-
tributed between different dimers. While ‘UpsDwn’ is the
strongest one, it is not the only driving force to the formation
of this crystal structure, which is the result of different dimer
contributions.

With increasing atomic number of the pnictogen atom, a
steady increase in interaction energy is observed. Since the
heavier atoms are better dispersion energy donors, the “Top Y’
dimer is the one that maximizes the dispersion dominated
interactions between the central pnictogen and the aromatic
rings.*>** Increased dispersion in the dimer interactions is in
fact the main cause for the observed differences in the crystal
structures. Electrostatics and covalent contributions, which are
included in the “non-dispersive” part of the interaction (i.e.
total interaction energy minus dispersion contribution)** do
not play a major role in the dimer interactions. Note that an
in-depth analysis of the nature of the interaction has been
published previously.**** Moving down the group, the ‘Top Y’
structure becomes more favorable with respect to the others,
leading to a presumed crossover of the most stable crystal
structure around Sb.

Conclusion

Pn,Naph, (E = Bi 1, As 2) were synthesized and structurally
characterized. Quantum chemical computations showed that
energetic contribution from LDF play a key role in determining
the crystal structures. The packing of dibismuthane 1 is driven
by a single dimer interaction (Top Y), including Bi---n contacts,
while in the case of diarsane 2 a more even distribution of
interaction energies is found. By interchanging the Pn atoms
within the most prominent dimers a clear trend was found,

This journal is © The Royal Society of Chemistry 2022

with Pn---n becoming increasingly stable with increasing
atomic number, resulting in different structures within the
Pn,Naph, series.

Experimental
Materials and methods

General considerations. All manipulations were performed
in an atmosphere of purified argon using standard Schlenk
and glovebox techniques. Toluene, n-hexane and Et,O were
dried using an mBraun Solvent Purification System (SPS).
CH,CIl, and fluorobenzene were dried over CaH,, while THF
was carefully dried over NaK. Dried solvents were degassed
and stored over appropriate molecular sieves. THF-dg and
CeDe were dried over activated molecular sieves (4 A) and
degassed prior to use. The anhydrous nature of the solvents
was verified by Karl Fischer titration. Water was degassed
through reflux in Ar atmosphere, followed by distillation. 1,8-
Li,Naph was prepared by a literature method.*® 1,8-Br,Naph
and n-BuLi (2.5 M in n-hexane) were commercially available
and used without further purification, whereas AsCl; and
BiCl; were purified by distillation and sublimation prior to
use. Microanalyses were performed at the Elemental Analysis
Laboratory of the University of Duisburg-Essen. Melting points
were measured using a Thermo Scientific 9300 apparatus.
NMR spectra were recorded using a Bruker Avance Neo 400
("H = 400.1 MHz) or Bruker Avance III HD 600 (*H: 600.1 MHz;
B¢{"H}: 150.9 MHz) spectrometer, and the spectra were refer-
enced to internal C¢D;H (*H: 6 = 7.16 ppm) or C4,D,HO (*H: 6 =
1.72 ppm; **C: 6 = 25.31 ppm). IR spectra were recorded with
an ALPHA-T FT-IR spectrometer equipped with a single reflec-
tion ATR sampling module in a glovebox to guarantee
measurements under inert gas conditions.

Synthetic procedures

Synthesis of Bi,Naph, (1). Li,Naph (6 mmol, 1.107 g) was
weighed into a Schlenk tube and dissolved in 20 mL of thf.
The green solution was cooled to —30 °C and a solution of

Dalton Trans., 2022, 51, 5016-5023 | 5021
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BiCl; (4 mmol, 1.241 g) in 50 mL of thf was added dropwise
within two hours. The mixture was stirred for 12 h upon slowly
warming to ambient temperature, yielding an orange suspen-
sion. Volatiles were removed in vacuo, 50 mL of degassed water
was added and the suspension heated to 50 °C for 30 minutes,
giving a yellow powder which was isolated by filtration and
washed with hot n-hexane (4 x 25 mL). After the solvent was
removed in vacuo, the product was extracted with hot toluene.
The hot toluene solutions were filtered into a preheated
Schlenk tube and allowed to cool in an oil bath, leading to the
formation of yellow, crystalline needles, which were suitable
for X-ray diffraction. Toluene was removed by filtration and the
needles dried in vacuo.

Yield: 3%; m.p.: 320 °C (dec.); elemental analysis [wt%]:
caled for: C,oH;,Bi,: C 35.8, H 1.80; found: C 34.2, H 1.56; 'H
NMR (600.1 MHz, 297 K, thf-dg) § [ppm]: 8.11 (dd, *J;y = 6.59
Hz, *yn = 1.09 Hz, 2 H, Naph-2,7-CH), 7.35 (dd, *Jyy = 7.98
Hz, Jyu = 0.95 Hz, 2 H, Naph-4,5-CH), 7.31 (dd, *Juy = 7.84,
*Jun = 6.75 Hz, 2 H, Naph-3,6-CH); "*C{'"H} NMR (150.9 MHz,
297 K, thf-dg) 6 [ppm]: 142.72 (Naph-2,7-CH), 127.80 (Naph-
3,6-CH), 127.34 (Naph-4,5-CH); IR v [em™']: 3032 (w), 1529 (w),
1478 (w), 1424 (w), 1343 (w), 1187 (w), 1129 (w), 974 (w), 907
(w), 800 (s), 767 (s), 728 (W), 538 (W), 520 (W), 424 (m), 379 (W).

Synthesis of As,Naph, (2). Li,Naph (12 mmol, 2.245 g) was
weighed into a Schlenk tube and dissolved in 20 mL of thf.
The green solution was cooled to —40 °C and AsCl; (8 mmol,
1.45 g, 0.67 mL) dissolved in 50 mL of thf was added dropwise
within two hours. The mixture was stirred for 12 h upon slowly
warming to ambient temperature, yielding an orange suspen-
sion. Volatiles were removed in vacuo, 50 mL of degassed water
was added and the resulting mixture was stirred for
30 minutes, giving a yellow powder which was isolated by fil-
tration and washed with hot n-hexane (2 x 50 mL). After the
solvent was removed in vacuo, the product was extracted with
100 mL of hot toluene. The toluene solution was stored at
—30 °C to give yellow crystals of 2 which were isolated by fil-
tration, washed with diethyl ether and dried in vacuo.
Recrystallisation from fluorobenzene yielded the described
polymorph of 2. Analytical data match the previously reported
ones.”

Yield: 300 mg (19%); "H NMR (400.1 MHz, 297 K, C¢Dg) &
[ppm]: 7.80 (dd, *Juu = 6.94 Hz, */gu = 0.89 Hz, 2 H, Naph-2,7-
CH), 7.24 (dd, *Juu = 8.25 Hz, YJuy = 0.91 Hz, 2 H, Naph-4,5-
CH), 7.07 (dd, *Jyyy; = 8.12, *Jyyy; = 6.96 Hz, 2 H, Naph-3,6-CH).

Crystallography

The crystals were mounted on nylon loops in inert oil. Data
were collected on a Bruker AXS D8 Kappa diffractometer with
APEX2 detector (Mo, radiation, 2 = 0.71073 A) (1) and on a
Bruker AXS D8 Venture diffractometer with a Photon II detec-
tor (Cug, radiation, 4 = 1.54178 A, microfocus source) (2) at
100(2) K. The structures were solved by Direct Methods
(SHELXS-2013)*® and refined anisotropically by full-matrix
least-squares on F* (SHELXL-2017).>”*® Absorption corrections
were performed semi-empirically from equivalent reflections
on the basis of multi-scans (2) and numerical from indexed

5022 | Dalton Trans., 2022, 51, 5016-5023
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faces (1) (Bruker AXS APEX3), respectively. Hydrogen atoms
were refined using a riding model.
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